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Linear and nonlinear physics of bound states in the
continuum
K. Koshelev1,2, S. Kruk1, E. Melik-Gaykazyan1,3, Jae-Hyuck Choi4, A. Bogdanov*,2, Hong-Gyu
Park4, Yu. Kivshar1,2
1 Nonlinear

Physics Center, Australian National University, Canberra ACT 2601, Australia.
School of Physics and Engineering, ITMO University, St. Petersburg 197101, Russia
3 Faculty of Physics, Lomonosov Moscow State University, Moscow 119991, Russia
4 Department of Physics, Korea University, Seoul 02841, Republic of Korea
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Abstract. Subwavelength optical resonators made of high-index dielectric materials provide efficient ways to manipulate light at the
nanoscale through mode interferences and enhancement of both electric and magnetic fields. Such Mie-resonant dielectric structures
have low absorption, and their functionalities are limited predominantly by radiative losses. We implement a new physical mechanism
for suppressing radiative losses of individual nanoscale resonators to engineer special modes with high quality factors: optical bound
states in the continuum (BICs). We demonstrate that an individual subwavelength dielectric resonator hosting a BIC mode can boost
nonlinear effects increasing second-harmonic generation efficiency. Our work suggests a route to use subwavelength high-index
dielectric resonators for a strong enhancement of light–matter interactions with applications to nonlinear optics, nanoscale lasers,
quantum photonics, and sensors.

1. Introduction
Subwavelength high-index dielectric structures
emerged recently as a new platform for nanophotonics [1].
They benefit from low material losses and provide a simple
way to realize magnetic response in the visible and near
infrared ranges which enables efficient flat-optics devices
reaching and even outperforming the capabilities and
functionalities of bulk components. Yet, the enhancement
of near-field effects for individual subwavelength
resonators is strongly limited by low quality factor (Q
factor) of the fundamental resonances governing the optical
response.
Recently, a novel theoretical approach [2] suggested to
achieve high-Q resonances in individual subwavelength
resonators in the regime of supercavity mode, by employing
the physics of genuine nonradiative states – optical bound
states in the continuum (BICs) [3]. Supercavity modes
attracted a lot of attention, but they have never been
observed experimentally in individual resonators. This
year, we reported on the first experimental observation of
the supercavity modes in individual subwavelength
dielectric resonators [4] and also demonstrated the recordhigh efficiency of the second-harmonic generation
predicted earlier [5].

3. Results and discussions
The measured Q factor (see Figure) is about 190, which
is more than one order of magnitude higher than for
conventional dipolar Mie modes. The right panel in the
figure shows the simulated near- and far-field pattern of the
electric field of the supecavity mode, also confirmed
recently in microwave experiments.

Figure. Left: SEM micrograph (top) and schematic (bottom) of
an individual dielectric nanoresonator on an engineered
substrate supporting supercavity modes. Top center: Mode
quality factor depends on the particle diameter and reaches
maximum for the supercavity mode condition. Bottom center:
Measured backward-scattering spectrum of the supercavity mode.
Right: Measured second-harmonic intensity map vs. particle
diameter and incident wavelength excited with a structured pump.
The top inset shows the resonant mode far-field profiles at the
pump frequency.

2. Experiment
First, we observe the supercavity modes in the nearinfrared frequency range. We consider cylindrical
resonators with height 635 nm made of AlGaAs
(permittivity of 11) placed on a silica substrate with an
additional highly doped 300 nm ITO layer playing a role of
epsilon-near-zero material. This layer provides an
additional enhancement of the Q factor due to the
interaction between the resonator and the substrate. To
engineer the supercavity mode, we vary the resonator
diameter between 890 nm and 980 nm to induce strong
coupling between a pair of Mie modes [4]. For an efficient
excitation, we employ a tightly focused azimuthally
polarized vector beam with the wavelength varying from
1500 nm to 1700 nm.

4. Conclusions
Our study reveals that supercavity modes are formed
due to strong interaction of two leaky modes, which
interfere destructively resulting in strong suppression of
radiative losses. This clearly confirms that the supercavity
modes are governed by the physics of bound states in the
continuum. We believe that our work opens novel
opportunities for subwavelength dielectric metaphotonics
and nonlinear nanophotonics.
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Halide perovskite based nanophotonics: from
fundamentals to applications
S.V. Makarov*
ITMO University, Lomonosova 9, Saint Petersburg 191002, Russia
*e-mail: s.makarov@metalab.ifmo.ru
Abstract. Nanophotonics and meta-optics based on optically resonant all-dielectric structures is a rapidly developing research area
driven by its potential applications for low-loss efficient metadevices. Recently, the study of halide perovskites has attracted enormous
attention due to their exceptional optical and electrical properties. As a result, this family of materials can provide a prospective platform
for modern nanophotonics and meta-optics, allowing us to overcome many obstacles associated with the use of conventional
semiconductor materials. Here, we review the recent progress in the field of halide perovskite nanophotonics starting from singleparticle light-emitting nanoantennas and nanolasers to the large-scale designs working for surface coloration, anti-reflection, and optical
information encoding.

resonant mode, interference effects, manifested as the
characteristic Fano lineshape in the spectrum, are expected.

1. Introduction
Lead halide perovskites is a rapidly developing class of
semiconductors, which can be synthesized both by wetchemistry approaches and by various physical deposition
methods. They have been intensively studied due to their
outstanding electronic and optical properties, which are
extremely prospective for solar photovoltaics, lightemitting devices, photodetectors, and X-ray detectors. In
addition, high quantum yield of photo- luminescence and
gain of the lead perovskites make them very promising
materials for lasers. Moreover, high enough refractive
index of the perovskite allows them to support Mie
resonances in the visible and near-infrared ranges.
2. Discussions
We focus on 3D halide perovskites family of materials
with formula ABX3, where “A” is the cation (e.g. MA+,
FA+, or Cs+), “B” is usually lead (Pb2+), and “X” is the
anion (e.g. I−, Br−, or Cl−). Halide lead perovskites can be
considered as direct band-gap materials resembling GaAs.
But they have some advantages that make them a very
perspective material for nanophotonics. One of such
advantages is high optical gain being higher than 10 3 cm−1
at room temperature owing to strong interband transition.
Due to the relatively high refractive index of halide
perovskites, it is possible to utilize them for the creation of
nanoparticles that support Mie resonances. The resulting
enhancement of optical field inside the nanoparticle further
augments the exceptional properties of perovskites. In
particular, this approach was used to enhance the
photoluminescence, second harmonic generation, Raman
scattering, amplified spontaneous emission and optical
cooling. Importantly, perovskite nanoparticles can be
produced by relatively simple fabrication methods, such as
laser ablation and chemical synthesis and do not require
multi-stage lithography processes. One of the first
demonstrations of Mie-resonant perovskite nanoparticles
was achieved using laser ablation. The quasi-spherical
perovskite nanoparticle was studied as an active optical
nanoantenna which allows for a significant enhancement of
the photoluminescence and control of the emission
directivity. Another aspect of the interaction of light with
perovskite nanoparticles arises due to the pronounced
exciton resonance of perovskite at room temperature. When
a narrow exciton resonance couples to a broader cavity

Fig. 1. Applications of perovskite particles and metasurfaces. (a)
The concept of gas sensor based on Fano resonant nanoparticle.
Adopted from Ref. [1]. (b) SEM image of a cubic perovskite
nanoparticle with a linear size of 310 nm supporting third-order
Mie resonance and its lasing spectrum. Adopted from Ref. [2]. (c)
CIE 1931 color diagram with shown colors of nanocubes with the
sizes in the range of 310-560 nm. Adopted from Ref. [2]. (d) The
illustration of an ultrafast nanomodulator based on Fano
resonance. Adopted from Ref. [3]. (e) Coloration of metasurfaces
assembled from particles of different size. [4] (f) Holographic
image “HIT” in with “ON” and “OFF” states corresponding to
MAPbBr3 perovskite metasurface and converted MAPbI3
perovskite metasurface. Adopted from Ref. [5]. (g) Infrared
converters based on perovskite metasurface enhancing
multiphoton photoluminescence. Adopted from Ref. [6]. (h)
Vortex microlaser based on perovskite metasurface. Adopted from
Ref. [7]. (i) The concept of the topological metasurface
functionalized with perovskite nanocrystals. (j) Perovskite
metasurface-based photodetector. Adopted from Ref. [8].

Despite the wide range of applications for single
nanoparticles, the creation of a metasurface from metaatoms can significantly expand their scope. However, due
to the random distribution of nanoparticle size and location
when using laser printing and various chemical synthesis
methods, it is difficult to create highly ordered arrays of
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nanoparticles. Thereby, methods such as nanoimprint
lithography, electron beam lithography, laser projection
lithography, and focused ion beam lithography, are
engaging for the fabrication of metasurfaces based on
halide perovskites. As a result, the fabricated metasurfaces
were applied for coloration, detectors optimization, vortex
beam
generation,
and
enhanced
nonlinear
photoluminescence (Fig.1).
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4. Conclusions
To summarize, the above-mentioned recent
achievements have shown that nanophotonics and
metaoptics concepts can be successfully applied for
improvement of perovskite-based photonic and
optoelectronic devices. In our works, we demonstrate deep
connection between fundamental properties of halide
perovskites and nanophotonics with such applications as
lasers, solar cells, and nonlinear optical frequency
converters.
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Collective effects in Si based quantum dot nanomaterials
to tune functionality of nano nanoelectronic and
nanophotonic components
A.V. Dvurechenskii*, A. Yakimov, A. Zinovieva, V. Zinovyev, A. Bloshkin, A. Nenashev, V. Kirienko
Rzhanov Institute of Semiconductor Physics, Russian Federation
*e-mail: dvurech@isp.nsc.ru
Abstract. The approaches to obtain high-performance of infrared photodetectors and luminescent structure based on Ge/Si QDs silicon
nanoheterostructures coupled with metasurfaces and photonic crystals are considered.It was shown that composite metasurface
consisted of a two-dimensional regular array of silicon pillars and subwavelength holes array in a periodically perforated gold film on
top of the detector active region displays about 15 times peak responsivity enhancement at a wavelength of 4.4 μm relative to the bare
detector. The planar Ge/Si QDs photodetector coupled with plasmonic structure consisted of a two-dimensional regular array of Al
nanodisks is able to increase the photodetectors efficiency by about 40 times at λ=1,2 µm and by 15 times at λ= 1,55 µm with an
appropriate choice of the array periodicity and the size of the Al nanodisks. The other idea of the approach is to use photonic crystals
in processes of optical absorption in thin layers of quantum dots embedded in photonic crystals. We found that the incorporation of
Ge/Si quantum dot layers into a two-dimensional photonic crystal leads to multiple (up 34 times) enhancement of the photocurrent in
the near infrared range. The results are explained by the excitation of planar photonic crystal modes by the incident light wave
propagating along the Ge/Si layers and effectively interacting with interband transitions in quantum dots. The photoluminescence of
the combined Ge/Si QDs heterostructures consisted of a combination of large (200–250 nm) GeSi nanodisks and layered stacks of
compact groups of smaller (30 nm) quantum dots grown by site controlled nucleation in the strain fields of nanodisks show the multiple
increase in the photoluminescence intensity. The main channels of radiative recombination correspond to spatially direct optical
transitions.
The work was funded by Russian Scientific Foundation (grant 19-12-00070).
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New ternary magnetic films of MAX phases
I.A. Tarasov*,1, I.A. Yakovlev1, M. Visotin1, M.V. Rautskii1, A.S. Tarasov1,2, S.A. Lyaschenko1,
O.A. Maksimova1,2, S.N. Varnakov1, T.A. Andryushchenko3, S.G. Ovchinnikov1,2
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MAX-phase materials (Mn+1AXn, n = 1, 2 or 3) [1] are
a family of nano-layered hexagonal compounds. In these
materials, M is an early transition metal, A is an element of
the main group, and X is C or N (n = 1-3). These systems
have an atomic-layered structure (figure 1 and figure 2)
consisting of m-XM (M2X) layers alternating with the
atomic layers of the A-element. The atomic layers are
stacked along the C axis. the Layered highly anisotropic
crystal structure leads to mechanical properties usually
associated with ceramics. MAX-phases combine both
ceramic and metal characteristics, providing resistance to
high-temperature oxidation, self-healing ability and
resistance to thermal shock. Such outstanding mechanical
properties have made them interesting materials, for
example, for treatable, heat-resistant refractories, heating
elements or coatings for electrical contacts. In terms of
applications, MAX-phase materials have shown very
promising properties for batteries and ultra-high-frequency
devices [2]. In addition, MAX-phase materials serve as
"raw materials" for the synthesis of dilaminated twodimensional transition metal carbides (MXenes) [3].
It has long been believed (since the 1960s) that the
layered structure of MAX can only be obtained by using
early transition metals as the main component of the m
layers, which essentially leads to the formation of only
paramagnetic compounds. The first MAX phase
(Cr0.75Mn0.25)2GeC with long-range magnetic order was
synthesized as an epitaxial thin film on MgO(111) in 2013
[4]. Subsequent studies have found several triple and
quarter MAX-phases based on Mn with competing ferro and antiferromagnetic (intra - and interplane) interactions
leading to a common complex magnetic response,
depending on the field and temperature. Recently, a
detailed study of the magnetic properties of Mn2GaC led to
the discovery of the first magnetocaloric MAX-phase with
a high ordering temperature and inversion of the
magnetostriction and magnetoresistance sign at the phase
transition [5]. These new material properties offer new
functionality for smart sensors and actuators that are in
demand for the “Internet of things”.
Despite the abundance of work on the synthesis and
research of thin films of MAX-phases, the systematic study
of MAX materials demonstrating ferromagnetic properties
is still in its infancy [5]. Since MagMAX materials can
contain 4 or more elements, a combination of highperformance deposition and detailed structural,
compositional, magnetic and spectroscopic analysis
methods is required to find new compounds and the best
composition. In addition, the problem of the crystalline
quality of the films, as well as the presence of

accompanying phases of carbides and intermetallics,
remains unsolved.
Most of the first work on the synthesis of thin films of
MAX-phases was performed using physical vapor
deposition from the gas phase, mainly by magnetron
sputtering, as well as using cathode-arc evaporation [9].
The synthesis of thin MAX-phase films using sputtering
methods can be divided into three main approaches: joint
sputtering with three elementary targets, sputtering with
complex targets, and solid-phase synthesis of reactions by
spraying an amorphous multilayer material [9]. Sputtering
from M, A, and graphite targets is the most common
method for laboratory synthesis of MAX carbide thin films.
The main advantage of using three elementary targets is
flexibility in individual control of element flows [9]. The
initial values of the deposition parameters are based on
some estimates or calibrations, and then the usual
optimization procedure is performed to achieve the desired
MAX phase of stoichiometry [10]. Using this approach, the
synthesis of thin films of different phases was successfully
demonstrated [11, 12]. Reactive spray deposition has been
relatively little studied for the synthesis of carbides and
nitrides of MAX phases, mainly due to the fact that the
technological interval (relative to the partial pressure of the
chemically active gas) for the deposition of single-phase or
high-purity MAX phases is extremely narrow [9].
Sputtering from complex targets is sometimes preferable
for reasons of simplicity and reproducibility [13].
However, the general problem remains that the
composition of the film can be very different from the
nominal composition of the target.
In this talk we make a review of the main characteristics
of magnetic MAX – phases, experimental and theoretical
approaches. We also propose and will discuss a pure
crystallogeometrical approach proposed [6] to predict
orientation relationships (ORs), habit planes, and atomic
structures of the interfaces between MAX-phases and
various substrates and as well consideration of buffer layers
possible between them. Preliminary results are given for the
case of the Mn2GaC phase on Al2O3 (Fig.1), MgO, SrTiO3,
SiC-3C, SiC-6H, YSZ, TiO2, SiO2, C (diamond), mic,
MgAl2O4. GaN, TiN monocrystalline substrates or buffer
layers. Lattice stress in epitaxial MAX-phase thin films is
carried out with geometric phase analysis and distribution
of interplanar and angular distances obtained with XRD
and TEM [7] (Fig.1 lower). Additionally, the application of
the method to the analysis of the formation of concurrent
phases in epitaxial system Cr2GaC on MgO(111) will be
discussed. We study thermodynamic favourability of
competing phases (CPs) and Cr2GaC MAX-phase
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depending on the chemical composition of the atomic flow
(Fig.1 middle) [8]. The density of near-coincidence sites [6]
for interfaces between MAX-phases, thermodynamically
favourable CPs, and MgO(111) surface is considered to
show a role of the interface in the determination of the
structural quality of the MAX-phase thin film grown on
MgO(111). The NCS-density is also used to predict the
faceting of the competitive phase inside the matrix of the
MAX-phase.

Fig. 1. Summary illustrating some results for prediction of the
ORs, formation of CPs and stress analysis.
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Topological features of quantum magnetotransport in
Bi1-xSbx (0 ≤ x ≤ 0.2) bicrystals
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Results and discussions
Unusual topological features related to the interface
Dirac electrons [1, 2] have been revealed: the longitudinal
Hall
quasi-plateaus,
along
with
minima
in
magnetoresistance; the manifestation of Umkehr effect,
non- allowed by the crystal symmetry; two new harmonics
of quantum transport from interface layers, which
characterizes larger than cross-sectional areas of the FS of
crystallites; the magnetoresistance peculiarities, indicating
both the occurrence of a small group of the infinitely
moving electrons and the electronic phase transitions of the
semiconductor–semimetal type in magnetic field. A highfield behaviour of αii(B) has been identified (it linearly
increases in magnetic field without saturation, the sign
changes from negative to positive, the nontrivial π-Berry
phase is observed, etc.) in CIs layers, specifying the
signature of 3D topological semimetal at 3D Dirac point
forming (x ~ 0.04). In addition, it has been found that the
bicrystals of Bi1-xSbx (0.07 ≤ x ≤ 0.2) alloys exhibit
peculiarities typical of 3D TI: αii(B) undergoes saturation
in magnetic field or smoothly increase, the Landau level
index n in all CIs layers linearly depend on 1/Bn and
extrapolated to –0.5 if 1/Bn → 0.
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Abstract. Single-atomic layers of lead (Pb) demonstrate many intriguing phenomena such as superconductivity at the ultimate atomic
scale. Its modification by other elements with the formation of binary alloys and Pb-based 2D compounds is a natural expansion of the
list of materials with potential advanced properties. Here we discuss novel Pb-based surface reconstructions, formed by incorporating
into the Pb/Si(111) layer a light element with small electronegativity (Mg) and a rare-earth f-element (Ce). Crystal and electronic
structures are discussed based on experimental results of scanning tunneling microscopy, angle-resolved photoelectron spectroscopy,
and DFT calculations.

constant λ is enhanced (2.54±0.1) compared to the pristine
Pb/Si(111) monolayer (0.58±0.1) as derived from
temperature-dependent ARPES measurements of the
lifetime broadening. However, the superconducting
transition temperature Tc, which depends on electronphonon coupling, rises insignificantly (1.15 K compared to
1.1 K for the case of pristine Pb/Si(111) system) as revealed
by four-point probe transport measurements (Fig. 1).

1. Introduction
Single-atomic layers of lead (Pb) demonstrate several
intriguing phenomena, such as 2D superconductivity [1],
Rashba-type spin-splitting of the surface states [2], etc. It
not only renders them a promising 2D material for future
electronic and spintronic applications but also allows using
them as a playground to probe the influences of various
effects on superconductivity and related phenomena at the
ultimate atomic scale. A remarkable effect of disorder on
superconductivity was demonstrated with Pb/Si(111)
monolayers [3]. 2D topological superconducting domains
with chiral in-gap edge states were created by incorporating
magnetic Co-based islands beneath the Pb layer on Si(111)
[4]. Yu-Shiba-Rusinov (YSR) bound states were observed
after individual magnetic atoms were embedded into the
Pb/Si(111) layer [5].
Many novel Pb-based compound 2D structures with
fascinating electron properties were synthesized in recent
years. The (Pb, Bi)/Si(111) surface reconstruction with
quasi-1D spin-polarized electron channels [6], the
superconducting (Tl, Pb) structures on Si(111) and Ge(111)
substrates [7], and many others.
In this report, we discuss several compound surface
reconstructions on Si(111) surface created by the
incorporation of foreign atoms (Mg and Ce) into the
superconducting single-atomic layer of Pb on the Si(111).
Results of scanning tunneling microscopy (STM), angleresolved photoelectron spectroscopy (ARPES), and DFT
calculations are presented.

Fig. 1. STM image (60×45 nm2), atomic model (side view) and
results of transport measurements for the (Mg, Pb)/Si(111)
system.

2. Results and discussions
First, we discuss the synthesis and characterization of a
new 2D compound layer consisting of a Mg layer
sandwiched between a Pb layer and Si(111) substrate. A
moiré pattern produced by the lattice mismatch between the
Si(111) surface and the Mg sheet, results in the formation
of unique structure, where Mg atoms form a giant
honeycomb network covered with a layer of Pb atoms, and
voids of the lattice are filled with a single Pb layer (Fig. 1).
ARPES data revealed the close similarity of its electronic
structure with that typical for the Pb/Si(111) system. As a
result of Mg intercalation, which is a light element with
relatively small electronegativity, 0.45 eV bending of
surface-state bands takes place due to electron doping from
Mg (1.27 electron per atom). The electron-phonon coupling

Fig. 2. STM image (40×40 nm2, inset shows high-resolution
empty-state 3×3 nm2 image) and ARPES spectrum of the
Si(111)√3×√3-(Ce, Pb) reconstruction.

Another interesting example of a Pb-based 2D system
is obtained by adsorption the rare-earth f-element Ce onto
the Pb/Si(111) layer. In the bulk form, the CePb3 is a heavyfermion antiferromagnet that becomes superconducting in
high magnetic fields [8]. The first experimental realization
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of a two-dimensional heavy-fermion system (CeIn3) was
achieved recently [9], but a synthesis of such materials on
the Si(111) surface is still challenging. For exploring the
possibility of CePb3 synthesis as a 2D layer on a silicon
surface, we studied the Ce adsorption onto the Pb/Si(111)
layer and found a new compound Si(111)√3×√3-(Ce, Pb)
reconstruction.
STM images of the surface are shown in Fig. 2. The
structural model proposed based on STM data and DFT
calculations includes three Pb atoms per unit cell forming a
kagome-type lattice and one Ce atom in the hexagonal
voids. This atomic configuration repeats an isolated (111)
atomic plane of a bulk CePb3 placed onto Si(111) surface
and compressed. The electronic structure features a
Rashba-type spin splitting around the M point with a bandcrossing point very close to the Fermi level (Fig. 2). DFT
calculations also predict the presence of dispersionless
heavy states formed by Ce f-electrons in the band structure,
which is typical for heavy-fermion systems.
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Ultrafast Charge Carrier dynamics of topological insulators
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Abstract. Topological insulators are a new class of quantum matter. And are being widely explored for their exotic properties. We
present here the ultrafast charge carrier dynamics of the various topological insulators grown in the form of large single crystals to
understand their charge carrier and phonon dynamics both at room temperature and at low temperature. The single crystalline phase
is identified by XRD and the structural information is gathered by secondary electron microscopy.
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Abstract. Single monolayers of various materials (e.g. graphene, silicene, bismuthene, plumbene, etc) have recently become
fascinating and promising objects in modern condensed-matter physics and nanotechnology. However, growing a monolayer of nonlayered material is still challenging. In the present report, it will be shown that single monolayer NiSi2 can be fabricated at Si(111)
surface stabilized by either Tl, Pb or In monolayers. Nickel atoms were found to intercalate the stabilizing metal layers upon deposition
and to reside in the interstitial sites inside the first silicon bilayer of bulk-like-terminated Si(111)1×1 surface. The interstitial positions
almost coincide with the bulk NiSi2 atomic positions thus forming NiSi2 single layer. Atomic and electronic structure of formed systems
is described in detail by means of a set of experimental techniques, including low-energy electron diffraction, scanning tunneling
microscopy, angle-resolved photoemission spectroscopy and also first-principles density-functional-theory calculations. Quality of
formed single monolayer NiSi2 was additionally confirmed by in situ four-probe transport measurements that show that single
monolayer NiSi2 preserves a metallic-type conductivity down to 2.0 K. Moreover it was found that delta-type structure with atomic
sheet of NiSi2 silicide embedded into a crystalline Si matrix can be fabricated using room-temperature overgrowth of a Si film onto the
Tl stabilized NiSi2 surface layer. Confinement of the NiSi2 layer to a single atomic plane has been directly confirmed by high-resolution
transmission electron microscopy.

spectroscopy and first-principles density-functional-theory
calculations, adsorbed Ni atoms penetrate through the Tl
layer to form NiSi2 monolayer sheet beneath it [5].

1. Introduction
Among transition metal silicides, NiSi2 has exceptional
fluorite structure (along only with CoSi2) with remarkably
close lattice matching to crystal silicon, such that it displays
perfect epitaxial growth on Si surfaces with an atomically
abrupt interface [1, 2]. More importantly, nickel disilicide
is a ‘good’ metal and known to be metallic down to 1 K [3].
In 1983, Tung et al [1] showed that NiSi2 layers can be
grown epitaxially on Si(111) and Si(100) surfaces, which
has generated considerable interest in the subject due to its
importance for semiconductor microelectronics. In
subsequent years the formation process of epitaxial NiSi2
layers on silicon surface has been studied and it was shown
that thick NiSi2 films can be controllably formed in two
possible orientations [2]: type-A (Si lattice planes continue
through the interface) and type-B (180° rotated). However,
it was also shown that single or double monolayer NiSi2
cannot be formed [4]. Its formation remains a desirable task
because single monolayers of various materials (e.g.
graphene, silicine, bismuthene, plumbene, etc) have
recently become fascinating and promising objects in
modern condensed-matter physics and nanotechnology. At
the same time, growing a monolayer of non-layered
material is still challenging.

Fig. 1. Formation of the Tl/NiSi2/Si(111) system. 50×50 nm2 STM
images of (a) the initial Tl/Si(111) surface (empty states), (b) the
surface at the intermediate stage with 0.2 ML of Ni deposited onto
Tl/Si(111) surface at RT followed by 300°C annealing; (c) final
Tl/NiSi2/Si(111) surface with 1.0 ML of Ni deposited (filled
states). The upper inserts in (a) and (c) show corresponding
LEED patterns (Ep = 54 eV). (с) - 5 × 5 nm2 high-resolution STM
image of the border area between Tl/NiSi2/Si(111) and Tl/Si(111).

2. Results and discussions
Figure 1 illustrates the growth procedure that was used
to fabricate a single monolayer nickel disilicide. In the first
step, Tl/Si(111)1×1 surface was prepared (figure 1(a)),
which is known to contain 1.0 ML of Tl atoms occupying
every T4 site on the bulk-like-terminated Si(111) surface
(fig.2 (a)). To form the NiSi2 layer, nickel was deposited
onto the Tl/Si(111) surface with postannealing at 300°C.
As it was proven by angle-resolved photoemission

Figure 1(b) illustrates the intermediate stage, when
about 0.2 ML of Ni was deposited and the surface contains
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patches of Tl/NiSi2/Si(111) surrounded by areas of
Tl/Si(111). A high-resolution STM image shown at figure
1(d) demonstrates border area between Tl/NiSi2/Si(111)
and Tl/Si(111). When 1.0 ML of Ni is deposited followed
by annealing at 300°C, a homogeneous highly-ordered
Tl/NiSi2/Si(111) surface forms (fig. 1(d)). The same
formation routine can be used with Pb [6] and In
monolayers as stabilizers of NiSi2 layer.

Tl/NiSi2/Si(111) sample demonstrates a metallic-type
conductivity down to 2.0 K.

Fig. 4. High-resolution transmission electron microscopy
characterization of the formed Si/NiSi2/Si(111) delta-structure:
(a) - (121̅ ) cut cross-section sample, (b) - (101̅ ) cut cross-section
sample. (c) - ball-and-stick model of the NiSi2 delta-layer.

Finally room temperature Si deposition onto Tlstabilized surface monolayer NiSi2 was found to facilitate
formation of embedded by Si crystalline matrix monolayer
NiSi2, or in other words NiSi2 delta layer in silicon [7].
Figure 4 contain high-resolution transmission electron
microscopy images of two different cross-sections (a) and
(b) of formed delta layer along with atomic model (c). Such
NiSi2 delta-layer demonstrates advanced values of
conductivity and carrier mobility (as was shown by ex situ
low-temperature conductivity and Hall measurements) and
highly stable in air making it almost ideal model system for
exploring transport through a single-atomic-layer metal.

Fig. 2. Atomic ball-and-stick models of (a) initial Tl/Si(111)
surface, (b) Tl/NiSi2/Si(111) surface and (c) NiSi2 bulk crystal. Tl
atoms are shown by gray balls, Ni atoms by red balls and Si atoms
by balls and circles of different sizes and colors (dark blue, light
blue, yellow and white) depending on the site and atomic layer.
The 1×1 unit cells are outlined by dashed red rhombuses.

Nickel atoms were found to intercalate Tl layer upon
deposition and to reside in the interstitial sites inside the
first silicon bilayer of bulk-like-terminated Si(111)1×1
surface (fig.2 (b)). The interstitial positions almost coincide
with the bulk NiSi2 atomic positions thus forming NiSi2
single layer (fig.2 (c)).

4. Conclusions
Single layer NiSi2 was fabricated on Si(111) surface and
as embedded delta-type layer inside Si crystal matrix for
the first time. Tl, In or Pb monolayers were essential
elements required for its formation and stabilization. Ex situ
and in situ low-temperature conductivity measurements
and angle-resolved photoemission spectroscopy show that
single layer NiSi2 exhibits metallic properties.
Acknowledgements
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Fig. 3. Temperature dependence of sheet resistance of the
Tl/NiSi2/Si(111) sample (blue diamonds) in comparison with that
of the bare Si(111) substrate (red circles).

Angle-resolved photoemission spectroscopy show that
formation of NiSi2 single layer enhance metallicity of the
surface regardless of the stabilizing element (Tl, Pb or In).
Metallic character was also confirmed by the in situ
transport measurements with four-point-probe technique,
whose results are presented in figure 3. It can be seen that
in contrast to the bare Si(111) substrate, the
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Morphological transformations on Si(111) surface induced
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Abstract. We report in situ ultrahigh vacuum reflection electron microscopy and ex situ atomic force microscopy study of mass
transport and morphological transformations on the Si(111) surface induced by the adsorption of ~1/3 ML Sn surfactant layer forming
(√3×√3)-Sn reconstruction. The formation of pure (√3×√3)-Sn structure during Sn deposition at T<650°С leads to Si ilands nucleation,
while the formation of a mosaic phase of (√3×√3)-Sn structure with a mix of Sn and Si atoms at T>650°С provides Sn/Si(111) interface
with wide atomically flat terraces. The increased Si mass transport within the disordered Sn layer during desorption/electromigrationinduced “1×1”-Sn ⇒ (√3×√3)-Sn phase transition entails strong roughening of the surface morphology.

heating at 1050–1300°C. Sn was deposited from an
embeddable evaporator (tungsten filament wetted with
molten Sn and heated by DC) at substrate temperatures
500–850°C. All morphological transformations on the
Sn/Si(111) surface were observed and recorded by in situ
REM technique. Due to a small angle of electron beam
incidence onto the sample surface, REM images are
foreshortened by ~50 times along beam incidence which
distorts the shape of all surface morphology features.
Following analysis of Sn/Si(111) morphology was carried
out by ex situ AFM technique in air.

1. Introduction
Being in the same group with Si and Ge elemental
semiconductors, tin is one of the most widely used metals
in present Si- and Ge-based epitaxial technologies. The
adsorbed on the Si(111) surface 1/3 ML Sn coverage
(1 ML = 7.8×1014 cm−2) acts as a surfactant layer: it
enhances surface diffusion and suppresses 2D island
nucleation during Ge/Si [1] or Si/Si [2] epitaxial growth.
Sn surfactant layer on the Si(111) surface forms by direct
1/3 ML Sn deposition inducing (7×7) ⇒ (√3×√3)-Sn
structural transition [3] or by annealing of pre-deposited
1 ML Sn coverage with following desorption-induced
“1×1”-Sn ⇒ (√3×√3)-Sn
structural
transition
[4].
However, impurity-induced structural transitions also lead
to roughening of the growth interface during the
redistribution of Si surface atoms [5]. Therefore, the
formation of Sn/Si(111) interfaces optimal for the
following epitaxial growth requires detailed information
about the atomic processes during Sn-induced structural
transitions, especially in the temperature range 300–700℃
being typical for Ge/Si and Si/Si epitaxy [1,2,6]. Recently,
we have reported that (7×7) ⇒ (√3×√3)-Sn structural
transition at T > 700℃ is followed by monatomic step
shift, while Sn electromigration induces “1×1”Sn ⇔ (√3×√3)-Sn due to Sn coverage redistribution [7]. In
this work, using in situ ultrahigh vacuum reflection electron
microscopy (UHV REM) and ex situ atomic force
microscopy
(AFM)
we
reveal
morphological
transformations on the Si(111) surface after the formation
of (√3×√3)-Sn surfactant layer induced by Sn deposition,
desorption, and electromigration at substrate temperatures
600–850°C.

3. Results and discussions
At temperatures up to 650°С the (7×7) ⇒ (√3×√3)-Sn
structural transition induced by 1/3 ML Sn deposition is
followed by nucleation of two-dimensional (2D) growth
islands (Fig. 1b). These 2D islands are assumed to be
formed from Si adatoms that appeared on the Si(111)
surface after (7×7) reconstruction destruction. The top layer
of the initial Si(111)-(7×7) surface contains 102 atoms per
(7×7) unit cell, but the formation of √3-Sn reconstruction
requires the redistribution of the Si(111) substrate top layer
atoms under Sn adsorption layer to the (1×1) bulk
termination with 98 atoms per the area of (7×7) unit cell.
This means that four Si atoms per (7×7) unit cell (or
≈ 0.08 ML) are released to the terraces during the
(7×7) ⇒ (√3×√3)-Sn structural transition. Further AFM
analysis of the Si(111)-(√3×√3)-Sn surface has shown that
nucleated 2D islands cover 4% of the terrace area, which
exactly corresponds to 0.08 ML Si coverage. 2D island
nucleation does not occur on the <1 mkm width terraces,
where Si atoms can reach the step edges during diffusion
on the terraces at temperatures up to 650°С.
At temperatures above 650°C, Sn deposition onto
Si(111)-(7×7) surface leads to an increase with temperature
monatomic step shift in the step-up direction (Fig.1c–d).
The temperature dependence Si atoms released on the
terrace after step shift correlates with the reduction of Sn
coverage required for (√3×√3)-Sn reconstruction formation
at a temperature increase. Si atoms detached from steps mix
with deposited Sn atoms and form mosaic phase of
(√3×√3)-Sn reconstruction [7]. At T>650°C, in presence of
Sn coverages ≤1/3 ML the adsorbed Si atoms diffuse to the
longer distance and without nucleation of 2D islands can
attach to the nearest step edges: vacancy islands (indicated

2. Experiment
The experiments on Sn deposition were carried out by
in situ UHV REM. Specimens with 8×1.0×0.4 mm
dimensions were cut from phosphorus-doped Si(111)
wafers with 0.01°–0.3° miscut angles and 0.3Ω×cm
resistivity. To remove a native oxide layer and obtain an
atomically clean surface, the samples were annealed at
1300°C for about 5 min by AC (50 Hz) passing before the
experiments. The sample surface morphology with step
bunches, straight steps, and terraces of moderate width (up
to 10 μm) was created in UHV REM using step bunching
by DC (electric field strength U = 70 V/cm) resistive
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edges have a torn structure different from the [1̅1̅2]-type
faceting of the step edges on the clean Si(111)-(7×7)
surface. There are a lot of 2D islands near the steps (1 in
Fig. 3), which are assumed to be part of the steps before Sninduced structural transitions, and there are vacancy islands
on the terraces (2 in Fig. 3). The presence of surfactant
coverage is considered to reduce energy barriers for atoms
to attach/detach to the step edge [8]. The “1×1”-Sn domains
displacing under DC-induced electromigration entail
detaching of Si atoms from the step, which disorders and
ruins the step edge and leads to their shift in step-up
direction. The Si atoms migrating over the surface within
“1×1”-Sn disordered phase can further attach to the steps,
which causes the shift of some monatomic steps in the stepdown direction.

by black arrows in Fig. 1c) vanished after
(7×7) ⇒ (√3×√3)-Sn structural transition. Thus, an
Sn/Si(111) interface with >1 mkm atomically flat terraces
can be obtained at the mosaic (√3×√3)-Sn phase formation.

Fig. 1. In situ REM images of the Si(111) surface before and after
(7×7) ⇒ √3-Sn structural transition induced by Sn deposition at
(a,b) 600°C and (c,d) 800°C.

The morphology changes on the Si(111) surface are
most pronounced at (√3×√3)-Sn ⇔ “1×1”-Sn phase
transitions, especially at T≥800°C in conditions of Sn
desorption and DC-induced electromigration. With further
Sn deposition up to 1.1 ML (Fig.2b) monatomic step shift
was observed during the (√3×√3)-Sn ⇒ “1×1”-Sn
structural transition and upon its completion: step 1
noticeably shifted towards the overlying step bunch and
partially attach to it. In the absence of an external Sn flux,
a reverse “1×1”-Sn ⇒ (√3×√3)-Sn structural transition
being a result of electromigration and desorption occurs [7].
After this transition, only step 3 shifted to the overlying step
bunch is observed on the surface (Fig.2c), while steps 2 and
4 were attached to the ascending and descending step
bunches respectively. This indicates a strong mass transport
within the disordered “1×1”-Sn layer not only of Sn atoms
but also of Si atoms. In addition, during all stages of
formation and disappearance of the disordered “1×1”-Sn
phase, a successive decrease of the step bunches width
occurs due to the clustering of atomic steps within them.

Fig. 3. AFM image of Si(111)-(√3×√3)-Sn surface after
electromigration-induced“1×1”-Sn ⇒ (√3×√3)-Sn
phase
transition.

4. Conclusions
In this work, we have presented the study of the
Si(111)-(√3×√3)-Sn surface formation suitable for further
Sn-induced surfactant epitaxy. Our observations show that
the formation of atomically flat Si(111)-(√3×√3)-Sn
interface with wide atomically flat terraces requires Sn
deposition at T>650°C, while at lower temperatures 2D
island nucleation occurs. Increased Si mass transport
during reverse “1×1”-Sn ⇒ (√3×√3)-Sn phase transition
strongly roughen the final Si(111)-(√3×√3)-Sn surface and
make it unsuitable for further growth of thin epitaxial
layers.
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Fig. 2. (a) Clear Si(111)-(7×7) surface, (b) Si(111)-“1×1”-Sn
surface with 1.1 ML Sn coverage, (c) Si(111)-(√3×√3)-Sn surface
after Sn desorption and electromigration. Step-down DC heating,
T=800°C.

Fig. 3 shows AFM image of the Si(111)-(√3×√3)-Sn
surface after (√3×√3)-Sn ⇔ “1×1”-Sn phase transitions
and further quenching to the room temperatures. The step
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Abstract. In this work the properties of the reconstructed Si(111) surface after lithium deposition were studied. The new surface
reconstructions have been discovered that represent two-dimensional alloys that are composed of adsorbed lithium and parent species.
For the two-dimensional ordered as well as disordered metallic layers the surface conductivity measurements were conducted before
and after lithium dosing. It was shown that using the surface reconstruction as an intermediate layer between the Si(111) substrate and
adsorbed lithium enables to control the growth mode of ultrathin films on the surface.

getter dispenser from SAES Getters was used as a source
of lithium. The deposition rate of the adsorbed material was
calibrated using LEED patterns from a reconstructed
surface with a known concentration of adsorbate atoms
(one monolayer (ML) corresponds to an atomic
concentration of 7.81014 cm-2 for a non-reconstructed
Si(111) surface). In the case of lithium deposition onto the
Au/Si(111) surface the Si(111)√3×√3-Au reconstruction
was used as a template for the study of structural and
electrical changes. In the experiment for lithium deposition
onto the Pb/Si(111) surface as a bared surface
reconstructions the Si(111)1 × 1-Pb and the Si(111)√3×√3Pb stripped incommensurate (SIC) phases were used. In the
case of lithium deposition onto the Ga/Si(111) surface there
are two bared surface reconstructions have been chosen:
Si(111)√3×√3-Ga (gallium coverage 0.3 ML) and
Si(111)6.3√3×6.3√3-Ga (gallium coverage 1 ML).

1. Introduction
Last time the study of the interaction of alkali atoms
with metal and semiconductor surfaces has been of great
interest [1-6]. This interaction occurs through charge
transfer between the adsorbed atoms and the substrate
surface and is caused by the low electronegativity of alkali
metal atoms, which in this case play the role of an electron
donor. From this point of view, the study of the surface
conductivity of the interacting adsorbate-substrate system
will make it possible to estimate changes in the electrical
conductivity of the near-surface region of the substrate
caused by charge transfer effects, which are strongly related
to the structure of the initial substrate surface and its
electronic states. Thus, by forming a suitable initial surface
reconstruction of the substrate, as well as by controlling the
concentration of adsorbed atoms, it becomes possible to
modify the structural and electronic properties of both the
substrate surface and its near-surface layer.
In this work, the possibility of controlled changes in the
surface conductivity of a Si(111) substrate with surface
reconstructions and adsorbed lithium measured by the in
situ four-probe method, together with the use of low energy
electron diffraction to observe the crystal structure of the
surface is investigated.

3. Results and discussions
Adsorption of about 0.1 ML of lithium onto the
Si(111)√3×√3-Au reconstructed surface have been found to
induce pronounced changes in structural and electrical
properties of the sample. Li deposition on this surface held
at room temperature results in gradual destruction of the
initial surface structure while after heating at about 350oC
this surface developes into the so-called homogeneous
(highly ordered) h-√3×√3-(Au,Li) surface. The new surface
reconstructions have been found in the (Pb,Li)/Si(111) and
the (Ga,Li)/Si(111) systems, which are ordered twodimensional alloys of lithium and lead or gallium atoms.
Thus, according to the data obtained using LEED, the
deposition of submonolayer doses of lithium on the SIC-Pb
surface leads to the formation of a 4 × 1 surface structure
(at a Li dose of up to ~0.25 ML), and then a 3√3 × 3√3
structure (at a Li dose of about ~0.3 ML). Further
deposition of Li leads to the appearance of a 2 × 2 surface
structure. In the case of lithium deposition onto the
Ga/Si(111) surface several new surface reconstruction were
observed: √31×√31 (at a Li dose of 0.3-1.2 ML and 400oC
heating) (Fig. 1), 8×8 (1.2 ML Li and 200-300oC heating)
and others. These results were summarized in the phase
diagrams constructed separately for each submonolayer
system studied.
It is shown that such changes in the surface structure
well correlate with changes of the surface conductivity of
the substrate. For example, Li deposition on Si(111)7x7

2. Experiment
The experiments were carried out in a RIBER DEL-300
ultrahigh vacuum chamber with a base pressure of
~10-10 Torr. The chamber is equipped with low energy
electron diffraction (LEED) and a four-probe head for
electrical measurements. The head is placed on a retractable
manipulator with four tungsten probes located at the
corners of a square with an inter-probe distance of 0.6 mm.
The surface conductivity of the samples was measured
under ultrahigh vacuum conditions at room temperature.
Four-terminal measurements were performed using a
Keithley 6221 DC and AC current source and a Keithley
2182A nanovoltmeter. To suppress contribution from
thermopower sources, for each data point, the DC current
was set in one direction and then inverted. The samples
were rectangular silicon wafers 15 × 5 × 0.45 mm 3 in size,
doped with phosphorus, with a resistivity of 300–1700 Ω
cm. The surface of the sample was cleaned by flash heating
up to 1250°C by passing an alternating current. Lead and
gallium were evaporated from a tantalum cell, gold was
evaporated from resistively heated tungsten filament, and a
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and Si(111)β-√3×√3-Au surfaces held at room temperature
results in slight changes in the surface conductance while
after heating at about 350oC this surface develops into the
h-√3×√3-(Au,Li) surface with high conductance (Fig. 2).
As was reported earlier [2,7] during alkali adsorption
electronic filling of surface state band is occurring leading
to the surface conductivity increasing. In such manner,
electrical measurements reveal a strong dependence of
initial reconstruction on the behavior of conductance.
These results are connected with peculiarities in structural
and electronic properties of observed reconstruction and
will be discussed in the paper. The report presents the
results of conductivity measurements after adsorption of
the lithium atoms on the reconstructed surfaces
Si(111)1x1-Pb, Si(111)√3x√3-Pb (Pb coating 0.33 ML)
and Si(111)√3x√3-Pb (SIC) at both room and elevated
temperatures. In addition, the effect of lithium dosing of a
disordered lead metal film on the Si(111)7x7 surface is
considered.

Fig. 2. Changes in surface conductance after Li-dosing of
Si(111)7×7 (squares), Si(111)β-√3×√3-Au (triangles) and
Si(111)h-√3×√3-(Au,Li) surface reconstructions at room
temperature.

4. Conclusions
Structural and electrical properties of the reconstructed
Si(111) surface after lithium deposition were studied. The
new surface reconstructions have been discovered that
represent two-dimensional alloys that are composed of
adsorbed lithium and parent species. For the twodimensional ordered as well as disordered metallic layers
the surface conductivity measurements were conducted
before and after lithium dosing. It was shown that using the
surface reconstruction as an intermediate layer between the
Si(111) substrate and adsorbed lithium enables to control
the growth mode of ultrathin films on the surface
Acknowledgements
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Fig. 1. LEED √31×√31 pattern at 56 eV from 0.6 ML of Li on
Si(111) √3×√3-Ga surface deposited at 400oC.

The report discusses possible mechanisms of
interaction of lithium atoms with surface reconstructions on
Si(111), depending on the initial surface structure and
concentration of adsorbed alkali metal atoms, as well as the
transport of charge carriers in such structures. In the course
of the experiments, it was found that the adsorption of
lithium on a semiconductor surface has little effect on the
electrical conductivity of the substrate, while several stages
of interaction of adsorbed atoms with the film are clearly
observed on the metal surface: first, a decrease in electrical
conductivity is observed due to the formation of dipoles on
the surface, then at more than 1 monolayer of adsorbed
lithium is coated, a metal film with high electrical
conductivity is formed. It should be noted that the use of
surface reconstructions as an intermediate layer between
the Si(111) substrate and deposited lithium makes it
possible to control the growth style of the lithium metal
film, layer by layer or island, and determines the optimal
conditions for the formation of such structures.
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Abstract. The authors describe a method for determining the critical point of a second order phase transitions using a convolutional
neural network based on the Ising model on a square lattice. Data for training and analysis were obtained using Monte Carlo simulations.
The neural network was trained on the data corresponding to the low-temperature phase, that is a ferromagnetic one and hightemperature phase, that is a paramagnetic one, respectively. After training, the neural network analyzed input data from the entire
temperature range: from 0.1 to 5.0 (in dimensionless units J) and determined the Curie point Tc.

network received as input a three-dimensional array
representing the components of a spins.
Different sets of input data of the neural network
obtained with different parameters of the Metropolis
algorithm for systems of 10×10 and 20×20 Ising spins were
used. The obtained data will be used to select the optimal
simulation parameters, which will be further used in the
study of more complex spin systems. A comparative
analysis is carried out with the results of MC modelling and
the exact solution of Onsager.

1. Introduction
Nowadays, methods and techniques Deep Learning are
being used in various scientific areas. They help to
automatize calculations without losing in quality [1]. In this
paper the applying of convolutional neural network was
considered in frame of problems from statistical physics
and computer simulation of magnetic films. A
convolutional neural network (CNN) was used to
determine critical Curie point for Ising model on 2D square
lattice. Obtained results were compared with classical
Monte-Carlo methods and exact solution. Systems of
various lattice sizes and the influence of the size effect on
the results’ accuracy were considered.

3. Conclusion
In paper, we described a method for determining the
critical point of a second order phase transitions using the
convolutional neural network based on the Ising model on
a square lattice.
The application of convolutional neural networks to
determine the critical temperature of a second-order phase
transition in comparison with performed MC simulations
and known solutions. As it was shown above CNN could
be successfully used to such problems by reducing them to
the problem of classifying spin states at different
temperatures. The dependence on the number of Monte
Carlo steps and the sample size for the accuracy of training
the network and its subsequent application is shown in
comparison with the Metropolis algorithm. Systems of
various sizes and the influence of the size effect on the
accuracy of the results are considered.

2. Research description
The Ising model is the simplest of the mathematical
models of statistical physics used to study phase transitions
𝑇
2
and critical points with an exact solution: 𝑐 =
=
𝐽

𝑙𝑛(1+√2)

2.269, with which the data obtained by other methods were
compared. We used the Hamiltonian for a square Ising spin
lattice with four nearest neighbors and periodic boundary
conditions. This mathematical model is a set of discrete
variables (values of the magnetic moments of atomic
spins), which can take one of two values: 𝑆𝑖 = ±1,
corresponding to one of two states. The Ising spin system
has the size 𝑁 = 𝐿 × 𝐿 and the Hamiltonian:
𝐻 = − 𝐽 ∑<𝑖,𝑗> 𝑆𝑖 𝑆𝑗
(1)
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We used configurations of spin systems obtained at
different simulation parameters for the training and
subsequent classification of them in a neural network. To
date, the most accurate analysis results are demonstrated by
neural networks based on convolutional architecture. We
used the TensorFlow library to create a convolutional
neural network and to classify our spin systems to different
phases.
In our research, we have reduced the problem of
determining the phases of spin systems to the problem of
image classification - in fact, to the main problem area in
which neural networks are used. For recognising images,
CNN accepts them in the RGB format as a threedimensional matrix. In our case, the convolutional neural
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Abstract. The exact polynomial solution of the axial next-nearest neighbor 2D Ising model (ANNNI) is obtained. The underlying
method is based on the Vdovichenko approach of loops building. The spin representation reduces to the loop representation and a
polynomial exact solution is constructed. The method can be applied in the sphere of the machine learning, the spin glass theory.

1. Introduction
In the ANNNI model the nearest spins and the 2d-order
spins along one diagonal interact. The scheme of the
interaction of ANNNI model is given in Fig. 1. The ANNNI
model can describe materials with components interacting
via competing short-range attractive and long-range
repulsive interactions [1].

where U is the 6N x 6N matrix U is given in the Table I and
Table II, I is the unity matrix.
Table I. Elements of the 6N x 6N matrix with elements Uiν,jμ
where i and j run over N spins, ν and μ over possible directions.
We have 6 possible directions in the ANNNI model.

Fig. 1. The ANNNI model.

2. The Method
To obtain an exact solution, it is necessary to transfer
from the partition function in the spin representation to the
loop representation [2]:

We can consider models either with all different values
Jver, Jhor, Jdiag or with Jver=Jhor=Jvh. Elements of the matrix
U store information about all possible rotations of loops in
all possible positions in the lattice.
Determinant can be computed for polynomial time (for
example LU-method). So, we can compute statistical sum
numerically for polynomial time as well. Knowing the
partition function one can get the thermodynamic averages
and phase diagrams.
4. Conclusions
The polynomial time algorithm has been developed for
the ANNNI model. The important problem is the
construction of the exact solution for the 2nd order Ising
model. But in this case in the loop representation, we face
the problem of the self-intersection of diagonal bonds. At
least we can try to build any approximate solution.

Fig. 2. The reducing to the loop representation. Here N – a
number of spins, Nbond,vh – a number of vertical and horizontal
bonds, Nbond,dg – a number of digonal bonds, T – temperature,
Jvh – vertical and horizontal coupling constant, Jdg – diagonal
coupling constant.

For Z(T) one can get the follow expression [3]:

37

I.o.04
Table II. Elements of the 6N x 6N matrix with elements Uiν,jμ
where i and j run over N spins, ν and μ over possible directions.
We have 6 possible directions in the ANNNI model.
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Abstract. We have first visualized van der Waals epitaxy and sublimation of the Bi2Se3(0001) surface by in situ reflection electron
microscopy. When Bi2Se3(0001) surface was exposed to a Se molecular beam (up to 0.1 nm/s) and heated to ~400°C, atomic steps on
the surface move in the ascending direction, which corresponds to a congruent Bi2Se3 sublimation. We have found that, during the
sublimation, grooves made by probe lithography act as sources of atomic steps and trigger self-organization of regularly-spaced zigzag
atomic steps having 1 nm height on the Bi2Se3(0001) surface. The deposition of Bi onto the Bi2Se3(0001) surface at constant Se flux
reversed the step flow direction. The deposition of other metals (In or Sn) under Se overpressure at Bi2Se3 temperatures of about 400°C
led to van der Waals growth of a layered selenide (In2Se3 or SnSe2) via 2D island nucleation followed by the screw-dislocation-driven
formation of 3D islands.

experiments, the samples were cooled to room temperature
while Se deposition stopped at ~200°C. Ex situ AFM
investigation of the Bi2Se3(0001) surface morphology
shows that the wide contrast of the atomic steps is caused
by their zigzag shape (figure 2). One can see in figure 2
1-nm-deep 2D vacancy islands that nucleated mostly at
surface regions where step separation is great enough.

1. Introduction
Layered 2D metal chalcogenides are promising
materials
for
microelectronics,
photonics,
and
photovoltaics [1], and nanostructures based on these
materials have proved their outstanding performance as
infrared photodetectors [2]. To grow high-quality
heterostructures and superlattices, molecular beam epitaxy
is used [3], but various defects are generated during the
growth: point defects [4], twin domain boundaries [5],
antiphase boundaries caused substrate’s atomic steps [6].
This puts a demand for in situ microscopy investigation of
surface processes and growth mechanisms [7].
2. Experiment
We used in situ reflection electron microscope (REM)
equipped with two separate evaporators for Se and a metal
(Bi, In, or Sn). Samples were prepared from Bi 2Se3 single
crystal by cleavage along (0001) plane into ~0.2 mm slabs
that were cut into 8×3 mm pieces. Samples were heated
resistively by passing a direct electric current. A detailed
description of the REM experimental setup for Bi2Se3
substrates is described elsewhere [8].
Ex situ analysis of surface morphology was carried out
by atomic force microscopy (AFM, Bruker Multimode 8).
The same equipment was used for the creation of 15–30nm-deep grooves by probe lithography. The crystal phase
analysis of grown films was realized by ex situ Raman
scattering measurements (XploRa Plus, Horiba, 532 nm
laser).

Fig. 1. REM images of the ascending step flow on the
Bi2Se3(0001) surface during sublimation with a 0.022 nm/s rate.

3. Results and discussions
Figure 1a shows an in situ REM image of a
Bi2Se3(0001) surface exposed to a Se molecular beam at
~400°C. The bright-contrast regions correspond to singular
(0001) terraces separated by dark-contrast atomic steps.
Figures 2b,c have been obtained at the same conditions 22
and 44 seconds later; the images show that the atomic steps
move in ascending direction (to the left). We have observed
neither change of terrace contrast nor three-dimensional
(3D) Bi island nucleation after 30 nm sublimation and
conclude thus that the Bi2Se3 surface does not decompose,
and the observed sublimation is congruent. After in situ

Fig. 2. AFM image of the Bi2Se3(0001) surface after sublimation.

Figure 3a shows a REM image of a groove (a black
vertical line) formed by probe lithography and a darkcontrast impurity particle serving as an immovable
reference point. During Bi2Se3 sublimation at ~400°C, the
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groove widens while many 2D vacancy islands nucleate,
grow, and coalesce on the terraces (speckled black-andwhite contrast marked with a white arrow in figure 3b)
analogously to periodic island nucleation observed on a
silicon surface during epitaxial growth [9] and etching [10].
After sublimation of 10 Bi2Se3 layers, one can see that the
groove annealing has formed atomic steps and step bunches
aligned along the groove (dark-contrast zigzag lines in
figure 3c). The center of the groove remains visible in REM
images and acts as a source of atomic steps: the groove
deepens and generates new atomic steps that move in the
ascending direction away from the source and attach to the
step bunches. The ascending motion of the step bunches is
accompanied by their decomposition into regularly-spaced
1-nm-high atomic steps at the distance of ~50–100 μm
from the groove center. We used this phenomenon to create
self-organized regular zigzag atomic steps on the
Bi2Se3(0001) surface.

Fig. 4. AFM image of a 20-nm-thick In2Se3 film on the
Bi2Se3(0001) surface.

4. Conclusions
We have first visualized morphological transformations
of the Bi2Se3(0001) surface by in situ REM during
sublimation and van der Waals epitaxy. When
Bi2Se3(0001) surface is exposed to Se molecular beam and
heated to ~400°C, congruent sublimation triggers
ascending motion of atomic steps. During the sublimation,
15–30 nm deep grooves preformed by probe lithography
increase in all dimensions and act as sources of atomic steps
having 1 nm height on the Bi2Se3(0001) surface.
Simultaneous deposition of Se and metal (Bi, In, or Sn) at
~400°C induced van der Waals growth. In situ REM shows
that the Bi2Se3 homoepitaxy with rates below ~0.01 nm/s
proceed via descending step flow while the growth of
layered β-In2Se3 and SnSe2 on the Bi2Se3(0001) surface
start with 2D island nucleation. Despite Bi2Se3 van der
Waals epitaxy proceeds in layer-by-layer mode, the growth
of In2Se3 and SnSe2 switched to the formation of 3D islands
after 3–5 nm film thickness. These results show that in situ
REM technique can be applied to study real-time surface
dynamics of the layered 2D materials during sublimation,
adsorption, and van der Waals epitaxy.

Fig. 3. Annealing of a groove on the Bi2Se3(0001) surface. 1-nmhigh atomic steps and a region of vacancy island nucleation are
marked with black and white arrows, respectfully.
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To study van der Waals epitaxy by in situ REM, a
patterned Bi2Se3(0001) surface was exposed to Se
molecular beam (≲0.1 nm/s) and heated to ~400°C. During
this annealing, lithographically preformed grooves
generated atomic steps that moved in ascending direction
with a velocity corresponding to ~0.001 nm/s sublimation.
After Bi deposition onset (10−4–10−2 nm/s in different
experiments), the steps moved in descending direction. We
observed no change in REM contrast of terraces and steps
during this growth, and the reflection high-energy electron
diffraction (RHEED) pattern remained the same, which
authenticates that this layer-by-layer Bi2Se3 growth is
epitaxial.
A similar experimental setup was used for in situ REM
investigation of van der Waals heteroepitaxy. The
deposition of In or Sn was carried out under Se
overpressure (In:Se = 1:6–1:3, Sn:Se = 1:20–1:10) at
substrate temperatures of about 400°C, which led to van der
Waals growth of In2Se3 or SnSe2, respectfully. The growth
began with the nucleation of 2D islands and, at 3–5 nm film
thickness, continued with a screw-dislocation-driven
formation of 3D islands (figure 4). Ex situ Raman
scattering measurements of the grown layers have shown
vibrational modes that originate from the β-In2Se3, and
SnSe2 crystal phases.
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Abstract. An intrinsic valley degree of freedom in thin van der Waals semiconductors can be controlled by interfacing with magnetic
substrates. In this work we study circularly polarized photoluminescence in heterostructures of transitional metal dichalcogenides and
thin films of ferrimagnetic bismuth iron garnet (BIG). We observe strong emission from charged excitons with circular polarization
and demonstrate contrasting response to left and right circularly polarized excitation. The peculiar properties depend on the type of the
BIG magnetization.

1. Introduction
Transition metal dichalcogenides (TMDs) in their
monolayer form are attractive candidates for integration
into future on-chip opto-electronic devices as atomically
thin and air-stable materials that support strongly bound
excitons [1]. One of the promising approaches to control
the TMD excitonic valley properties is via interfacing the
layer with magnetic materials [2].
Iron garnets, in particular yttrium iron garnet (YIG),
have attracted much attention as promising magnetic
substrates for TMD-based heterostructures. These
heterostructures provide an opportunity to study valley
physics of charged excitons in TMDs, as it was
demonstrated in recent reports on trion valley polarization
in MoS2/YIG [3] and WS2/YIG samples.
2. Experiment
The samples consisted of a monolayer MoSe2 interfaced
with thin (3 μm) bismuth iron garnet (BIG) films on 500
μm thick GGG (Gd3Ga5O12) substrates (Fig. 1). Magnetic
films were grown by liquid phase epitaxy. Specifically, two
types of the garnet composition were used: (BiY)3
(FeScAl)5O12 with in-plane magnetic anisotropy and
(BiLuEu)3(FeGaAl)5O12 with an easy axis along the out-ofplane direction. The magneto-optic characterization of the
latter is depicted in Fig. 1. High-quality flakes of MoSe2
monolayers were mechanically exfoliated from a
commercial bulk crystal (HQ Graphene) with Nitto tape.
TMD/BIG structures were assembled via dry transfer of
MoSe2
onto
BIG
films
with
viscoelastic
polydimethylsiloxane
stamps.
Spectroscopic
measurements were performed with samples mounted in a
closed-cycle ultralow-vibration cryostat (Advanced
Research Systems) and maintained at a controlled
temperature in 6– 50 K range, at 633 nm excitation
wavelength.

Fig. 1. Top image is the principal scheme of the sample,
consisting of monolayer MoSe2 transferred onto thin film of
bismuth iron garnet (BIG) on gadolinium gallium garnet (GGG)
substrate, and types of different excitation/detection with circular
polarization. Bottom image is the magneto-optic Kerr effect
(MOKE) measurements for easy-axis BIG sample: field reversal
in the plane of the sample (red symbols) and perpendicular to the
sample plane (blue symbols).
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3. Results and discussions
Figure 1 depicts the hysteresis loops, which were
obtained in BIG films with out-of-plane easy axis via
magneto-optic Kerr effect measurements with field reversal
along two directions: in the sample plane (red symbols) and
perpendicular to the sample plane (blue symbols). The
extracted Ms values of the film are circa 0.20 T for the inplane and 0.05 T for out-of-plane configurations. Similar
experiment, but for a sample with easy plane anisotropy
resulted in the extracted Ms values of 0.001 T and 0.04 T,
respectively. Further, MoSe2 monolayers were placed on
these magnetic films. Figure 2 represents the
photoluminescence (PL) spectra for both types of magnetic
films.

valleys K/K´ of the MoSe2 monolayer and is estimated for
the trion PL peak as ∼ −7%. The negative DOCP value
implies that, following excitation in a certain valley, the
resulting population of trions becomes higher in the
opposite valley. An inverted trion valley polarization
response depends crucially on temperature and excitation
energy. It is most pronounced at low temperatures and
pump energy close to the B exciton. The mechanism is
clarified in detail in [4].
The values of the Fermi energy and electron Zeeman
splitting in the conduction band have been estimated, and
the value of the induced effective magnetic field B was
found to be ∼ 2.5 T, which is much larger than the
saturation magnetization field of BIG (see Fig. 1 bottom
image). Such large value of the effective field points to the
presence of proximity effects in the MoSe2/BIG heterostructure.
4. Conclusions
We have investigated circularly polarized PL of trions
in monolayer MoSe2 interfaced with ferrimagnetic BIG
films. Magnetic properties of the BIG film significantly
influence the optical response of the 2D monolayer. We
detect the PL intensity increase of trions in the monolayer,
when interfaced with BIG. The experimentally observed
negative trion DOCP and contrast in co-polarized PL for
the right and left circularly polarized excitation are found
for the BIG films with out-of-plane easy axis. The
saturation magnetization for out-of-plane configuration is
0.05 T. However, we extract the large effective magnetic
field of ∼2.5 T for MoSe2/BIG structures, which allows
lifting the valley degeneracy of trions. The ability to
controllably invert the valley polarization of trions in
TMDs without applying high external magnetic fields
opens new routes for the development of valleytronic
devices.
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Fig. 2. Low temperature photoluminescence spectra from the
MoSe2 monolayer positioned on the magnetic films. The spectra
are taken in co- (RR, red curves) and cross- (RL, black curves)
polarized detection channels with right circularly polarized laser
excitation. Top image is for the case of the magnetic film with inplane anisotropy, and the bottom one is for the out-of-plane easy
axis film.
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The spectra contain two peaks that correspond to
emission from the neutral (X) around 1.67 eV and charged
(T, trion) exciton complexes. The trion PL is enhanced
while the neutral exciton PL is significantly suppressed,
which is due to doping from BIG films. The important
feature is the significant difference in PL intensity of the
trion peak for co- and cross-polarized detection of the TMD
layer placed on the magnetic film with the out-of-plane
easy axis (Fig. 2 bottom image). We quantify the
corresponding contrast with the degree of circular
polarization (DOCP) defined as DOCP = (Ico − Icross)/(Ico
+ Icross), where Ico , Icross are PL intensities in the co- and
cross-polarized channels, respectively. The DOCP value
characterizes the degree of valley polarization in the two

42

Sixth Asian School-Conference on Physics and
Technology of Nanostructured Materials
Vladivostok, Russia, 25 – 29 April, 2022

I.p.01

DFT study of the hole states charge density in Ge/Si
structures
M.S. Aleshin*,1, A.N. Chibisov1,2
1 Laboratory

for Modelling of Quantum Processes, Pacific National University, 136 Tikhookeanskaya St.,
Khabarovsk, 680035, Russia
2 Computing Center, Far Eastern Branch of the Russian Academy of Sciences, 65 Kim Yu Chen St.,
Khabarovsk, 680000, Russia
*e-mail: max@pnu.edu.ru
Abstract. This paper presents the results of computer modeling of the charge density in a thin slab of crystalline germanium enclosed
between layers of silicon. The simulations have been performed using the Quantum Espresso software [1] for Si/Ge/Si interfaces in the
crystallographic planes (001) and (105). We analyzed changes in the crystal lattice parameters during relaxation of both types of
surfaces and showed that the formation of hole states in the germanium layer is more likely to occur for interface (105).

26.653 Å3 volume. The electronic density in the structures
was calculated by introducing an excess positive charge
corresponding to the presence of one hole. The density of
the neutral structure was then subtracted from the obtained
distributions. During calculation of the Si/Ge/Si system
electronic density, for the (001) plane model we used a
special 4 × 4 × 1 k-points set, for the (105) plane model –
2 × 4 × 1 k-points set. Cut-off energy of plane waves was
set to 680 eV in both cases
The analysis of the hole electron density distribution in
the Ge layer showed that the hole formation probability for
the Ge (105) orientation is at least one order of magnitude
higher than for Ge (001).

1. Introduction
Recently, more and more attention has been paid to
quantum computing, which has already proven effective in
solving specialized problems, which cannot be produced by
classical computing machines. Various systems are being
studied to produce quantum dots used as qubits. Recent
studies have shown that holes in semiconductors have a
spin-orbit interaction, so not only the filled states of the
conduction band, but also the vacant states of the valence
band are promising for the implementation of spin qubits
[2]. We pay special attention to structures based on
germanium, which has the highest hole mobility at room
temperature among all semiconductors. Among such
systems the most promising are germanium nanowires
(HW) produced on the surface of silicon (001) by molecular
beam epitaxy, having a triangular cross-section with planes
(105), bounded from above also by a silicon layer [3].

4. Conclusions
The proposed model agrees with the experimental data
[4] and will make it possible to analyze the change in the
distribution of hole states in the Ge/Si structure under the
action of the applied electric field. It will also allow us to
reveal the regularity of the magnetic moment change due to
the presence of holes in Ge.

2. Model
Supercells representing an interface of alternating
Si/Ge/Si layers, each of which contained the same number
of atoms (in the ratio 1/3 : 1/3 : 1/3), were considered. Two
types of interfaces were simulated, which correspond to the
crystallographic planes (001) and (105), respectively. The
latter, according to the experimental data [2], plays a key
role in the formation of hole states. As a result of relaxation
calculations the change in the volume of cell (001) was less
than 1%, cell (105) - 25%, there was a significant
compression (parameters are given in Table I).
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Table I. Evolution of Si/Ge/Si structures parameters as a result of
relaxation.
Structure

a (Å)

b (Å)

c (Å)

α (°)

β (°)

γ (°)

(001) before

5.431

5.431

31.93

90.0

90.0 90.0

(001) after

5.443

5.443

31.93

90.0

90.0 88.6

(105) before

14.499

5.687

26.65

90.0

90.0 90.0

(105) after

10.783

5.710

26.65

90.0

90.0 90.7

3. Results and discussions
Hole states were simulated for the following interfaces:
Si/Ge/Si (001) included 96 atoms placed in a cell with the
10.886 × 10.886 × 31.932 Å3 volume and Si/Ge/Si (105)
included 168 atoms in a cell with the 21.566 × 11.420 ×
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Abstract. We are doing the research on the thermodynamic properties and phase transitions of two-dimensional arrays which consist
of dipole coupled Ising-type nanomagnets located at the vertices of a triangular lattice called a trimerized triangular lattice. The
Metropolis method is used to investigate phase transitions depending on the lattice parameter, frustrations, and the influence of an
external field on the system.

1. Introduction
Artificial spin ice is a nanomagnetic, multiferroic,
artificial material consisting of nanoparticles of elongated
shape. The magnetic moment of a particle consists of many
spins, therefore it is called a superspin or macrospin. The
behavior of the magnetic moment of nanoparticles makes it
possible to use the Ising model, since there are only two
possible mutually exclusive orientations for it – "up" or
"down". Initially, artificial spin ice was understood as twodimensional artificial analogues of spin ice on a pyrochlore
lattice. Currently, research on artificial spin ice is relevant.
Thermodynamic properties of systems are investigated.
Theoretical work is usually aimed at confirming
experimental observations. However, the most
fundamental issue is the development of algorithms that
could allow calculating a complete group of events based
on a sample from the state space. Currently, there are no
theories and, consequently, technical, software capabilities
for accurate calculation of the statistical sum of a large
number (>40) of interacting particles of a fully connected
model. Therefore, interest in the topic of artificial spin
systems is constantly growing.

Fig. 2. Lattice parameters a and b [1].

The thermodynamic properties will be strongly
influenced by the lattice parameters a and b (Fig. 2) since
the physical properties of the system directly depend on
them. The smaller the b, the closer the trimmers are to each
other, and the greater the competitive interaction between
the dipoles in the system. From certain values of b
competitive interactions reduce to zero, and the system
becomes an array of subsystems [1].
2. Formalism and model
The energy of the dipole-dipole interaction of a system
of dipoles on a trimerized lattice is calculated using the
formula (2.1):

𝐸𝑖𝑗 =

⃗⃗⃗ 𝑖 𝑚
⃗⃗⃗ 𝑗 )
(𝑚
3

|𝑟𝑖𝑗 |

−3

⃗⃗⃗ 𝑖 𝑟𝑖𝑗 )(𝑚
⃗⃗⃗ 𝑗 𝑟𝑖𝑗 )
(𝑚
|𝑟𝑖𝑗 |

,

(2.1)

where i, j - the numbers of the interacting dipoles, r is the
vector between the centers of the magnetic moments of the
interacting dipoles, m is the value of the magnetic moment
vector.
To determine the thermodynamic properties of the
system under study we used The Metropolis method. The
main idea of this method is the equal formation of a sample
of the state space with a given probability of the distribution
of states. At each step of the sampling process, a
configuration with a given probability is accepted (or
rejected):

Fig. 1. Trimerized triangular lattice.

The paper will investigate the properties of a trimerized
triangular lattice which combines elements of two systems
- an artificial kagome lattice and triangular spin ice. The
nanomagnetic vertices (or trimmers) in it are located
periodically at an angle of 60 °. The resulting array is
shown in Fig. 1.

𝑃(𝐸𝑖 → 𝐸𝑗 ) = 𝑚𝑖𝑛 (

𝑃(𝐸𝑖 )

𝑃(𝐸𝑗 )
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When numerically calculating the temperature behavior of
the system, the probability of the configuration energy is
determined according to the canonical Gibbs distribution:
𝑃(𝐸𝑖 ) = 𝑚𝑖𝑛 (

𝑒 −𝐸𝑖 /𝑘𝐵 𝑇
𝑍

).

(2.3)

Combine equations (2.1) and (2.2), we get
𝑒 −𝐸𝑗 /𝑘𝐵 𝑇
, 1)
𝑒 −𝐸𝑖 /𝑘𝐵 𝑇
𝐸𝑗 − 𝐸𝑖
= 𝑚𝑖𝑛 (𝑒𝑥𝑝 [−
] , 1)
𝑘𝐵 𝑇
∆𝐸
= 𝑚𝑖𝑛 (𝑒𝑥𝑝 [−
] , 1),

𝑃(𝐸𝑖 → 𝐸𝑗 ) = 𝑚𝑖𝑛 (

𝑘𝐵 𝑇

(2.4)

where ∆E is the change in the energy level of the system as
a result of configuration change, T is the absolute
temperature. In the process of sampling, a certain
characteristic (order parameter or spin excess) is
determined for each selected configuration. Based on the
obtained characteristics, the standard deviation and the
mathematical mean are determined, based on which the
thermodynamic quantities are calculated [2].
3. Research plan
It is expected that a system with relatively low values of
parameter b will be able to phase transition. It is necessary
to determine from which b and by which dynamics the
system loses this opportunity as b increases. To do this, the
heat capacity of the system will be determined, so it can be
used to judge the presence of a phase transition. The heat
capacity directly depends on the energy of the system
obtained by the Metropolis method, and can be found by
the formula:

𝐶(𝑇) = −

〈𝐸 2 〉−〈𝐸〉2
𝑘𝐵 𝑇 2

.

(3.1)

The most important task in the study of artificial spin
systems is to find the ground state of the system: a
configuration in which the total energy of the system is
minimal. It is necessary to try to find the minimum energy
by the Metropolis method for various b, compare with the
already available results and use other methods (e.g. a
greedy algorithm) to search for lower-energy
configurations or an exact solution by parallel full search,
if possible.
After that, it is planned to conduct the same studies
using an external magnetic field, as well as to address the
issue of frustrations in the system: at which b the system
displays the greatest number of frustrations, and how the
degeneracy of the ground state depends on b.
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Abstract. We are doing the research on the ground state and density of states of two-dimensional arrays consisting of dipole-coupled
Ising-type nanomagnets located at the vertices of a triangular lattice, called a trimerized triangular lattice. The complete enumeration
method is used to investigate of possibilities of phase transitions and frustrations depending on the lattice parameters.

1. Introduction
Artificial spin ice is a nanomagnet, multiferroic, an
artificial nanomaterial consisting of nanoparticles of
elongated shape. The magnetic moment of a particle
consists of many atom spins; therefore, it is called a
superspin or macrospin. The behavior of the magnetic
moment of a nanoparticle makes it possible to use the Ising
model, since due to the shape anisotropy energy, there are
only two possible mutually exclusive moment orientations
- "up" or "down". Initially, artificial spin ice was
understood as two-dimensional artificial analogues of spin
ice on a pyrochlore lattice. Currently, research on artificial
spin ice is relevant. The thermodynamic properties of the
systems are investigated. Theoretical work is usually aimed
at confirming experimental observations. Important
questions are the search for the ground state of the system,
low-energy states - configurations with the lowest energy
of interaction in the system of dipoles, and the multiplicity
of their degeneracy. The question of calculating the
probability density of all possible states (configurations)
has great fundamental and theoretical significance due to
the fact, that it also allows to obtain information about the
degree of frustration in the system. Currently, there are no
theories and, consequently, technical, software capabilities
for accurate calculation of the statistical sum of a large
number (>40) of interacting particles of a fully connected
model. Therefore, interest in the topic of artificial spin
systems is constantly growing.

Fig. 4. Lattice parameters a and b [1].

The thermodynamic properties will be strongly
influenced by the lattice parameters a and b (Fig. 2) since
the physical properties of the system directly depend on
them. The smaller the b, the closer the trimmers are to each
other, and the greater the competitive interaction between
the dipoles in the system. From certain values of b
competitive interactions reduce to zero, and the system
becomes an array of subsystems [1].
2. Formalism and model
The energy of the dipole-dipole interaction of dipoles i
and j on a trimerized lattice is calculated using the formula
(2.1):

𝐸𝑖𝑗 =

⃗⃗⃗ 𝑖 𝑚
⃗⃗⃗ 𝑗 )
(𝑚
3

|𝑟𝑖𝑗 |

−3

⃗⃗⃗ 𝑖 𝑟𝑖𝑗 )(𝑚
⃗⃗⃗ 𝑗 𝑟𝑖𝑗 )
(𝑚
5

|𝑟𝑖𝑗 |

,

(2.1)

where 𝑟𝑖𝑗 is the vector between the centers of the magnetic
moments of the interacting dipoles, 𝑚
⃗⃗ 𝑖 is the value of the
magnetic moment vector.
The brute force method was used for the calculations
which is the only way to get accurate results, since it
considers each of the possible lattice configurations.
However, this method suffers from an exponential increase
in computational time as N increases, and is only efficient
in small systems (N<40). It can be used to obtain accurate
results and then scale them up for comparison with results
obtained with approximate methods for larger systems.
To speed up the algorithm, the CUDA computing
architecture was used, which makes it possible to reduce
the computation time due to the use of a large number of
simultaneous threads on the GPU. The use of CUDA and

Fig. 3. Trimerized triangular lattice.

The paper will investigate the properties of a trimerized
triangular lattice which combines elements of two systems
- an artificial kagome lattice and triangular spin ice. The
nanomagnetic vertices (or trimmers) in it are located
periodically at an angle of 60 °. The resulting array is
shown in Fig. 1
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the resources of supercomputer clusters makes it possible
to achieve a significant acceleration of calculations.

and Higher Education of the Russian Federation of Russia
(No. 0657-2020-0005). The research results connected with
algorithms
elaboration,
program
coding
end
implementation of parallel scheme of calculation obtained
at the expense of the grant of the President of the Russian
Federation for state support of the leading scientific schools
of the Russian Federation (NSh-2559.2022.1.2)

3. Results and discussions
It was expected that a system with relatively low values
of the parameter b would be able to phase transition. The
larger the b parameter, the farther the trimers are from each
other, which in turn affects the interaction energy of many
parts. The ground state was searched and the density of
states was calculated by using brute force method for a
small lattice.
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Fig. 3. Dynamics of change in the energy of the ground states
depending on b.

Figure 3 shows the dynamics of changes in the energy
of the ground state for of the same sized and shaped lattices
with different parameters b. As can be seen, from certain
values of b, the system is divided into subsystems, the total
interaction energy of which tends to zero. In such states, the
system is not capable to phase transition.

Fig. 4. Density of states for various b.

Also, the density of states was calculated for lattices of
the same size and shape with different parameters b. The
same values of b were used as in Article 1. The change in
the shape of the graphs as b increases not only shows the
change in the minimum energy, but also indicates a
disproportionate distribution of states with different b. This
means that the systems have different frustration rates,
which is consistent with the results from Article 1.
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Abstract. The article discusses the complex research of chemical composition and morphology of nanotubular anodic TiO2 layers at
the initial stages of the porous structure nucleation, by means of scanning electron microscopy (SEM), Auger spectroscopy (AES) and
time-of-flight secondary ion mass spectrometry (ToF SIMS). Such complex research aimed to show the profile distribution of chemical
elements and reaction products at each of the initial stages of the anodic oxide growth in fluorine-containing ethylene glycol-based
electrolytes, which will help expand the understanding of pore formation mechanisms in anodic titanium oxide.

Subsequently, ready samples were not subjected to heat
treatment and remained in the amorphous state.

1. Introduction
Nanostructured titania currently represents a major
research interest due to its possible application in the
storage of energy sources [1-3], photocatalysis [4,5], and
solar cells [6-9].
One of the promising nanostructured modifications of
titanium oxide is nanotube anodic titanium oxide (TiO2
NTs). The anodic formation process makes it possible to
create not only a highly ordered TiO2 NTs array on a
titanium substrate, which facilitates the formation of
electronic structures based on them but also allows very
precise control of geometric parameters during growth, in
contrast to classical powder nanomaterials based on TiO 2
[10].
Despite the extensive studies of how the properties of
structures based on TiO2 NTs and material composition, the
mechanisms of pore nucleation and formation is still not
fully clear.
This article discusses complex research of the chemical
composition and morphology of TiO2 nanotubes at the first
stages of the nucleation of a porous structure, such as
scanning electron microscopy (SEM), Auger spectroscopy
(AES) and time-of-flight secondary ion mass spectrometry
(ToF SIMS). Such complex research aims to show the
profile distribution of chemical elements and reaction
products at each of the initial stages of the growth of anodic
oxide in fluorine-containing electrolytes, which will help
expand the understanding of the mechanism of pore
formation in titanium oxide.

Fig. 1. Growth kinetics of porous titanium oxide.

The graph shows a typical curve of the growth process
of the TiO2 layer in a model with marked formation stages
and points of critical current density Fig. 1. These critical
points, together with the intermediate point B, were
selected for the analysis of the chemical distribution over
depth in order to visualize the development of each stage of
the formation of the TiO2.
3. Results and discussions
Point A
In the first 6 seconds of anodization, a textured dense
oxide layer.
The graph of the distribution of the elemental
composition over depth, obtained by the method of Auger
electron spectroscopy (Fig. 2), shows two peaks of carbon,
one of which is a hydrocarbon contamination (Csurf) and is
almost always found on the surface of the samples, the
other corresponds to the carbide peak of carbon in the
volume of the oxide film (Cfilm). Surface contamination
disappears almost completely at about a depth of 10 nm,
while the signal of carbon carbide begins to drop noticeably
only at a depth of about 20 nm.
The presence of fluorine atoms in the structure is
associated with the use of fluoride electrolytes, the anions
of which are incorporated into the film during growth.

2. Experiment
TiO2 NTs were formed on titanium foil (0.89 mm thick,
99.7% metal basis, Alfa Aesar). Prior to anodization,
substrates were chemically polished in HNO3:HF solution
during 120 s, then washed in deionized water and dried in
an argon stream.The electrochemical growth of titanium
oxide was carried out in a potentiostatic mode (60 V) and a
temperature of 20 ˚C. A platinum grid was used as a counter
electrode. Anodizing has carried out in ethylene glycol 98
vol.% C2H5O2 with the addition of 0.3 vol.% NH4F and 2
vol.% H2O.
The anodizing time corresponds to the points marked in
Figure 1- A, B, C, D. After anodizing, the samples were
washed in ethyl alcohol and dried in a stream of air.
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Fig. 2. AES profile analysis of anodized Ti surface at point A.

Fig. 4. ToF-SIMS profile of anodized Ti surface at point D.

To establish chemical bonds of fluorine and carbon with
other elements in the oxide, ToF SIMS was used.
From the results of the profile SIMS analysis (Fig. 3), it
can be seen that on the oxide surface (about 5 nm) there is
an increased intensity of contamination represented by the
ionic fragment CH3O-, which gradually decreases to 15 nm
and is more likely associated with the residues of the
reaction products from the electrolyte.

The time-of-flight mass spectrometry showed that at the
near-surface layer (approx. 100 nm) there is a layer that
differs in composition from the array of nanotubes, that
presumably formed during the initial stage of anodic
oxidation at high electric field strengths.
4. Conclusions
In the present study, it was found that during the anodic
oxidation process not only oxidized forms of titanium are
formed, but also the incorporation of carbon-containing
impurities occurred into the nanotube structure, because of
the interactions with an ethylene glycol-based electrolyte.
It is also shown that the composition of the near-surface
layer differs from that of the underlying nanotube layer,
which presumably formed during the initial stage of anodic
oxidation at high electric field strengths.
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Fig. 3. ToF-SIMS profile of anodized Ti surface at point A.

The ionic fragment of TiC-, TiF4- repeats the shape of
the distribution from Cfilm and fluorine in the AES method.
Point D
At point D, the pores already develop deep into the
titanium foil and the process of further growth becomes
equilibrium. In the previous work [11], we showed that a
single TiO2 nanotube has a three-layer structure, in which
is located exclusively in the inner layer of the tube, but here
we see a similar distribution of with fluorine due to the
larger analysis area and the already developed structure of
the array. In the profile analysis of SIMS (Fig. 4) it can be
seen that the ionic fragments CH3O- have a stable intensity
from 100 to 500 nm, which indicates the presence of
reaction products from the electrolyte in the array of tubes.
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Crystal structure of cobalt films and nanostrips grown on a
stepped Si(111)-5.55×5.55-Cu surface
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Abstract. The technological conditions of the growth of a 2-phase (fcc and hcp) epitaxial thin Co film and an array of single-crystal
hcp-Co nanostrips on a stepped Si(111)-5.55×5.55-Cu surface with a Cu (111) buffer layer are shown. The crystal structure of the
epitaxial thin Co films and single-crystal Co nanostrips are studied by the RHEED method.

Deposition of Co at a right angle to the plane of the
stepped surface of the Si(111)5.55×5.55-Cu substrate with
a Cu(111) buffer layer leads to the formation of a 2-phase
epitaxial Co film with an fcc and hcp lattice.
An analysis of the RHEED pattern from an epitaxial Co
film on a Cu(111) buffer layer showed that the reciprocal
lattice consists of two superimposed lattices, Co fcc - (211)
and Co hcp - (0001). This indicates the presence of two
phases (fcc and hcp) in the epitaxial Co film.
The fcc Co film has the same orientation as the Cu
buffer layer: Co(111)/Cu(111)-R30о/Si(111)-5.55×5.55Cu and <112>Co||<110>Si. The lattice of the hcp Co film
is oriented by the plane Co(-23-10)/Cu(111)-R30o/Si(111)5.55×5.55-Cu and [0001]Co||<110>Si.
Deposition of Co at an angle of 20o to the plane of the
stepped surface leads to the formation of an ordered array
of Co single-crystal nanostrips.
Repeatability of the diffraction pattern is observed
through 180o. This indicates the second-order crystal
symmetry (L2 is the rotational axis) of single-crystal Co
nanostrips.
Analysis of the diffraction pattern of the Co nanostrips
showed that they have an hcp lattice, which is oriented on
the steps of the Cu/Si(111)5.55×5.55-Cu surface by the (23-10) plane.

1. Introduction
Low-dimensional structures and nanostructured
materials are the most relevant and dynamically developing
areas of modern physics. Interest in this area is associated
with the prospects of creating completely new devices and
nanosystems with broad functionality. The study of
nanomagnetism is associated with the possibility of varying
the properties of low-dimensional structures and creating
solid-state devices with controlled parameters on their
basis. In this work, using electron diffraction, the structures
of epitaxial Co film and nanostrips with a width of 39 ± 3
nm were studied. We show that Co film consists of
alternating area with hcp and fcc structure, and nanostripes
have hcp structure.
2. Experiment
Film growth and self-organization of Co nanostrips
were carried out by molecular beam epitaxy (MBE) at a
pressure of 5×10-10 Torr. Cu2Si and Cu buffer layers were
formed by the MBE method on a stepped Si(111)5.55×5.55-Cu surface. The growth of Co films was carried
out by thermal deposition at normal temperature, and the
self-organization of Co nanostrips was carried out by
thermal deposition of the material at an angle of 20 o to the
surface of a stepped substrate with a Cu buffer layer. The
Cu and Co deposition rates were 0.84 and 3.6 nm/min,
respectively. The thickness of the Cu2Si buffer layer is
1.4 nm. The thickness of the Cu buffer layer is 2 nm.
The crystal structure of the samples was studied by
reflection high-energy electron diffraction (RHEED). The
surface morphology was studied by atomic force
microscopy (AFM), scanning tunneling microscopy (STM)
and scanning electron microscopy (SEM).

4. Conclusion
The study of the crystal structure of the epitaxial thin
films and single-crystal Co nanostrips on a stepped Si(111)5.55×5.55-Cu surface with a Cu(111) buffer layer showed:
- on a stepped Si(111)-5.55×5.55-Cu surface with a
Cu(111) buffer layer, when Co is deposited at a normal
angle, a 2-phase (hcp and fcc) epitaxial thin film of Co with
the thickness of 10 nm is grown;
- on a stepped Si(111)-5.55×5.55-Cu surface with a
Cu(111) buffer layer during an oblique Co deposition, an
array of single-crystal hcp-Co nanostrips with orientation (23-10)[0001]Co||(111)<112 is formed >Cu||(111)<110>Si;

3. Results and discussion
The thickness of the epitaxial Co films and singlecrystal Co nanostripes on the stepped Si(111)-5.55×5.55Cu surface was 10 nm. The width of the Co nanostripes was
≈ 40 nm.
Surface studies by AFM, STM, and SEM showed that
Co films with a Cu buffer layer repeat the stepped structure
of the Si(111)5.55×5.55-Cu surface. Co nanostripes are
formed along the steps of the Si(111)5.55×5.55-Cu
substrate.
An analysis of the RHEED patterns showed that the
stepped surface of the Cu buffer has an fcc lattice and is
oriented by the (111) plane on the modified
Si(111)5.55×5.55-Cu surface: Cu(111)||Si(111) and
<112>Сu|| <110>Si.
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External pressure effect on the structure and magnetization
of 2D Ge with hole qubits
A.V. Goncharov*,1, A.N. Chibisov1,2
1 Pacific

National University, 136 Tikhookeanskaya St., Khabarovsk 680033, Russia
Computing Center, Far Eastern Branch of the Russian Academy of Sciences, 65 Kim Yu Chen St.,
Khabarovsk, 680000, Russia
2

*e-mail: 008809@pnu.edu.ru
Abstract. In this paper the Ge {105} structure of the hut-wire type was constructed. It has been optimized by means of DFT calculation
using full-relativistic ultrasoft pseudopotential. The electronic structure of the system at external pressure from -1 GPa to 1 GPa with
hole qubit was calculated.

1. Introduction
Research in the field of quantum computing elements is
one of the priority direction in solid-state nanoelectronics
at present. Quantum qubits based on germanium hut wire
structures are a promising quantum computing element [1].
A distinctive feature of such structures is the use of holehole centers as the basis of a quantum transistor. A holehole interaction strength in this systems can reach 20 µRy
[2]. The special structure of the Ge hut wire provides them
a combination of quantum well and quantum filament
properties. The limited free path in the plane, as well as the
presence of a compression strain in the structure [2] lead to
the dominance of heavy holes in the germanium structure.
In Ge quantum threads with cylindrical shape, there is a
mixing of heavy and light holes, that cause an increased
dephasing time, reaching 200 ns. For the hut wire {105}
structure with pyramid shape and an angle at the base equal
to 11.5°. but the dephasing time is 72-130 ns.

a

b

Fig. 1. Initial bulk Ge structure (a) and optimized {105} structure
of hut-wire Ge (b).

At pressure of -1 GPa the total energy of the system
increased by 0.05 Ry, and at 1 GPa by 0.03 Ry. When the
hole was introduced into the structure, we also observed an
increase in the total energy of the system by 0.09 Ry for the
system without external pressure. At external negative
pressure this increase is 0.06 Ry, and at positive pressure is
0.07 Ry.
Next, the change in the direction of the system total spin
was studied yin the presence of the hole and external
pressure. It was found, that the spin varies from 0 to 0.99 in
both cases, the zenith angle varies from 0° to -1.52° for
negative pressure and from 0 to -1.55° for positive pressure.
The azimuthal angle varies from 0° to 1.19° for negative
pressure, and from 0 to -1.57° for positive pressure. Figure
2 shows the change in the total spin direction with hole at
negative (a) and positive (b) external pressure.

2. Methods and Approaches
In this work, a model of the Ge {105} structure was
constructed with subsequent optimization by the DFT
method. The hole effect on the total energy and spinmagnetization of the system was studied. To study the
mechanism of hole interaction within the framework of the
model an external pressure in the range from -1 GPa to 1
GPa was applied and hole localization in the structure was
investigated. At the first stage of the work it was necessary
to obtain for the germanium cell a surface bounded by the
group of crystallographic planes {105} in the germanium
cell.
The testing of the full-relativistic ultrasoft Ge
pseudopotential [3] was performed on a unit cell [4] with
homogeneous 6x6x6 k-point grid, constructed according to
the Monkhorst-Pack technique . For calculation of the
{105} slab structure 2x3x1 k-points were used. The cutoff
energy of the plane wave basis was 50 Ry.
3. Results and discussions
Figure 1 shows the initial structure (a) and the resulting
geometry optimization in the Quantum Espresso [5] code
(b). The total energy of the resulting system was -657.54
Ry.

a

b

Fig. 2. Magnetization direction with negative (a) and with
positive external pressure (b) in the Ge {105} system with hole
qubit.
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4. Conclusions
The Ge {105} structure with the hut wire type was
calculated using density functional theory. It was found
that the external positive and negative pressure, , leads to
the direction change in the system spin. The total energy of
structure with hole is increased by 0.09 Ry. In the absence
of external pressure and the presence of a hole, the spinmagnetization of the system is also equal to zero.
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Abstract. We study the dependence of neural network architecture on the prediction accuracy of the values of basic thermodynamic
characteristics. The object of the study is the Edwards-Anderson model on a square lattice of Ising spins. We compare the results of
trained fully connected neural networks and networks with custom architectures that mimic the structure of the spin lattice.

1. Introduction
One of the most popular approaches to studying
systems with complex interactions in recent decades has
been the Monte Carlo method. At the same time, this
approach is evolving and improving due to modern
advances in computing technologies and new
computational approaches, such as machine learning and
neural networks. The application of machine learning to
statistical physics began relatively recently but is rapidly
evolving. For example, in [1,2,3] approaches to calculate
the critical temperature from Monte Carlo-generated spin
configurations were shown. In [4] a similar approach is
shown which allows recognizing different phases of spin
systems depending on parameters such as DMI and external
magnetic field 𝐻𝑧 using a neural network. In this research,
we will focus on the study of the ability of different neural
network architectures to predict the main thermodynamic
characteristics of the Edwards-Anderson spin glass models.

of layers and different approaches for linking neurons of
different layers.

2. Model
Object of our research is the spin glass model,
considered by Edwards and Anderson in 1975 [5]. This
model is a square lattice of interacting Ising spins,
characterized by frustrations which could be described as
the occurrence of strong competition between
ferromagnetic and antiferromagnetic interactions. The
interaction 𝐽𝑖𝑗 between each neighbor’s spin pair (𝑖𝑗) can be
+1 either -1, and changes during the transition from one pair
to another. The Hamiltonian is expressed as:

𝐸 = ∑ 𝐽𝑖𝑗 𝑆𝑖 𝑆𝑗 ,

Fig. 1. Comparison of the prediction quality of a fully connected
neural network and a custom neural network with the exact
solution.

We fed link configurations and temperature to the input
of the neural networks and predicted average energy and
magnetization on the output. Using Monte Carlo
simulations, the average energy and magnetization of
41000 different 6x6 spin glass configurations were
calculated for 60 different temperature each (from 0.1 T to
6.0 T). We were start from spin glass configuration, where
all interaction 𝐽𝑖𝑗 = 1(ferromagnetic case) and then we
added different numbers of negative interaction to the
system. The number of configurations for each distribution
was proportional to value of С𝑘𝑛 , where n – amount of all
bonds, and k – number of negative bonds.
In addition to the full-link neural network architecture,
other architectures were considered. Since each input
corresponded to the connection of 𝑖 with 𝑗 spins, we
considered a network architecture where the second layer

(1)

〈𝑖,𝑗〉

where 𝑆𝑖 , 𝑆𝑗 – spins of the lattice, < 𝑖, 𝑗 > denotes the
summation over pairs of interacting spins in a system with
size N, 𝑁 – system linear size.
3. Results and discussions
We studied the effect of neural network architecture on
the quality of predictions. We compared the results of fully
connected neural networks with different number of hidden
layers and custom neural networks with different number
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represented spins (𝑁 nodes), and each node of the second
layer was connected to 4 corresponding input nodes.
An example of prediction of energy values for a
particular test configuration is shown in Fig. 1. One can see
that a network with a custom architecture shows more
accurate energy prediction results for the test systems.
Both networks were compared on 150 unique spin
configurations. Due to results on test dataset shown in
Table 1, custom neural network shows more accurate
predictions rather than fully-connected network. As an
error metric we used root mean square error.
Table I. Accuracy comparison on test dataset.

RMS
error

Fully
connected

Custom

0.3497

0.0270

4. Conclusions
In this work we have demonstrated the possibility of
using neural networks to calculate the basic
thermodynamic characteristics of the Edwards-Anderson
spin glass models. We also compared the accuracy results
of neural network implementations of different
architectures. On average, the custom neural network
architecture showed more accurate results compared to the
full-link architecture.
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Abstract. Magnetic two-dimensional films, in which magnetic vortex textures  skyrmions appear because of competition between the
direct Heisenberg exchange and the DzyaloshinskiiMoriya interaction, were studied using the MonteCarlo simulation technique. The
process of nucleation of skyrmions with increasing of the external magnetic field was studied, various phases into which the Heisenberg
spin system transitions were recognized using by a convolutional neural network for data analysis.

𝐻𝐷𝑀𝐼 = −𝐷 ∑ 𝑆𝑟 × 𝑆𝑟+ 𝑥̂ ∙ 𝑥̂ + 𝑆𝑟 × 𝑆𝑟+ 𝑦̂ ∙ 𝑦̂

1. Introduction
Skyrmions are formed in magnets in which spin
interactions favor a magnetic structure with chiral
symmetry, such as a vortex. In such a system, the strongest
interaction between the spins is direct exchange. The
energy of this interaction, which contributes to the collinear
alignment of neighboring spins and controls the ordering in
the system, is determined by the Heisenberg exchange. A
much weaker interaction favoring the perpendicular
orientation of neighboring spins exists in some magnets in
which electrons have a strong spinorbit coupling. The
energy of this interaction is described by the
DzyaloshinskiiMoriya (DM) interaction and leads to the
fact that the spins in the magnet deviate from the parallel
orientation, which naturally leads to a chiral structure.
In our paper, the conditions for the nucleation and stable
existence of magnetic skyrmions in two-dimensional
magnetic films were considered in the frame of the classical
Heisenberg model. We studied several types of flat lattices
with DMI and the direct exchange between spins:
1. a honeycomb lattice with 3 nearest neighbours (NN),

𝑟

+ 𝑆𝑟+ 𝑧̂ ∙ 𝑧̂
𝐵 = −𝐵𝑧 ∑ 𝑆𝑟
𝐴 = 𝐴𝑧 ∑ 𝑆𝑟2
𝑟

3. Conclusion
In the frame of the classical two-dimensional
Heisenberg model, a spin system with direct short-range
exchange was modelled, and a study of its competition with
the Dzyaloshinski i-Moriya interaction was carried out. For
the analysis of the data obtained during the Monte Carlo
simulation, a convolutional neural network (CNN) was
used for the recognition of different phases of the spin
system, depending on simulation parameters such as DMI
and the external magnetic field (Hz). Based on these data,
the phase diagrams (Hz,D) for different lattices were
plotted. It is known that one of the features of the practical
application of skyrmions is that they are usually stable in a
narrow region of low temperatures and external magnetic
fields. Therefore, based on the data from the phase
diagrams, we can select appropriate parameters that
significantly affect the properties of spin systems and lead
to the formation of various phases that provide different
functionalities for use in spintronics.

2. Research description
The Metropolis algorithm, being a Monte Carlo
method, is a general method, suitable for high-performance
computing, for studying the thermodynamic properties of
substances consisting of interacting individual particles and
dynamics in external magnetic fields. In this study, we used
the Metropolis algorithm for the simulation of magnetic
skyrmions in the frame of the classical Heisenberg model,
taking into account direct short-range exchange and
Dzyaloshinsky-Moriya interaction. The influence of the
DM interaction on the spin system in frame of the
Heisenberg model was analysed. We used the next
Hamiltonian in our research [1]:

𝐻𝐽 = −𝐽 ∑ 𝑆𝑟 ∙ (𝑆𝑟+ 𝑥̂ + 𝑆𝑟+ 𝑦̂ + 𝑆𝑟+ 𝑧̂ ),

(2)

(5)

The ferromagnetic-exchange interaction (the first term),
the Dzyaloshinskii-Moriya interaction (the second term),
the Zeeman coupling (the third term), magnetic anisotropy
(the fourth term) are considered.

3. a hexagonal or triangular lattice with 6 NN.

(1)

(4)

𝑟

2. a square lattice with 4 NN,

𝐻 = 𝐻𝐽 + 𝐻𝐷𝑀𝐼 + 𝐵 + 𝐴

(3)
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Abstract. Self-assembled growth of C60 layers at the Tl/NiSi2/Si(111) atomic sandwich has been studied as a function of the density
of the Tl atomic layer. It has been found that fullerenes form hexagonal close-packed arrays. Inside C60 layer, fullerenes can form
together with Tl atoms three distinct configurations which are reflected by difference of the C 60 brightness — dim, normal and bright,
— at the STM images. It was found out that the brightness level directly depends on the amount of thallium under fullerenes. Using
additional Tl deposition, it is possible to change the relative fractions of the dim, normal and bright fullerenes, in particular to fabricate
the homogeneous C60 layers consisting exclusively of the fullerenes of a single type.

heated Ta boat. DFT calculations were conducted using
VASP code, with core electrons represented by PAW
potentials. The GGA-PBE to the exchange-correlation
functional is employed for structure relaxation. To simulate
the C60 superstructure on Tl/NiSi2/Si(111) surface we used
a slab consisting of 5 BLs of the substrate with the PBEoptimized bulk Si lattice constant. The atomic positions of
C60/Tl/NiSi2 atoms and atoms of Si layers within the two
BLs of the slab were optimized.

1. Introduction
The molecular self-assembly, which is one of the basic
approaches for creating nanoscale structures, has been
extensively investigated owing to its great potential for a
wide range of applications. Due to its spherical shape and
high symmetry, C60 has been considered an ideal molecule
for studying self-assembly process on crystalline surfaces.
As examples, one can remind growth of the 2D fullerene
quasi-crystals on the Pt3Ti(111) crystal intentionally
terminated by the two layers of Pt [1], fabrication of the
molecular arrays almost exclusively built of the magic
clusters on the In-modified Au/Si(111) surface [2], selfassembled C60 ordering into the unusual “trilliumene”
structures on Si(111) and Ge(111) surfaces covered by
monolayers of Tl or Pb [3]. The discovery of graphene has
caused a strong increase of the interest in 2D materials
having a thickness of one atomic layer. These materials are
considered as promising candidates for the synthesis of
supramolecular systems, including those containing C60
fullerenes [4,5]. This served as an additional motivation for
considering in this study the self-assembly of C60 on the
Tl/NiSi2/Si(111) atomic sandwich [6]. The upper atomic
layer is represented in this sandwich by a Tl monolayer,
which can be transformed into a tallene [7]. Also, this work
is related to our past studies on the C60/Tl/Si(111) system,
where the formation of trilliumens was discovered [4].
Although Tl monolayers on a pure Si(111) surface and on
top of a single-layer NiSi2 on Si(111) look very similar,
their structural properties are not identical. In the Tl/Si(111)
system, a decrease in Tl coverage of 1.0 ML leads to the
appearance of other reconstructions, 3×1-Tl and √3×√3-Tl
[8], while in the Tl/NiSi2/Si(111) system, Tl coverage can
decrease to ~0.6 ML. Using the possibility of changing the
Tl coating, the effect of the Tl atomic density on the
structure of the C60 layers was investigated.

3. Results and discussions
Fig. 1 shows STM images illustrating the growth stages
of the C60 layer on the Tl/NiSi2/Si(111) surface with
gradual metered deposition of Tl. As can be seen,
hexagonal arrays of fullerenes contain "holes" arranged in
the √3×√3 lattice inside a monomolecular fullerite layer.
This coincides with the periodicity of √21×√21 in the lattice
constants Si(111), aSi = 0.384 nm, since the C60 layer has a
periodicity of √7×√7.

2. Experiment
Our experiments were performed with the UHV
Omicron MULTIPROBE system operating in an ultrahigh
vacuum (∼2.0 ×10-10 Torr). Atomically-clean Si(111)7 ×7
surfaces were prepared in situ by flashing to 1280 °C after
the samples were first outgassed at 600 °C for several
hours. Thallium was deposited from a Ta tube, Ni from an
electron beam evaporator and fullerenes from a resistively

Fig. 1. A set of 30×30 nm2 STM images illustrating the evolution
of the surface structure after each step of Tl deposition for 30 s.
at a rate of 0.14 ML/min onto the C60 monolayer grown on the
Tl/NiSi2/Si(111) surface with 0.73 ML of Tl.
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At a glance, it might seem that the new structure is
similar to the trilliumene from the C60/Pb/Si(111) system
[3]. However, if in the case of trilliumene the "holes" are
real vacancies, in the current case the "holes" are fullerenes
located lower than their neighbors. We called such
molecules "dark", and the molecules around them with
normal brightness — "normal". Deposition of Tl at RT on
this surface led to a gradual decrease in the density of dark
fullerenes and after total deposition for 60 s. the dark
molecules completely disappeared and the arrays began to
consist only of normal fullerenes (Fig. 1(b)). With further
deposition of thallium, "bright" fullerenes begin to appear,
their number increases in proportion to the dose of Tl,
eventually all regions consist only of such bright molecules
(Fig. 1(d)). It can be concluded that there are three different
height levels that fullerenes can occupy on the
Tl/NiSi2/Si(111) substrate, and with increasing atomic
density of the Tl monolayer, fullerenes gradually become
higher. Conducting calibration experiments to convert the
deposition time of Tl into coating gave an understanding of
the origin of dark, normal and bright fullerenes. The
difference in the brightness of C60 molecules is related to
the number of Tl atoms under an individual fullerene.
Using DFT calculations, structural models of C60 on
Tl/NiSi2/Si(111), which adsorption sites and orientation of
C60 fullerenes were varied, as well as the number of Tl
atoms under them, were tested. It was found that C60 occupy
T4 positions, which are preferable over the T1 and H3
positions, and are oriented with a hexagon upwards. As for
the number of Tl atoms, the single model that corresponds
to the available experimental data is shown in Fig. 2.

4. Conclusions
In conclusion, using STM observations and DFT
calculations we have examined self-assembled formation
of C60 monomolecular layers on the surface of the atomic
Tl/NiSi2/Si(111) sandwich. Deposited C60 fullerenes form
hexagonal close-packed arrays. Within the C60 layer, the
fullerenes display three distinct types of contrast in the
STM images — dim, normal and bright. It has been
elucidated that the bright fullerenes reside atop a completed
Tl monolayer, in the case of the normal fullerenes one Tl
atom directly beneath the given fullerene is missing, while
under the dim fullerenes no Tl atoms are left. The fraction
of fullerenes of each type can be changed in controllable
way using Tl deposition onto the C60/Tl/NiSi2/Si(111)
sample. In particular, one can fabricate the homogeneous
C60 layers consisting exclusively of the fullerenes of a
single type, normal or bright depending on the desire.
Bearing in mind that single-layer NiSi2 possesses advanced
metallic properties [6], elucidating the effects produced by
Tl overlayers of various atomic densities and C60 layers
with various separations from a single-layer NiSi2 are of
interest for examine the peculiarities of the electronic
transport in the layered atomic structures. Possibility for
growing thick C60 films as protective layers for the buried
atomic sandwich [9] allows to conduct ex situ transport
measurements, the topic of interest for both fundamental
research and the advancement of electronic applications.
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Fig. 2. Structural models for the dim, normal and bright C60
fullerenes on the Tl/Si(111) surface (side and top views). The
corresponding legend in the lower panel indicates color
designations of various atoms and the sites occupied by atoms of
each type.

It was concluded that there are completely lack Tl atoms
under dark fullerene, one thallium atom is missing under
normal fullerene, and all 7 atoms sit in their places under
bright fullerene. Accordingly, it was calculated that normal
fullerenes are 0.26 nm above the dark and 0.056 nm below
the bright. Using information about the number of Tl atoms
under each of the fullerenes, STM images were processed
to assess the Tl coating at each stage of Tl deposition. The
obtained results coincided with the calibration data, thereby
confirming the reliability of the calculated models.
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Abstract. We are doing the research on the thermodynamic properties and phase transitions of two-dimensional arrays which consist
of dipole coupled Ising-type nanomagnets located at the vertices of a triangular lattice called a trident lattice. The Metropolis method
is used to investigate phase transitions depending on the lattice parameter, frustrations, and the influence of an external field on the
system.

b. By changing the distance between the tridents, the
authors of the article were able to influence the balance of
competing interactions in the lattice, and, as a result, the
number of frustrations in the system [1].

1. Introduction
Artificial square ice [1], consisting of dipole-interacting
nanoparticles with Isingian-type moments lithographically
arranged on a two-dimensional square lattice, was
introduced as a two-dimensional analogue of pyrochlore
spin ice [2] and provided prospects for direct investigation
of the physics of geometric frustrations. Despite the
presence of competing interactions, square dipole ice does
not show macroscopic degeneracy, which is observed in
spin ice on the pyrochlore lattice. Macroscopic degeneracy
of the ground state leads to many interesting physical
phenomena. Several concepts have been proposed to search
for systems where this phenomenon is observed, in
particular kagome ice, where a spin-liquid phase can be
observed. Nevertheless, the implementation of the lattice,
which at the same time would be technically simple, would
be suitable for direct visualization of thermal fluctuations
in real time remains, and most importantly would show
macroscopic degeneracy of the ground state, remains
questionable [3].
In [4], the results of a study of a new trident lattice were
presented, which has similarities with the square geometry
of ice, but at the same time demonstrates a higher degree of
geometric frustrations. The building blocks in such a lattice
are three nanomagnets (tridents) periodically arranged
orthogonally (Fig. 1). The lattice parameters a and b allow
you to change the strength of the interaction between the
dipoles.

2. Formalism and model
The energy of the dipole-dipole interaction of a system
of dipoles on a trimerized lattice is calculated using the
formula (2.1):

𝐸𝑖𝑗 =

⃗⃗ 𝑖 𝑀
⃗⃗ 𝑗 )
(𝑀
3

|𝑟𝑖𝑗 |

−3

⃗⃗ 𝑖 𝑟𝑖𝑗 )(𝑀𝑗 𝑟𝑖𝑗 )
(𝑀

,

5

|𝑟𝑖𝑗 |

(2.1)

where i, j - the numbers of the interacting dipoles, 𝑟𝑖𝑗 is the
vector between the centers of the magnetic moments of the
⃗⃗ 𝑖 is the value of the magnetic moment
interacting dipoles, 𝑀
vector.
It should be noted that since the lattice geometry
requires taking into account the relative elongation of the
nanostructures, instead of one large magnetic moment, i.e.
superspin, we will use three co-directional moment vectors,
which, in accordance with the Ising model, will change the
direction coherently under the influence of thermodynamic
fluctuations.
To determine the thermodynamic properties of the
system under study we used The Metropolis method. The
main idea of this method is the equal formation of a sample
of the state space with a given probability of the distribution
of states. At each step of the sampling process, a
configuration with a given probability is accepted (or
rejected):
𝑃(𝐸𝑖 → 𝐸𝑗 ) = 𝑚𝑖𝑛 (

𝑃(𝐸𝑖 )

𝑃(𝐸𝑗 )

, 1).

(2.2)

When numerically calculating the temperature behavior of
the system, the probability of the configuration energy is
determined according to the canonical Gibbs distribution:
𝑃(𝐸𝑖 ) = 𝑚𝑖𝑛 (

𝑒 −𝐸𝑖 /𝑘𝐵 𝑇
𝑍

).

(2.3)

Combine equations (2.1) and (2.2), we get
𝑒 −𝐸𝑗 /𝑘𝐵 𝑇
, 1)
𝑒 −𝐸𝑖 /𝑘𝐵 𝑇
𝐸𝑗 − 𝐸𝑖
= 𝑚𝑖𝑛 (𝑒𝑥𝑝 [−
] , 1)
𝑘𝐵 𝑇

𝑃(𝐸𝑖 → 𝐸𝑗 ) = 𝑚𝑖𝑛 (
Fig. 5. Trident lattice [4].

The paper presents the results of experiments conducted
on the trident lattice. For example, a system of dipoles was
heated to a certain temperature, after which its behavior
during thermal relaxation was monitored. Also, the
experiments investigated cases with a = b and with different

= 𝑚𝑖𝑛 (𝑒𝑥𝑝 [−

∆𝐸
𝑘𝐵 𝑇

] , 1),

(2.4)

where ∆E is the change in the energy level of the system as
a result of configuration change, T is the absolute
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temperature. In the process of sampling, a certain
characteristic (order parameter or spin excess) is
determined for each selected configuration. Based on the
obtained characteristics, the standard deviation and the
mathematical mean are determined, based on which the
thermodynamic quantities are calculated [2].
3. Research plan
It is supposed to repeat the experiments described in the
article with the help of computer computational methods to
confirm the practical results and study frustration in this
system.
By analogy with article [5], an increase in the exponent
b in this lattice should affect the possibility of a phase
transition. For large values of b, the system is divided into
subsystems. To do this, the heat capacity of the system will
be determined, so it can be used to judge the presence of a
phase transition [5]. The heat capacity directly depends on
the energy of the system obtained by the Metropolis
method, and can be found by the formula (3.1):

𝐶(𝑇) =

1 〈𝐸 2 〉−〈𝐸〉2
.
𝑁 𝑘𝐵 𝑇 2

(3.1)

Magnetic susceptibility:

𝜒(𝑇) =

⃗⃗ |2 〉−〈|𝑀
⃗⃗ |〉2
1 〈|𝑀
.
𝑁
𝑘𝐵 𝑇

(3.2)

Correlation function:
1
⃗⃗ 𝑖 𝑀
⃗⃗ 𝑗 〉 − 1 〈|𝑀
⃗⃗ |〉2 .
𝐺(𝑇) = 𝑁 〈∑ 𝑀
𝑁

(3.3)

The most important task in the study of artificial spin
systems is to find the ground state of the system: a
configuration in which the total energy of the system is
minimal. It is assumed to use the Metropolis algorithm, the
hybrid Metropolis algorithm, or other methods, such as, for
example, a greedy algorithm or an exact solution by a
parallel exhaustive enumeration algorithm for relatively
small systems. After that, it is planned to conduct a study
of the external magnetic field.
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Abstract. The molecular dynamics method was used to study the influence of free volume and orientation of the crystallization front
relative to the growing crystal on the front velocity in nickel. According to the data obtained, the crystallization velocity with an
increase in the undercooling temperature does not increase monotonically, but has a maximum at 0.7 of the melting point, after which
it gradually decreases. Crystallization proceeds faster with the orientation of the front plane (100), slower – with the (110) and (111)
orientations. When free volume was introduced into the computational cell, the concentration of free volume occurred, as a rule, at the
last stage of crystallization, where the completion of the crystal construction took place.

At the first stage, the computational cell was melted by
holding it at a temperature significantly higher than the
melting point. Then the thermostat was turned on, and
holding was carried out at a given constant temperature.
During the molecular dynamics experiment, the
crystallization front moved from the ends of the
computational cell to its center.

1. Introduction
Solidification and the accompanying crystallization of
metals and alloys are technologically widespread and
important processes that have a significant impact on the
final structure of the material. Despite the great attention to
the crystallization process and its long-term study, there are
still unresolved questions even for pure metals, and this
applies not only to the kinetics of a relatively more complex
homogeneous crystallization mechanism [1, 2] associated
with the nucleation of crystalline nuclei, but also
heterogeneous [3, 4], when the process is accompanied by
the movement of the crystallization front.
This work is devoted to the study of the influence of free
volume and orientation of the crystallization front relative
to the growing fcc crystal on the front velocity in nickel.
Three front orientations were considered: (100), (110) and
(111). Nickel was chosen as a typical fcc metal, for which
a fairly large set of experimental data has been collected,
and there are well-tested interatomic interaction potentials.

3. Results and discussions
Front velocity was determined as the average speed of
the left and right fronts:

=

l1 + l2
,
2t

(1)

where Δl1 and Δl2 are distances travelled by the
crystallization front in the upper and lower parts of the
computational cell during the time Δt (Fig. 1). In most
cases, the position of the front was clearly visible visually.
The determination error did not exceed, as a rule, two
atomic planes.

2. Description of the model
Modeling was carried out using computational cell in
the form of an elongated parallelepiped with a square cross
section. The computational cell contained about 107
thousands atoms, was 5.8 nm high and wide, and 37.5 nm
long. At the ends of the parallelepiped (along the Z axis),
the crystal structure was fixed, which imitated the starting
position of the crystallization front. Along another axes X
and Y, periodic boundary conditions were imposed.
To describe interatomic interactions in nickel, the
many-particle potentials of Cleri and Rosato [5] were used.
Potentials of this type have been repeatedly used in
molecular dynamics models and have been tested for a
large number of characteristics. The experience of their
application shows that with their help it is possible to
describe the various properties of metals and alloys. The
time integration step in the molecular dynamics method
was 2 fs. The temperature in the model was set through the
initial velocities of the atoms according to the MaxwellBoltzmann distribution, taking into account the thermal
expansion of the computational cells. To keep the
temperature constant during the simulation, a Nose-Hoover
thermostat was used.

Fig. 1. To the method of calculating the velocity of the
crystallization front movement.

Fig. 2 shows the temperature dependences of the
crystallization velocity obtained in this work for three
different orientations of the front relatively growing fcc
crystal: (100), (110) and (111). According to the data
obtained, the crystallization velocity with an increase in the
undercooling temperature does not increase monotonically,
but has a maximum at 0.7 of the melting point, after which
it gradually decreases.
Such behavior in the region of super-high values of
supercooling is well described by the Wilson-Frenkel
model with diffusion limitation [1, 3]:
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 E 
  
(T ) = A exp −
1 − exp −

 kT 
 kT 

noted that in the presence of excess free volume, twins were
formed comparatively more often. As the free volume
increased, the crystallization front velocity decreased.

(2)

Here A is the preexponential factor, E is the activation
energy of the migration of an atom in the liquid phase, k is
the Boltzmann constant, T is the temperature, Δμ is the
difference between the free energies of the liquid and
crystalline states.
In our case, the main factor responsible for the effect of
temperature on the velocity of the crystallization front is the
value of E in formula (2), i.e. diffusion mobility of atoms
in the amorphous phase. With a decrease in temperature,
this mobility decreases exponentially, and at a certain
temperature (at 0.7∙Tm in our case), this decreasing
contribution begins to prevail over the increasing
contribution of the second factor in formula (2).

Fig. 3. Concentration of free volume at the final stage of
crystallization.

4. Conclusions
The molecular dynamics method was used to study the
influence of free volume and orientation of the
crystallization front relative to the growing crystal on the
front velocity in nickel. The obtained dependences
coincided within the limits of error with the experimental
data, which indicate of the adequacy of the model and the
chosen interatomic potential. According to the data
obtained, the crystallization velocity with an increase in the
undercooling temperature does not increase monotonically,
but has a maximum at 0.7 of the melting point, after which
it gradually decreases. This decrease in the crystallization
velocity can be explained by a decrease in the diffusion
mobility of atoms in the amorphous phase.
Crystallization proceeds faster with the orientation of
the front plane (100), slower – with the (110) and (111)
orientations. The anisotropy of the crystallization velocity
is associated with the difference between the free energies
of an atom near the boundary in the liquid phase and of an
atom built-in into the boundary of a growing crystal, which
depends on the orientation of the boundary and, in
particular, correlates with the energy of an adatom on the
corresponding free surface of the crystal.
When free volume was introduced into the
computational cell, the concentration of free volume
occurred, as a rule, at the last stage of crystallization, where
the completion of the crystal construction took place. As
the free volume increased, the crystallization front velocity
decreased.

Fig. 2. Dependences of the crystallization front velocity on the
temperature for three different front orientations.

As can be seen from Fig. 2, crystallization proceeds
faster with the front orientation (100), slower ‒ with the
(110) and (111) orientations. To explain the anisotropy of
the crystallization velocity, one should obviously pay
attention to the second factor in formula (2) and the value
of Δμ, which is usually defined as the difference between
the free energies of the liquid and crystalline states.
However, near the liquid-crystal interface, it is not the
difference in energies within the volumes of the crystal and
the liquid is of greater importance, but the difference in the
free energies of an atom near the interface in the liquid
phase and of an atom built-in into the boundary of a
growing crystal. If the value of Δμ is determined in this
way, it ceases to be constant and becomes dependent on the
orientation of the liquid-crystal interface. This energy can
be compared with the energy of an adatom on the
corresponding free surface of the crystal, or with the
activation energy of its migration over a given surface. For
example, in [6], the activation energies of surface selfdiffusion were obtained for nickel: 0.33 eV over the free
(111) surface and 0.63 eV over the (100) surface.
The maximum values of the crystallization velocity
obtained in our work at 0.7∙Tm coincide with the values
given in [7] for nickel, where they were obtained by
modeling using another potential: 150 m/s for (100)
orientation and 100 m/s for (110) orientation.
The free volume was introduced by removing atoms
from the starting computational cell. During crystallization,
the concentration of free volume occurred, as a rule, at the
last stage of crystallization, where the completion of the
crystal construction took place (Fig. 3). In addition, it was
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Quantum-mechanical study of the substitution and
adsorption of P atoms on silicene
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Abstract. The behavior (substitution and adsorption) of the phosphorus atom on the surface of silicene has been studied using quantum
mechanical calculations. The most favorable positions, binding energies and the value of the activation barrier for phosphorus diffusion
have been established. The change in the local magnetic moment on the phosphorus atom is described depending on its position and
the positions of the surrounding silicon atoms.

key variants of the location of the phosphorus atom were
considered (Fig. 1).

1. Introduction
Silicene is of great interest for fundamental physics and
practical applications. It has a stronger spin-orbit
interaction [1], in contrast to graphene, which will make it
possible to observe the spin Hall effect at not too low
temperatures [2]. Theoretical studies have also reported
such unique properties as a mechanically adjustable band
gap [3] and a metal phase with valley polarization [4].
Experimental observations and synthesis of silicene [5–9]
showed the prospects of nanosized materials that can be
easily functionalized chemically or mechanically and
introduced into modern electronics [10]. The study of the
interaction of phosphorus atoms with the surface of
silicene, presented in this work, may be of interest in the
prospect of creating qubits for quantum computers based
on this material, by analogy with crystalline silicon doped
with phosphorus.

Fig. 1. Structure of silicene and possible sites of adsorption of the
phosphorus atom.

Binding energy for adsorption:
𝐸𝐵 = 𝐸𝑠𝑦𝑠𝑡𝑒𝑚 − (𝐸𝑠𝑖𝑙𝑖𝑐𝑒𝑛𝑒 + 𝐸𝑃 )

The most favorable is Hill site with a binding energy of
-3.84 eV. The local magnetization and charge on the
phosphorus atom is determined by the silicon environment
– the number of neighboring silicon atoms, the distances to
them. The magnetic moment of the phosphorus atom in the
Bridge site is 0.210 µB/cell and decreases to
0.020 µB/cell in the Hill position. The charge value varies
in the range from -1.20 e in the case of substitution to
-0.83 e in the Hollow site. The magnitude of the charge on
the phosphorus atom does not correlate with the magnitude
of the magnetization. The Nudged Elastic Band (NEB)
method was used to determine the energy barrier when a
phosphorus atom moves over the silicene surface from the
Hill position through the hexagonal ring to the next Hill
position. The activation energy to overcome the barrier,
which is located between the Hill and Hollow sites, was
1.51 eV.
The adsorption of a phosphorus atom onto a silicene
surface already containing either one substituting (Fig. 2a)
or one adsorbed (Fig. 2b) phosphorus atom was considered.

2. Experiment
The Quantum Espresso software package [11] based on
the density functional theory and the pseudopotential
method was used to perform quantum mechanical
calculations. The calculations were performed taking into
account the spin-orbit non-collinear interaction. Fully
relativistic pseudopotentials for silicon and phosphorus
were selected from the Quantum Espresso program library
[12]. The cutoff energy of the plane wave basis was
476 eV. Calculations of Si:P structures were carried out
with a homogeneous grid of k-points 9×9×1, constructed
according to the Monkhorst-Pack scheme. The analysis of
the values of charges on atoms was carried out using the
Bader partitioning method.
3. Results and discussions
To study substitution, one silicon atom in the silicene
structure was replaced by phosphorus. The binding energy
is calculated as follows:
𝐸𝐵 = 𝐸𝑠𝑦𝑠𝑡𝑒𝑚 − [𝐸𝑠𝑖𝑙𝑖𝑐𝑒𝑛𝑒 (𝑁𝑆𝑖 − 1)⁄𝑁𝑆𝑖 + 𝐸𝑃 ]

(2)

(1)

where Esystem is the total energy of the P-doped silicene,
Esilicene is the total energy of the perfect silicene, NSi is the
number of Si atoms in a supercell of pristine silicene, EP is
the total energy of an isolated P atom. The binding energy
of the resulting system is -3.34 eV. To study adsorption,

Fig. 2. Options for the location of the adsorbed P atom next to a)
a substituting one; b) absorbent.
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In the 2nd and 3rd cases, in the region of adsorption of
the second phosphorus atom, shifts occur in the
arrangements of neighboring silicon atoms, similar to the
Hill and Valley sites considered earlier; in this case, the
binding energies become lower, the Hill site
(-4.17 eV) is the most favorable. In the case of two
adsorbing atoms, according to the binding energies,
configuration 5 can be distinguished as the most favorable
(-4.23 eV), the location of the second phosphorus atom near
the first reduces its binding energy in configuration 4, and
in configuration 6 leads to a spontaneous displacement
from the already existing adsorbed atom. The charge on
phosphorus atoms deviates insignificantly from the
previously considered cases of single substitution or
absorption of a phosphorus atom on silicene. Local
magnetic moments on phosphorus atoms are not expressed.
4. Conclusions
A complex of quantum mechanical calculations made it
possible to determine the optimal positions of one and two
phosphorus atoms on the silicene surface. Adsorption has
been shown to be more beneficial than substitution; the
energy gain is 0.5 eV. The binding energy during the
absorption of the second P atom decreases while
maintaining the distance between the phosphorus atoms;
the formation of dimers from phosphorus atoms is
energetically unfavorable. The dependences of the local
magnetization on phosphorus atoms on the silicon
environment are established. Using the NEB method, the
activation energy for the transfer of an adsorbed P atom
over the silicene surface was determined.
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Silicon growth and etching by oxygen and selenium:
evolution of Si(111)-7×7 surface structure and morphology
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Abstract. Using in situ reflection electron microscopy and ex situ atomic force microscopy, we have studied the morphological stability
of large-scale (~10–100 μm) Si(111)-7×7 terraces during silicon growth and etching by oxygen and selenium. On the large-scale
terraces, silicon growth proceeds in multilayer mode that we have divided into three regimes based on RMS surface roughness scaling
analysis. Surface etching by selenium is characterized by 2.65 eV activation energy that limits etching kinetics in a low-temperature
range when the whole surface is converted to a disordered “1×1”-Se phase. The etching of the singular Si(111)-7×7 surface by selenium
preserves flat surface morphology, while oxygen-induced etching leads to the slow development of multilayer morphology due to
hindered diffusion of oxygen adatoms. On the step-bunched surface, the silicon or selenium adatom diffusion to the step bunches leads
to the self-organization of pyramidlike or valley-like morphology during silicon growth or selenium-induced etching, respectively.

3. Results and discussions
Figure 1 shows the R–T map of surface morphologies
discovered from the analysis of topographic AFM images
after Si growth on extremely wide Si(111) terraces.
According to this map, the main parameter controlling the
surface morphology evolution of a growing Si film is
deposition rate R. At low R (triangles in figure 1), the Si
growth gradually switches from periodic 2D island
nucleation and growth to multilayer mode with root-meansquare surface roughness scaling with coverage W∝Θ0.34
(figure 2a). The scaling exponent β≈0.34 authenticates that
ascending/descending Si fluxes governing surface
morphology evolution are imbalanced by effective
diffusion along step edges [8] (figure 2b).

1. Introduction
Si-based electronics downscales gradually to 1 nm
where next-generation devices will require the production
of ultrathin films and superlattices with atomically sharp
interfaces and, potentially, self-ordered 3D nanostructures
promising for a range of applications [1–3]. Therefore,
single monatomic steps always existing on crystalline
substrates become a significant object of surface
engineering [4], and the investigation of wafer-scale
surface treatments (e.g. growth, etching, metal adsorption)
fosters the control over substrate surface morphology at the
monatomic step level to improve the properties of
overlying films.
2. Experiment
In situ experiments were carried out in an ultrahigh
vacuum reflection electron microscope (UHV REM)
equipped with several interchangeable evaporators: a
resistively heated single crystal silicon, a crucible loaded
with commercial selenium pellets with 99.9996% purity,
and a barium peroxide in a perforated metal shell that
releases oxygen when heated to ~500°C. We used
specimens with 8×1×0.38 mm dimensions cut from n-type
(0.3 Ω×cm) Si(111) wafers with a miscut angle of <0.1°.
The detailed descriptions of the UHV REM experimental
setup for silicon growth [5], oxygen [6], and selenium [7]
treatments of the Si(111) surface are presented elsewhere.
The exact shape of steps and 2D islands as well as their
distribution on the surface was analyzed using atomic force
microscopy (AFM, Bruker Multimode 8).

Fig. 2. (a,c,e) Dependences of RMS roughness W on the Si
coverage Θ deposited at (a) 600°C and 0.03 BL/s (circles), 650°C
and 0.043 BL/s (triangles), (c) 700°C and 0.067 BL/s, (e) 750°C
and 0.09 BL/s. Error bars show the magnitude of W oscillations
caused by submonolayer coverage variations. (b,d,f) Surface
processes under the conditions of different instability modes: (b)
I, (d) II, (f) III. Red arrows denote destabilizing Si surface fluxes.
Fig. 1. R–T map of morphological instability modes.
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energy of SiSe2 molecule formation and its desorption,
which agrees with the published binding energy
Eb=2.7 eV/atom [9]. It is important to note that, unlike
oxygen atoms, Se adatoms have a reasonable energy barrier
for surface diffusion (about 1.2 eV [10]), which puts a
significant surface diffusion of Se adatoms into the physical
picture of surface processes. The surface Se flux interferes
with Si adatom mass transport via their involvement in the
formation of the volatile SiSe2 molecules.
To study the effect of the atomic steps always existing
on the substrate surface, we have investigated the
morphological evolution of the step-bunched Si(111)-7×7
surface during Si growth and etching. When the Si
deposition rate was high enough to realize layer-by-layer
2D island nucleation and growth in 600–750°C interval, we
always observed gradual self-organization of pyramidlike
waves—prolonged stepped mounds between the step
bunches (figure 4a) [5,11]. During the etching of the stepbunched Si(111) surface, its evolution depended on the
etchant type (oxygen or selenium). In oxygen atmosphere,
we observed only ascending step flow and periodic vacancy
island nucleation on wide terraces (figure 4b). On the
contrary, the etching by Se molecular beam lead to the selforganization of stepped valley-like surface morphology
caused by the excavation of the regions between the step
bunches (figure 4c) [7]. In ref. [12], we have related the
formation of pyramidlike and valley-like surface
morphologies to the effective surface transfer of Si and Se
adatoms, respectively, from terraces towards step bunches.

Fig. 3. Processes on the Si(111) surface during etching by
(a) oxygen and (b) selenium. White and grey arrows denote Si and
Se fluxes, respectively. (c) Temperature dependence of Si etching
rate J(T). Grey diamonds (white circles) correspond to incomplete
(complete) Si(111) surface coverage by the “1×1”-Se phase.

Fig. 4. Main processes on the step-bunched Si(111) surface
during (a) Si growth, (b) etching by oxygen, (с) etching by
selenium. White and grey arrows denote Si and Se fluxes.

At higher deposition rates ~0.07 BL/s (1 BL =
1.56×1015 cm−2) and enhanced temperatures ~700°C
(diamonds in figure 1), Si(111) terraces are covered by
numerous randomly arranged regions with disordered
“1×1” phase. This growth mode displays slow (W∝Θ0.2,
figure 2c) build-up of dendritic-like mounds (figure 2d).
When taking into account the oscillations of RMS surface
roughness W during each period of 2D island nucleation
(error bars in figure 2c), one can note that this instability II
may be a growth mode transient from layer-by-layer to
surface mounding and having no definite scaling exponent.
At high deposition rates (≳0.1 BL/s) and temperatures
around 750°C (circles in figure 1), Si growth shows strong
surface mounding (W∝Θ0.53, figure 2e). This growth mode
is controlled by net uphill adatom flux caused by persisting
“1×1” phase regions at the top of each mound (figure 2f).
The etching of the Si(111) surface in a low-pressure
oxygen atmosphere triggers a weak morphological
instability—incomplete disappearance of the previous
(upper) layer when next-layer 2D vacancy islands have
been nucleated and grown (figure 3a). Despite the Si(111)
surface looks very similar when etched in an oxygen
atmosphere and during exposure to selenium molecular
beam, the weak instability does not develop during
selenium-induced etching. AFM surface morphology
analysis has shown that small vacancy islands nucleate only
at the upper terrace (until it disappears) due to preferred
nucleation at 7×7 domain boundaries (figure 3b). This
explains the enhanced morphological stability of the
selenium-induced etching of the singular Si(111) surface in
comparison with the oxygen-induced etching.
Using in situ REM data, we have measured Si(111)
surface etching rate as a function of substrate temperature
at fixed selenium coverage corresponding to full surface
conversion to impurity-induced “1×1”-Se phase
(figure 3c). The Arrhenius-type approximation yields
2.65 eV activation energy that we attribute to the activation

4. Conclusions
We have shown that the interplay of local structural
transitions and complex surface mass transfer governs the
non-trivial morphological evolution of the Si(111)-7×7
surface exposed to a Si molecular beam, an oxygen
atmosphere, or a Se molecular beam. During Si growth, the
appearance of disordered high-atom-density “1×1” phase
changes Si mass transport routes and causes transitions
between different mounding modes. When Si(111) surface
is etched in a vacuum, diffusion of Se adatoms stabilizes
the singular Si(111) surface but excavates the step-bunched
surface by creating multilevel valley-like morphology
analogously to the formation of the pyramidlike waves
triggered by Si adatom diffusion during Si growth.
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Parallel hybrid multispin Monte-Carlo method for the
Edwards-Anderson spin glass model
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Abstract. We study the effectiveness of parallel hybrid multispin Monte-Carlo method by calculating ground states. The object of the
study is the Edwards-Anderson model on a square lattice of Ising spins. We compare the results to the other Mc methods, and brute
force method on small lattices.

and the lowest ground state value at large lattices,
remaining the calculation speed on Monte Carlo level.

1. Introduction
During the 1960s, it was revealed that some magnetic
alloys have unusual magnetic properties. This discovery led
to the development of spin glass models, which are used to
study complex disordered systems. Spin glasses are
characterized by two main characteristics that strongly
distinguish these systems from others: disorder in the
position of magnetic atoms in the alloy and the occurrence
of strong competition between ferromagnetic and
antiferromagnetic interactions.

Table I. Comparison of the values of the main states of the system
obtained by different methods.

2. Model
In this paper, the authors consider the two-dimensional
Edwards-Anderson model [1], with the exchange integral
𝐽𝑖𝑗 as a random function and the average value of 𝐽𝑖𝑗 is
zero. In such a system, at one-half of the spins the
interaction with each other is ferromagnetic, and at the
other - antiferromagnetic. The interaction 𝐽𝑖𝑗 between the
spin pair (ij) changes during the transition from one pair to
another. The Hamiltonian is expressed as:

Exact
solution

Replicaexhange
Monte Carlo

Hybrid
Monte
Carlo

Parallel
hybrid
Monte Carlo

6х6

-1.50

-1.27

-1.33

-1.50

10х10

-1.40

-1.24

-1.32

-1.40

20х20

-

-0.98

-1.06

-1.34

30х30

-

-0.76

-0.79

-1.34

4. Conclusions
In this work, we have demonstrated that the parallel
hybrid MC method showed greater efficiency, then various
variations of regular Monte Carlo methods.
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𝑁

𝐻 = − ∑ 𝐽𝑖𝑗 𝑆𝑖 𝑆𝑗 − ℎ ∑ 𝑆𝑖
<𝑖,𝑗>

Lattice
size

𝑖=1

𝑆𝑖 , 𝑆𝑗 – spins of the lattice, <i,j> denotes the summation
over pairs of interacting spins in a system with size 𝑁, ℎ is
the external magnetic field.
3. Results and discussions
One of the actual problems for the Edwards-Anderson
model is the search for the ground state. We proposed
parallel modification for multispin Monte Carlo algorithm.
[2]. To speed up the calculations it was proposed to use
parallel computing using the OpenMP library. The number
of clusters should be equal to the number of threads. Our
method allows one to search for low-energy states or even
ground states. We are based on the assumption that
minimization of the energy of subsystems should lead to
the minimization of the energy of the whole system.
We calculated ground states of considered model with
lattice size of 36, 100, 400 and 900 spins using various
methods (Table 1). The proposed method showed
efficiency at the level of exact solution at small lattice sizes,
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Structures and electrical conductance at the initial stages
of magnesium growth on Si(111)-Pb surface
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Abstract. In the present work, using low-energy electron diffraction (LEED) and four-point-probe method (4PP), we have studied the
growth of Mg on Si(111) surface modified by Pb. New surface phases with magnesium and lead have been obtained: √7x√7 and
√19x√3. Electrical conductance has investigated after formation of magnesium layers at room temperature until 6-8 monolayers (ML).
It was concluded that growth of magnesium layers depends both, on the structure of Pb layer and on the deposition manner of
magnesium flux.

-3x3-Pb by little portions results in low conductance
and destruction of surface order according to LEED
observations. The growth of Mg layer by the large portions
takes place with characteristic ring on the LEED pattern.
Moreover, new surface phase √7x√7-(Pb,Mg) have been
formed. Mg growth on this surface has demonstrated 1x1
periodicity at 2.6 ML but at 7 ML the polycrystal film
grows accompanied with high conductance.

1. Introduction
Metal adsorption onto semiconductor surfaces has
incredible interest not only from a physical point of view,
but also it is useful in various technological applications.
We have been studying a number of Pb/Si(111) surface
phases in terms of their affect the growth of the Mg films,
because the Pb/Si(111) system has a relatively well studied
atomic structure and the reconstruction mechanisms
depending on the coverage of metal and deposition
temperature [1-3]. In this work, Mg was grown at room
temperature on Pb-rich surface structures: (7x7)-Pb, 3x3-Pb, 1x1-Pb, and their ordering and properties have
been studied.
2. Experiment
The experiments were performed in the ultrahigh
vacuum chamber at a base pressure 2·10-10 Torr. Mg was
deposited from heated Ta tube at a rate 0.6 ML/min. The
Mg amount was calibrated by the formation of 4x4-(Pb,
Mg) and 6x6-(Pb, Mg) surface phases, which were formed
at 0.3 ML and 0.8 ML of Mg dose, respectively [4]. Pb was
deposited from heated Ta tube at a rate 0.4 ML/min. Pb was
calibrated by formation of 1x1-Pb structure with 1 ML of
Pb coverage. All samples were n-type (P-doped) with the
electrical resistivity 20-1700 Ω·cm. The sizes of specimen
were 15х5х0.45 mm3 with Si(111) orientation of surface.
(Pb,Mg)/Si(111) systems were investigated by LEED and
4PP method. The measuring head consists of four probes
with a distance of 0.6 mm from each other arranged in
square cones.

Fig. 1. Electrical conductance of surface structures at formation
of magnesium films.

4. Conclusions
In summary, new surface phases √7x√7, √19x√3 with
coadsorbed Mg and Pb have been obtained. It was
concluded that growth of Mg films depends on the structure
of Pb/Si(111) surface and on the deposition manner. For
these films electrical conductance has been investigated.

3. Results and discussions
On the Si(111)1x1-Pb surface deposition of Mg up to
1 ML leads to the consistent transformation of the surface
structure that is accompanied with changes in electrical
conductance (fig.1). At 0-0.5 ML of Mg dose electrical
conductance decreases and the 4x4-(Pb,Mg) surface phase
forms. The next 6x6-(Pb,Mg) structure demonstrates
relatively high conductance due to metallic layer formation
but at the next stage their properties depend on deposition
manner. At large portions of the order of 1-2 ML the LEED
pattern shows 4x4 periodicity, while at little portions of the
order of 0.2-0.5 ML the LEED pattern shows 2x2
periodicity and low electrical conductance (fig.1).
Deposition of Mg on (7x7)-Pb leads to decrease of the
electrical conductance after 1 ML as well as deposition on
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High-quality GaSb(111) film on the Si(111)√3×√3-B surface
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Abstract. Experimental and calculated studies of the formation process of GaSb(111) films on the Si(111) surface with the √3×√3-B
reconstruction are presented. A reduced formation of silicide and the growth of atomically smooth unstressed films are shown.

1. Introduction
When the Si (111) substrate is heavily doped with B
atoms (0.001 Ω cm), the segregation of B atoms during
high-temperature annealing leads to the formation of the
√3×√3-B reconstruction. This reconstruction has proven to
be a stable inert surface suitable for the formation of
organic nanostructures and supramolecular ensembles [1].
Due to the absence of unsaturated dangling bonds, such a
surface is also suitable for changing the growth mode of
some metals [2]. In addition, hole doping of the nearsurface layer leads to changes in some physical properties
of 2D structures formed on such substrates. For example,
an unexpected phase transition in the Sn layer [3] and
induced superconductivity in the Si(111)√3×√3-Sn
reconstruction [4].
This paper discusses the possibility of using the √3×√3B reconstruction to form low-dimensional structures,
particularly GaSb, whose formation on a “clean” silicon
surface is challenging due to the high chemical activity of
its constituent elements. The results of experimental studies
by scanning tunneling microscopy (STM), low-energy
electron diffraction (LEED) are presented.

Fig. 1. LEED image (unit cells of Si(111) and GaSb(111) lattices
are highlighted).

2. Experiment
Our experiments have been performed with a variabletemperature Omicron VT-STM operating in an ultrahigh
vacuum (∼2.0×10−10 Torr). Si(111)√3×√3-B reconstruction
has been prepared from Si (111) substrate, which is heavily
doped with B atoms, by annealing to 900°C for one hour.
Ga and Sb have been deposited from the Ta tube. Ga and
Sb deposition rate has been calibrated using STM.

Fig. 2. STM images of the film with two Ga reconstructions,
(b)2×2 and (c)2√3×2√3 (50×50 nm2).

4. Conclusions
On the Si(111)√3×√3-B reconstruction, the highquality GaSb(111) film can be formed with two different
reconstructions, 2×2 and 2√3×2√3. The structure and
growth processes were studied by using STM and LEED.
The work was supported by the Russian Foundation for
Basic Research under Grant 20-02-00497.

3. Results and discussions
A change in the growth mode of GaSb films on the
Si(111) surface with the √3×√3-B reconstruction is shown.
This problem has high practical importance for applications
in electronic and optoelectronic devices. Nowadays, the
growth of A3B5 on Si is carried out mainly using numerous
buffer layers; without them, an Sb wetting layer is formed,
on which dome-shaped GaSb islands of various
orientations are located [5].
This work shows that introducing the Si(111)√3×√3-B
reconstruction into the interface changes the growth mode
from island to pseudo-layer one (Fig. 1) with a smooth
surface and high crystalline quality of the film. STM
analysis of the surface reconstructions (2×2 and 2√3×2√3,
Fig. 2) showed that a Ga-terminated film is formed.
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Solving a long-standing problem regarding atomic
structure of Si(100)2×3-Ag
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Abstract. The atomic structure of the Si(100)2×3-Ag reconstruction has remained unknown for more than 25 years since its ﬁrst
observation with scanning tunneling microscopy, despite a relatively small unit cell and seeming abundance of the available
experimental data. We propose a structural model of the Si(100)3×2-Ag reconstruction which comfortably ﬁts all the principal
experimental findings, including our own and those reported in the literature. The model incorporates 3 Si atoms and 4 Ag atoms per
the 2×3 unit cell forming linear atomic chains along the 3aSi-periodic direction. A peculiar feature of the Si(100)2×3-Ag structure is
the occurrence of the inner Si dimers in the second atomic layer from the top of the Si(100) substrate. The reconstruction is proved to
possess semiconducting properties.

involves a considerable surface Si mass transport which
manifests itself in developing the two-level system of the
two-dimensional one-atomic-layer-high (0.136 nm) islands
on terraces, as one can see in the large-scale STM image
(Fig. 1c). Its formation indicates that the Si content in the
2×3-Ag reconstruction diﬀers from 1.0 ML in the top layer
of original intact Si(100)2×1 surface. From the quantitative
analysis of the Si redistribution, one can determine the
coverage of Si atoms incorporated in the 2×3-Ag
reconstruction. Present evaluation yields the value of
0.49±0.03 ML which coincides with that of 0.52±0.04 ML
determined earlier [3]. Thus, it is safe to conclude that
Si(100)2×3-Ag incorporates 1/2 ML of Si (i.e., 3 Si atoms
per 2×3 unit cell).
At the atomic scale, the reconstruction shows up as the
array of the 2aSi-wide rows running along the [011]
direction and having the 3aSi periodicity along the rows [aSi
= 3.84 Å, the Si(100)1×1 lattice constant] (Fig. 1d).
Concerning the 3aSi periodicity, one can notice the
occurrence of numerous two-dimensional stacking faults
with respect to the neighboring rows, as well as within a
given row (Fig. 1d). As a result, in the 2×3 LEED patterns
the half-order spots are sharp and bright, while the thirdorder spots are faint and streaky (Fig. 1a). The highresolution STM images (Fig. 1d) demonstrate the welldeﬁned characteristic features which strongly depend on
the bias polarity. In order to ﬁnd a proper structural model
of the Si(100)2×3 reconstruction, we employed the AIRSS
(Ab Initio Random Structure Searching) technique basing
on the available information on its composition. In
particular, 3 Si atoms per 2×3 unit cell incorporated in the
reconstruction was believed to be a reliable value, as shown
above. In contrast, the accurate Ag coverage remained a
debated subject. It was generally believed to be 1/2 ML
(i.e., 3 Ag atoms per 2×3 unit cell). However, the other Ag
coverages were also reported, i.e., between 1/2 and 2/3 ML
or even ∼ 0.3 ML. The doubt regarding 3 Ag atoms per 2×3
unit cell was expressed in the paper devoted to the
Si(100)2×3-Ag electronic structure [4]. Therefore, in our
study the AIRSS technique was applied to the three
possible cases, in which the number of Ag atoms was either
3, 4, or 5 per 2×3 unit cell, while the number of Si atoms

1. Introduction
Low-dimensional systems composed of atomically thin
metal ﬁlms on semiconductor surfaces have attracted great
attention due to their intriguing electronic properties and
potential prospects for applications in atomic-scale devices.
In particular, the metal-induced surface reconstructions on
silicon are known to display a set of fascinating
phenomena,
including
single-atomic-layer
superconductivity, giant Rashba-type spin-splitting of
metallic bands, exhibition of the exotic properties of the
quantum spin Hall insulators, etc. Breakthrough in
assessing the prospects of a given reconstruction has
typically been trigged out by the conclusive determination
of its atomic arrangement. Sometimes it takes decades to
reach this goal. The Ag/Si(100) system can serve as an
example. Though onset of the extensive study of the system
dates back to the mid-1990s [1], atomic arrangement of its
surface reconstructions still remains unknown with the only
fresh exception; namely, the atomic structure of the
Si(100)2×2-Ag reconstruction forming at room
temperature (RT) has very recently been determined. The
advanced key idea that has allowed the authors to get a
success was to adopt an Ag tetramer as a reconstruction
building block instead of a more habitual Ag dimer.
In the present study, we have addressed the Si(100)3×2Ag reconstruction that is formed in the Ag/Si(100) system
at elevated temperatures and whose structure was examined
in a number of experimental works [2]. In spite of a
relatively small unit cell and abundance of the experimental
data, including high-resolution STM images in both
polarities, evaluation of the reconstruction composition,
established registry of the STM protrusions with respect to
the Si(100) substrate, and determined electronic band
structure, no convincing structural model has been so far
proposed for the Si(100)2×3-Ag reconstruction. Thus, up
to now elucidating the Si(100)2×3-Ag structure has still
remained a challenging task.
2. Results and discussions
Optimal procedure to produce a surface completely
covered by the 2×3-Ag reconstruction included RT
deposition of about 1.0 ML of Ag followed by annealing at
500°C for a few minutes. Formation of the 2×3-Ag phase
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was always 3. Evaluation revealed that the structure with
four Ag atoms is clearly the most favorable one.

structure is the occurrence of the inner Si dimer in the
second atomic layer from the top of Si(100) substrate. The
model properly ﬁts the principal experimental ﬁndings,
including our own and those reported before.

Fig. 2. Ball-and-stick models of the Si(100)2×3-Ag
reconstruction (top and side views) (a) with and (b) without the
inner Si dimer (shown by pair of orange balls) in the second layer
of the Si(100) substrate. Ag atoms are shown by yellow balls, Si
atoms incorporated in the 2×3-Ag reconstruction in the form of
atomic chain by light-blue balls, Si atoms of the complete Si(100)
layers from the ﬁrst down to the third by the gray balls, whose size
and contrast diminish for the deeper layers, Si atoms in the fourth,
ﬁfth, and sixth layers by the light purple, pink, and white circles,
respectively.

Fig. 1. (a) LEED pattern of the double-domain Si(100)2×3-Ag
surface and (b) its schematic presentation, where integer-order
reﬂections are shown by open red circles, the sharp ½ fractionalorder reﬂections by small ﬁlled circles, and the streaky 1/3
fractional-order reﬂections by ovals of orange and blue colors for
2×3 and 3×2 domains, respectively. The corresponding 2×3 and
3×2 unit cells are hatched in orange and blue, respectively. (c)
Large-scale (380×380 nm2) and (d) high-resolution (17×17 nm2)
empty-state STM images. The inset in (d) shows the ﬁlled-state
(7×7 nm2) STM image of the Si(100)2×3-Ag surface. The 3×2 unit
cell in (d) is outlined by a white frame.

Figure 2a shows a ball-and-stick model of the
Si(100)2×3-Ag structure with 2/3 ML of Ag and 1/2 ML of
Si yielded by the AIRSS as having the lowest formation
energy. The structure consists of the Ag (shown by yellow
balls) and Si (shown by light blue balls) atomic chains
aligned along the 3aSi-periodic direction. The Si chain is
almost straight, and the Ag chain is slightly meandering.
The underlying top layer (the ﬁrst layer in Figure 2) of the
Si(100) substrate is dimerized with dimers being oriented
along the 2aSi-periodic direction. In the second Si(100)
layer, there are also Si dimers (shown by a pair of orange
balls in Figure 2a and to be referred hereafter as the inner
Si dimers). Occurrence of such dimers appears to be very
important for stabilization of the Si(100)2×3-Ag
reconstruction. It lowers the formation energy by 630 meV,
as compared to that of a similar structure having the same
atomic arrangement of the top Ag and Si chains but without
the inner Si dimers (Fig. 2b).
The electronic band structure calculated for the
Si(100)2×3-Ag reconstruction model with the inner Si
dimer shows semiconducting properties with an indirect
band gap of ∼ 0.8 eV (Fig. 3).

Fig. 3. Electronic band structure of the Si(100)2×3-Ag structure
calculated within the 2×3 surface Brillouin zone (shown in the
inset with the indication of the high-symmetry points).
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3. Conclusions
We have proposed a structural model of the
Si(100)2×3-Ag reconstruction, thus solving a longstanding problem. The model incorporates 3 Si atoms and
4 Ag atoms per 2×3 unit cell, forming linear atomic chains
running along the 3aSi-periodic direction of the
reconstruction. The essential feature of the Si(100)2×3-Ag
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Investigation a possibility of modeling skyrmions using the
Monte Carlo method in flat lattices with various geometries
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Abstract. The work aims to investigate the possibility of modeling skyrmions with the Metropolis algorithm of the Monte Carlo method
in various spin systems. Examples of such systems can be both ferromagnetic and antiferromagnetic materials, as well as different
types of flat gratings: triangular, square or hexagonal. The conditions of occurrence of various phase states in such systems are studied,
as well as the possibilities of the origin, stable existence and movement of magnetic skyrmions.

1. Introduction
Over the last few decades, there has been a growing
increasing interest in the study of magnetic vortices skyrmions in order to use them in data storage and
transmission devices. Skyrmions can be used to store data
in new spin electronic devices, because they, as well as
magnetic domains, can take values of 0 and 1, and the
advantage is that the skyrmions are topologically stable,
have a small size and are easy to control by acting on them
with electric current and an external magnetic field. Direct
control over the movement, size and shape of magnetic
vortices allow them to be used as information carriers in a
new type of magnetic media - racetrack memory [1]. From
the point of view of practical application of magnetic
materials, thin magnetic films are of particular interest.
This is due to the fact that at the interface of a thin film,
individual skyrmions can be stabilized using the
Dzyaloshinsky – Moriya interaction (DMI).

3. Results and discussions
In a spin system, various phases are observed depending
on different parameters, for example, temperature (T), DMI
(D) and external magnetic field (B): helical, skyrmionic,
ferromagnetic and their mixed states. For a more detailed
consideration of the skyrmion state, the study of its
stability, methods of creating and manipulating it, it is
necessary to clearly understand the conditions of vortices
appearance in different crystal lattices.
The data from the Monte Carlo simulation were
analyzed using a convolutional neural network to recognize
different phases of the spin system depending on the
simulation parameters. From these data, phase diagrams
were constructed.
As a result, we found that depending on the type of
crystal lattice, not only the position of the main phase
changes, but also their sizes. Also, it should be noted that
the stability of the skyrmion, its minimum size and the
temperature of its existence depend on the type of lattice.

2. Computational experiment
The numerical Monte Carlo method, namely one of its
examples, the Metropolis algorithm [2], is well suited for
computer simulation of magnetic spin systems. It allows
one to study both the behavior and the critical properties of
systems with complex Hamiltonians in a wide range of
temperatures and other external parameters.
In this paper, the results of numerical simulation of the
classical Heisenberg spin model are considered. Plane
lattices with direct exchange and DM-interaction between
spins were studied and the influence of the lattice type on
the behavior of spin systems was studied. The following
types of lattices have been studied: a hexagonal lattice of
the "honeycomb" type with 3 nearest neighbors (NN), a
square lattice with 4 NN and a hexagonal or triangular
lattice with 6 NN.
𝐻 = 𝐻𝑗 + 𝐻𝐷𝑀𝐼 + 𝐻𝐵 ,
(1)
𝐻𝑗 = −𝐽𝑖𝑗 ∑ 𝑆𝑖 𝑆𝑗 ,

4. Conclusions
We studied skyrmions of various types and determined
the values of external and internal modeling parameters
required to create and stabilize skyrmions in magnetic twodimensional ferromagnetic films with different geometries.
We showed that the switching between different stable
states of the spin system depends not only on external and
internal parameters, such as the DMI value or the external
magnetic field, but also on the lattice type (discretization
type) of the magnetic film. It was also shown that the lattice
structure affects parameters such as the number, size, and
temperature stability of the skyrmions.
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Nanoscale patterns in the mixed Pb and Tl atomic layer on
NiSi2/Si(111)
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Abstract. In the present work we report on the results of a comprehensive study of electronic and atomic structures of NiSi 2/Si(111)
sandwiched between Si(111) substrate and a mixture of Pb and Tl atoms.

replacement of Tl atoms by Pb ones and formation of two
regions within the same atomic layer, both having 1×1
periodicity. The structural and electronic properties were
characterized using a set of experimental techniques,
including low-energy electron diffraction, scanning
tunneling
microscopy
(STM),
angle-resolved
photoelectron spectroscopy, and first-principles densityfunctional theory calculations.
In contrast to the (Pb, Tl)/Si(111) system, where several
compound surface reconstructions are formed, Pb and Tl
atoms on the NiSi2 monolayer are separated and create a
mixture of discrete Pb/NiSi2 and Tl/NiSi2 structures. This
mixture demonstrates an unusual ordering where elongated
Pb- and Tl-based stripes with an average width of about
7.14 nm intertwine, forming nanoscale Turing-like pattens.
When Pb coverage approaches about 1 ML, low-energy
electron diffraction and angle-resolved photoelectron
spectroscopy obtained at 78 K revealed that Pb regions
coalesce and undergo a structural transition with the
formation of surface reconstructions with greater
periodicities [6].

1. Introduction
The formation of two-dimensional (2D) metallic
compounds based on heavy elements on different
substrates sparked enormous interest not only due to the
possibility of their existence but owing to unique properties
which have been observed. Among them, 2D
superconductivity [1], Rashba-type splitting of surface
states [2] and quantum spin Hall effect [3] are of great
interest from the viewpoint of further applications in new
spintronics devices. Being the heaviest elements of III and
IV groups, Tl and Pb contribute to strong spin-orbit
coupling in surface structures, leading to the emergence of
interesting properties. For example, the (Tl, Pb)/Si(111)
system transforms into the superconducting state at 2.25 K,
followed
by
the
Berezinskii-Kosterlitz-Thouless
mechanism [4].
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Fig. 1. STM image 50×50 nm2, +1.5V. The bright stripes are Pb
segments separated by dark areas of Tl ones.

In the present paper, Pb atoms were used to modify a
single monolayer NiSi2 sandwiched between Si(111)
substrate and a capping Tl layer [5]. Single-layer NiSi2 was
formed by Ni adsorption onto the initial Si(111)1×1-Tl
surface at room temperature with subsequent anneal at
300°C. When the disilicide was grown, Pb atoms were
deposited at room temperature. It resulted in partial
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Abstract. In our work, we wondered whether the arrangement of spins and their proximity to each other affect the thermodynamic
properties (heat capacity, entropy, magnetic susceptibility) in the model of spin ice on a rhombic lattice.

of spins corresponds to the energy H obtained from the
interaction of spins determined by the radius:

1. Introduction
All magnetic materials have at least two
thermodynamic phases — order and disorder, which
determine the second-order phase transition. The peak in
the temperature behavior of the specific heat, which
diverges for infinite systems, is an indirect confirmation of
the presence of a phase transition. For example, frustrated
spin-ice lattices, have an additional phase transition,
determined by the presence of long-range order [1,2]. In
this work, we decided to consider a two-dimensional
rhombic lattice at its different tilt angles 𝜑 between system
spins and to study the effect of such systems on phase
transitions.

The initial lattice configuration is determined in
accordance with the conditions:
On the x-axis, the first line of spins is fixed, the rest shift
depending on the angle phi. On the Y axis, there is not only
displacement but also rotation of spins.

Fig. 2. Lattice of spins of the 2D Ising model slope parameter 𝜑
= 30.

3. Conclusions
The result of numerical studies of the rhombic lattice
will be the heat capacity graphs, the analysis of which will
help to reveal the influence of the rhombus parameters on
the characteristics of the graphs and on the presence of
phase transitions.

Fig. 1. Lattice of spins of the 2D Ising model slope parameter 𝜑
= 0.

2. Model
Is there any if the location of the spins and their
proximity to each other affect, for this we will consider a
rhombic lattice, the spins of which at different angles 𝜑
change the direction of the magnetic moment and the
location in a two-dimensional lattice. In this study, we use
the canonical Metropolis algorithm. The Metropolis
algorithm was used to calculate the temperature behavior
of heat capacity. The interaction between the spins is
dipole-dipole and is determined as:
𝑚
⃗⃗ 𝑖 𝑚
⃗⃗ 𝑗
(𝑚
⃗⃗ 𝑖 𝑟𝑖𝑗 )(𝑚
⃗⃗ 𝑗 𝑟𝑖𝑗 )
𝐸𝑖𝑗 =
− 3
(1)
3
|𝑟𝑖𝑗 |
|𝑟𝑖𝑗 |5
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where 𝑚
⃗⃗ – vector of magnetic moment, 𝑟 – radius vector
between a pair of spins. In the frame of model, we
considered a system of Ising-like dipoles, where 𝑚
⃗⃗ 𝑖 is
replaced by 𝑠𝑖 𝑚
⃗⃗ 𝑖′ , and 𝑚
⃗⃗ 𝑖′ – is a fixed value, with length
|𝑚
⃗⃗ 𝑖′ | = 1. The value 𝑠𝑖 = ±1 determines the direction of
the vector. Each possible configuration of the arrangement
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Epitaxial growth of Mn5Ge3 on Si(111)
I.A. Yakovlev*, I.A. Tarasov
Kirensky Institute of Physics, Federal Research Center KSC SB RAS, Akademgorodok 50, bld. 38, Krasnoyarsk 660036,
Russia
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Abstract. The structure of Mn5Ge3 films deposited with and without different buffer layers on Si(111)7×7 substrates at a temperature
of 390 °C are investigated by reflection high energy electron diffraction. It is shown that the 200 nm single-crystal germanide film is
formed using two buffer layers with a slight manganese deficiency in the structure. But when deposition is without buffer layers, the
thickness of a single-crystal film does not exceed 15 nm.

manganese germanide with the Mn5Ge3 stoichiometry was
obtained, as well as two films with different Mn-Ge buffer
layers close to Mn5Ge3 stoichiometry.

1. Introduction
The high energy consumption of various household and
industrial appliances is a one of the problems of modern
and the near future. The creation of new materials and
technologies that will allow the development of devices
with lower power consumption is an urgent task for the
scientific community. The transition to spintronics devices
that use the spin freedom degrees of electrons in working is
a one of the ways to solve problem. It makes possible to
reduce overall energy consumption, improve the speed of
computer RAM and expand data processing capabilities [13].
The Mn5Ge3 is an example of such materials. This is a
ferromagnetic metal with Tc = 296 K, which has a high spin
polarization, and the effects of spin injection and detection
into a semiconductor have already been demonstrated for it
[4-5]. There are many works on the synthesis of this
germanide epitaxial films on semiconductor Ge substrates,
on Ge epitaxial buffer layers, and also on GaAs(111) [6–8].
And there were no works on the synthesis of single-crystal
ferromagnetic manganese germanides on silicon. The
creation of a technology for the epitaxial thin films
synthesis of this material on silicon with controlled and
reproducible properties in the future will make it possible
to obtain microdevices necessary for the implementation of
semiconductor spintronics technology compatible with
silicon CMOS.

3. Results and discussions
A single-crystal film with an island morphology is
formed at the initial deposition stages of a single-layer
Mn5Ge3 film on Si(111)7×7 at a temperature of 390 °C. The
film acquires a smoother surface at 6 nm thickness, while
the crystal structure is transformed to polycrystalline at 15
nm the layer thickness (Fig. 1).

Fig. 1. RHEED pattern of 30 nm Mn5Ge3/Si(111)7×7 without
buffer layer.

2. Experiment
The experiment was carried out with ultrahigh vacuum
molecular-beam epitaxy "Angara" set-up [9], equipped
with a system of reflection high-energy electron diffraction
(RHEED). The base pressure in the growth chamber was
6.5×10-8 Pa. The 15mm*20 mm n-Si(111) substrates were
used and prepared by special treatment [9] including
annealing in vacuum. The component materials were
evaporated from Knudsen effusion cells with BN-cricible.
The Mn5Ge3 films were prepared by molecular-beam
epitaxy technique with simultaneous deposition of Mn and
Ge on Si(111) 7×7 at 390 °C at different ratio of materials
including stochiometric Mn5Ge3. The thickness of the films
was in the range of 30-200 nm. The structure formation was
monitored in situ by RHEED. In all experiments, the
germanium deposition rate was 0.32 nm/min, and the
manganese deposition rate varied from 0.28 to 0.30
nm/min. This rate range includes a flow ratio mode for
obtaining a stoichiometric Mn5Ge3, which is
V(Mn)/V(Ge)=0.926. In this work, a single-layer film of

The single-crystal Mn5Ge3 film with 26 nm thickness
was formed after deposition of 3 nm Mn [5-0.3]Ge3 buffer
layer on Si(111)7×7 at a temperature of 390 °C. However,
a textured polycrystal begins to form with further
deposition (Fig. 2).
The film of stoichiometric Mn5Ge3 grows with a singlecrystal structure up to 200 nm after deposition of two buffer
layers in succession with stoichiometry Mn[5-0.3]Ge3 and
Mn[5-0.15]Ge3 and with 5 and 12 nm thicknesses,
respectively. Fig. 3 shows the RHEED pattern from surface
the 200 nm thick Mn5Ge3 film obtained with two buffer
layers.
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Fig. 2. RHEED pattern of 30 nm Mn5Ge3/buff/Si(111)7×7 with
3 nm Mn5-0,3Ge3 buffer layer.

Fig. 3. RHEED pattern of 200 nm Mn5Ge3/2buff/Si(111)7×7 with
two buffer layers.

4. Conclusions
The experimental results on the synthesis of epitaxial
single-crystal Mn5Ge3 films on Si(111) 7×7 substrates are
presented. It has been established that the crystal structure
of a single-layer film of stoichiometric germanide Mn5Ge3
transforms from a single-crystal to a polycrystall at 15 nm
thickness. The use of two buffer layers with a reduced
amount of manganese in the composition makes it possible
to compensate for the mismatch between the crystal lattices
of the substrate and the film, which leads to epitaxial
growth of a single-crystal film up to a 200 nm thickness.
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Investigation of the Ga films grown on Si(111)-√3x√3-Ga
reconstruction
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Abstract. Using scanning tunneling microscopy (STM) the Ga thin films grown on the Si(111)-√3x√3-Ga template have been
investigated. The first Ga layer exhibits structure with 4×√13 periodicity and contains 1.81 ML of Ga. The proposed model of this
structure contains 29 Ga atoms per 4×√13 cell. The second Ga layer reveals an ordered array of trimers with √7×√7 periodicity and
coverage equal to 4.14ML. The low temperature four-point probe measurement doesn't show the superconductivity.

1. Introduction
The formation of thin superconducting metal films on
the silicon surfaces have attracted intense interest both for
practical application in microelectronic devices and for
fundamental research. One of the promising materials is
gallium (Ga), because bulk Ga has several metastable
phases. Thus, stable α-Ga passes into the superconductivity
state at temperatures Tc<1.2 K, while the metastable β-Ga
has a critical temperature Tc = 6.04(5) K [1]. In this work,
we studied the growth of gallium films on the Si(111)√3×√3-Ga surface. The resulting structures were studied by
scanning tunneling microscopy at room temperatures (RT),
as well as by the 4 point probe method for
superconductivity at temperatures down to 2 K.

using the low energy electron diffraction (LEED) method.
Mild heating of the gallium film at a temperature of 50°C
leads to the ordering of gallium atoms into a structure with
4×√13 periodicity. A gallium film with the same periodicity
was observed by M.L. Tao et al [2]. In this work, the
authors deposited gallium on a heated Si(111)-√3×√3-Ga
surface at 50°C. Further deposition of gallium both on an
ordered film with 4×√13 periodicity and on a disordered
one (before heating) leads to the formation of flat islands of
the second gallium layer. As the coverage increases, the
islands merge into a flat film at 4.14 ML Ga. The flat film
looks like an ordered array of trimers with √7×√7
periodicity. Using numerical calculations employing the
VASP software package, models were established for
structures with a periodicity of 4×√13 and √7×√7. Each of
these structures contains 29 gallium atoms per 4×√13 and
per √7×√7 cells, respectively. For gallium structures with
4×√13 and √7×√7 periodicity, the temperature dependence
of the film conductivity was measured. It was found that as
the temperature decreases down to 2K, no superconducting
transition is observed.

2. Experiment
Our experiments were carried out in a variabletemperature Omicron VT-STM operating in an ultrahigh
vacuum (~2.0×10-10 Tor). Atomically-clean Si(111)-7×7
surfaces were prepared in situ by flashing to 1280°C after
the samples were first outgassed at 600°C for several hours.
Gallium was deposited from a tantalum basket with a rate
of 0.2 ML/min. To prepare the Si(111)-√3x√3-Ga surface,
the 1/3 ML of Tl was deposited onto Si(111)-7×7 with
subsequent annealing at 550°C. Transport measurements at
low temperature were carried out on a UNISOKU USM1500 LT STM system. Our calculations were based on DFT
as implemented in the Vienna ab initio simulation package
VASP [3] using a planewave basis set.

4. Conclusions
In this work, we studied the growth of gallium films on
the Si(111)-√3x√3-Ga surface reconstruction. The
deposition of 1.81 ML Ga leads to the formation of a flat
disordered layer. Annealing of such a layer at 50°C forms
a flat structure with 4×√13 periodicity containing 29 atoms
per cell. Further deposition of gallium produces the next
layer looking like an ordered array of trimers with √7×√7
periodicity. Low-temperature measurements down to 2K
did not reveal superconducting transitions.

3. Results and discussions
Initially, the Si(111)-√3×√3-Ga surface phase was
formed on the Si(111)-7×7 surface by depositing ⅓ ML of
gallium on the surface followed by annealing at 550°C. The
subsequent deposition of gallium was performed on the
Si(111)-√3×√3-Ga surface at room temperature (RT). From
STM observations, the deposition of gallium on Si(111)√3×√3-Ga at RT leads to the formation of flat disordered
islands of irregular shape. Increasing Ga coverage leads to
increases in the area of the islands, and when the coverage
of gallium reaches 1.81 ML, the islands merge into a
continuous disordered flat film. The fact that such a layer
of gallium has no long-range order was also established
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Structural features and quantum confinement effects in
thin films of Mg2Si and Ca2Si
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Abstract. We used ab initio techniques to investigate the effects of quantum confinement on the band-gap values of semiconducting
Mg2Si and Ca2Si thin films. Thus, thin films of cubic Mg2Si(111) are found to be dynamically stable for thicknesses (d) larger than 0.3
nm and possess no surface states near the band-gap energy region. We show that quantum confinement effects sizably affect the band
gap of Mg2Si(111) with d < 6 nm and can be fairly well described by the simple effective mass approximation. Even though the bulk
cubic phase of Ca2Si is higher in energy that the orthorhombic one, the cubic Ca2Si(111) thin films are more stable than any
orthorhombic thin film for d < 3 nm. We show that significant structural distortions occurring in Ca2Si thin films with d < 3 nm cause
the appearance of surface states at the top/bottom of the valence/conduction band and result in an odd behaviour of the band gap, which
cannot be explained by quantum confinement effects.

performed by the ab-initio projector augmented-wave
method [3] within the generalized gradient approximation
[4].

1. Introduction
Since the common silicon technology is welldeveloped, it is worthwhile to search for new materials that
are compatible to it and can open a feasible way to
fabrication of new-generation electronic devices. In
addition to that, implementation of nanostructures is a nice
possibility to drastically change material properties with
respect to a bulk counterpart due to the increase of
surface/volume ratio, where quantum confinement effects
and surface properties are expected to dominate, and due to
unavoidable structural and symmetry changes. In this
respect silicides both in the bulk and nanostructured forms
attract much attention and can be viewed as potential
candidates to be used in various electronic devices [1].
Recently, we have theoretically predicted the stability
of two-dimensional (2D) alkali-earth metal silicides,
germanides, and stannides (Me2X, where Me = Mg, Ca, Sr,
Ba and X = Si, Ge, Sn) which display semiconducting
properties [2]. The aim of this paper is to theoretically trace
changes in structure and electronic properties of thin films
of Mg2Si and Ca2Si with respect to a film thickness (from
2D to several nm) in order to reveal whether it is really
necessary to experimentally grow 2D (or a few monolayer)
structures to get unique properties or it is quite sufficient to
relatively easy form thin films with nm thickness because
of marginal changes in properties with respect to 2D
structure.

3. Results and discussions
Results of our ab initio investigation on structure and
electronic properties of the cubic Mg2Si(111) thin films
indicate that there is no sizable changes in the in-plane
lattice parameters and interlayer distances with respect to
the bulk ones when moving down in the film thickness from
17 nm to 0.5 nm. It is also found that the thinnest cubic
Mg2Si(111) thin film (d = 0.5 nm) is dynamically stable
against the phonon excitation while the phase transition
occurs in order to observe 2D Mg 2Si in the orthorhombic
distorted phase (d = 0.2 nm). Analysis of the corresponding
band structures of the cubic Mg2Si(111) thin films shows
these nanostructures to be the indirect band-gap materials
displaying almost the same dispersion of the bands near the
gap region like in the bulk. Moreover, their band gaps
decrease from 1.18 eV (d=0.5 nm) to 0.63 eV (bulk) is
observed as a consequence of the influence of the quantum
confinement effects and no surface states have been
detected in the gap region and in the top/bottom of the
valence/conduction band. The absence of the surface states
in the gap region and small changes in the structural
parameters allow for applying the simple effective mass
approximation to fairly well predict the band-gap variation
with d in the cubic Mg2Si(111) thin films.
In the Ca2Si thin films we have found the cubic phase
to be more stable in the total energy then the orthorhombic
one at d < 3 nm. Contrary to the cubic Mg2Si(111) thin
films, the cubic Ca2Si(111) and orthorhombic Ca2Si(100),
Ca2Si(010), Ca2Si(001) thin films possess sizable changes
in the structural parameters especially at small thicknesses,
however their band structures inherit the same dispersion
of bands close to the gap region as in the parent bulk
materials. We have also revealed the appearance of the
surface states, which are located 0.03 eV above the top of
the valence band of the bulk (cubic Ca2Si(111) thin films)
and 0.15 eV below the bottom of the conduction band of
the bulk (orthorhombic Ca2Si(001) thin films). For the
orthorhombic Ca2Si(100) and Ca2Si(010) thin films the

2. Details of calculations
Ca2Si and Mg2Si thin films with different surfaces have
been considered as periodic arrangement of slabs separated
by 10 Å of vacuum. Each slab is characterized by two equal
surfaces and the Mg2Si or Ca2Si stoichiometry. We have
investigated the slabs with thicknesses starting from ~0.2
nm (corresponds to the 2D structure) up to 17 nm. All of
the atoms in the slab were allowed to relax. We investigated
orthorhombic Ca2Si(100), (010), and (001) thin films as
well as cubic Mg2Si and Ca2Si thin films with the (111) and
(110) orientations.
The full structural optimization of the investigated thin
films and the calculation of their band structures were
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formation of the surface states, which only appear d < 5 nm,
are due to sizable structural distortion. The influence of the
surface states and changes in the structural parameters on
the band-gap value for the cubic Ca2Si(111) thin films is
traced pointing out the importance of simultaneous
considering quantum confinement effects and the presence
of the surface states. We predict that for the orthorhombic
Ca2Si(100) and Ca2Si(010) thin films the odd behavior of
the band-gap variation with d (at d < 2 nm) is attributed to
crucial changes in their structural parameters. Thus, for
Ca2Si thin films the simple effective mass approximation is
not appropriate choice to predict their band gaps.
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Synthesis of Si-based nanostructures from CaSi2 crystals
using metal chloride powder, vapor and aqueous solution
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Abstract. Based on the synthesis of nanosheet bundle structures, fabrications of low dimensional hybrid structures were examined. Sibased nanowires were synthesized with the formation of the Si-based nanosheet bundles. To synthesize the nanosheet bundles, vapor
phase reaction of CaSi2 crystals under metal chloride vapors at elevated temperatures was employed. The formation mechanisms of
the nanowires were discussed based on the reaction process of the nanosheet bundles. On the other hand, Ru or Cu nanodotsinterspersed nanosheets were fabricated using metal chloride aqueous solution. The structural and morphological properties of the
nanowire/nanosheet and nanodot/nanosheet hybrid complex structures were examined.

FeCl2, FeCl3, NH4Cl, and MgCl2 [11]. Mg2Si and Mg2SiO4
nanosheet bundles were synthesized by thermal treatment
using MgCl2/Mg mixed vapor and using the MgCl2/Mg
mixed vapor with the appropriate O2 and/or H2O content,
respectively [12,13]. On the other hand, Si and Ge
nanosheet bundles were synthesized using CaSi2 and
CaGe2, respectively, by Ca atom extraction from the
powders using inositol hexakisphosphate (IP6) [14, 15].
It is expected to further modify the structural and
morphological control of the nanosheet bundles Thus far,
simple nanowires or simple nanosheets, and their complex
or further sophisticated three-dimensional (3D)
superstructures with the assembly of variety of nanowires
and/or nanosheets have been developed to provide a wider
range of functionalities and improve device performance
[16]. It was also practically pointed out that one option to
realize the 3D superstructure is to manipulate the 2D
nanomaterials such that individual 2D nanosheets could be
bound together to construct 3D architectures, thus avoiding
the aggregation of the individual 2D nanosheets [17]. The
bottom-up growth of nanosheet-nanowire heterostructures
and nanosheet-nanowire network complexes have been
reported [18, 19]. Further sophisticated 3D architectures
containing nanowires and nanosheets have been also
constructed for applications tin thermoelectric devices,
lithium-ion batteries, supercapacitors, hydrogen evolution,
stretchable conductors, etc [20 – 25]. A nanosheet bundle
is also one of the important structures to construct the 3D
architectures for technological applications.
On the other hands, nanodots-interspersed nanosheets
[26], nanodot-coupled nanosheets [27] or quantum
dot/nanosheets hybrids [28] have been also developed to
provide a wider range of functionalities and improve device
performance with the assembly of nanodots and nanosheets
or nanotubes. In the same way, their bundle structure would
also be expected to be one of complex hybrid structures.
For example, recently, synthesis of Cu nanoparticles,
nanodots or nanoparticle [29 – 31], and the synthesis of Ru
nanodots was also reported [32, 33].
In this study, silicide-based nanowire/nanosheet bundle
structures, which consist of nanosheets connected with Sibased nanowires, were synthesized. In addition, as
preliminary work for future fabrication of nanodots/

1. Introduction
Two-dimensional (2D) nanosheets have attracted much
interest because of their enhanced or modified optical,
electronic, and mechanical properties compared to those of
the bulk materials [1]. In addition, nanostructured 2D
layered semiconductors are generally considered important
building blocks for next generation electronics/
optoelectronics [2], and the assembly of nanosheets as
building blocks into ordered layered structures, such as
complex heterostructures, is also of great importance [3].
In the same manner, nanosheet bundles are potential
structures for practical technological applications [4],
especially large-volume and large-area devices such as
thermoelectric batteries, Li-ion batteries, and solar cells. In
addition, for the functional modifications of the nanosheets,
a variety of derivatives has been synthesized [5], and doped
nanosheets were also synthesized [6]. It was reported that
the structural property of the nanosheets and their
functionality were modified in order to synthesize their
derivatives to be bound to organic molecules [7].
To synthesize nanosheets, the topological synthesis
technique has been widely used [8]. As one example, CaSi2
is used for the formation of Si-based 2D nanosheets. ZintlCaSi2 has a layered crystal structure, which consists of
corrugated extended puckered Si layers similar to the
crystalline Si{111} layers linked by ionically-bonded
planar monolayers of Ca atoms. One of the polymorphs, tr6
stacking CaSi2, has a trigonal crystal structure (R3 m,
No.166) with the lattice constants of a = 0.386 and c = 3.061
nm [9].
The development of fabrication techniques for these
desired materials is important for not only the synthesis of
elemental semiconductor nanosheets, but also the structural
modification to form a variety of compound nanosheets,
which is expected to provide further applications of the
nanosheets. A variety of silicon, silicide, and silicate
nanosheet bundles has been synthesized. Si-based
nanosheet bundles were formed by Ca atom extraction from
the CaSi2 crystals by thermal treatment using CrCl2 [10],
* High school student of Future Scientists' School in
Shizuoka University, Global Science Campus supported by
Japan Science and Technology Agency.
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nanosheets bundle structures, Cu and Ru nanodotsinterspersed nanosheets bundles were synthesized using
metal chloride aqueous solution.

nanowires were more straightly formed, and the formation
of Ca2SiO3Cl2 wires are possible.

(a)

2. Experiment
Commercially available CaSi2 crystal powders were
used as the source material. The CaSi2 and MnCl2/NH4Cl
mixed powders with the molar ratio of CaSi2 : MnCl2 :
NH4Cl = 10:1:20 were placed in a container inside a sealed
stainless-steel cell under an Ar atmosphere with the
detected oxygen level of less than 0.1%. On the other hand,
the CaSi2 and MnCl2 mixed powders with the molar ratio
of CaSi2:MnCl2=1:1 were placed in a crucible under air
atmosphere. The cell or crucible was heated to the thermal
annealing temperature of 500 °C – 800 °C and maintained
for 0 – 5 h. The heaters were then turned off, and the cell or
crucible was naturally cooled. The temperature profile of
the thermal annealing is shown elsewhere [11], and it is
noted here that the “0min” of the duration time of the
highest thermal annealing temperature means the heaters
were immediately turned off when the cell or crucible
temperature reached the annealing temperature. After the
thermal annealing process, the prepared nanosheet bundles
were washed in ethanol a few times for a few minutes to
remove any residual chloride compounds.
In addition, Cu or Ru nanodot/Si-based nanosheet
bundle structures were synthesized by chemical extraction
of Ca atoms from the CaSi2 powders. The commercially
available raw CaSi2 powders were simply immersed for
about ten min in CuCl2 or ReCl3 aqueous solutions. After
the treatment, the products were filtered, then dried at room
temperature.
The morphological and structural properties of the
bundle structures were characterized by field-emission
scanning electron microscopy (FE-SEM), conventional
transmission electron microscopy (TEM), high-resolution
TEM (HRTEM) with fast Fourier transform (FFT), and
scanning transmission electron microscopy (STEM) with
energy-dispersive X-ray spectroscopy (EDS). For the TEM
sample preparation, the products were dispersed in a small
amount of ethanol, then transferred onto a lacey-carboncoated copper grid and dried.

(b)

Fig. 1. SEM images of nanowire/nanosheet bundle structures with
(a) Si nanowires thermally annealed at 800 °C for 0 min in the
sealed cell and (b) Ca2SiO3Cl2 nanowires thermally annealed at
700 °C for 5 h in the crucible.

As already mentioned, the Si-based nanowire/
nanosheet bundle structures were constructed by the
thermal annealing under MnCl2/NH4Cl vapors. The process
of nanosheet bundle formation is dominantly governed by
the thermal annealing in NH4Cl vapor. In contrast, the
nanowire formation process is dominantly governed by the
thermal annealing in the MnCl2 vapor. It is considered that
Si chlorides are formed by the reaction of MnCl2 and Si,
and they are transported to the nanowire formation sites.
On the other hand, Ca2SiO3Cl2 was formed in the
nanowire morphology. The compound was formed under
air environment. It is noted that Cl atoms preferentially
react with Ca or Si from CaSi2 with O atoms, not Mn in this
thermal treatment conditions.
Then, synthesis of the nanodot/nanosheet bundle
structures is shown. Ru dots were formed around the
surfaces exfoliated new surface of the powders as shown in
Fig.2(a). On the other hand, Cu nanodots with a diameter
of several nm were distributed on the Si-based nanosheet as
shown in Fig.2(b).

(a)

(b)

Fig. 2. (a) cross-sectional TEM image of the Si-based nanosheet
bundles with Ru dots distributed around nanosheet surfaces, (b)
plan-view TEM image of the Si-based nanosheet with Cu nanodots
distributed on the nanosheet.

3. Results and discussions
First, the synthesis of nanowire/nanosheet bundle
structures is shown as follows. For the case of the products
synthesized using the sealed stainless-steel cell, the image
of the side wall of the product shows that the nanosheet
bundle structure was formed with a collection of
nanosheets stacked each other with a void space [Fig. 1(a)].
The products were synthesized in a powder form, which
kept the dimensions of the original CaSi2 powders. The
observed nanosheets were exfoliated into thinner
nanosheets. The small void space was formed by the
volume reduction caused by the Ca-atom extraction. In
addition, dense Si nanowires were randomly grown around
the nanosheets. The Si nanowires were not straight but
twisting curly Si nanowires were distributed on the side
walls of the nanosheet bundles, as shown in Fig.1(a).
On the other hand, for the case of the products
synthesized using a crucible thermally treated under air
atmosphere, the nanowires, which were stuck on the
surfaces, were observed as shown in Fig.2(b). The

4. Conclusions
A variety of Si, silicide, and silicate nanosheet bundles
have been synthesized by Ca extraction from CaSi2 crystal
powders. For further modification of the bundle properties,
in addition to the formation of layered materials,
nanowire/nanosheet bundle structures and nanodot/
nanosheet bundle structures were fabricated. Si and
Ca2SiO3Cl2 nanowire growth took place under appropriate
thermal treatment condition with the formation of the
nanosheet bundles. The nanowires are distributed randomly
on the sidewalls of the nanosheet bundles and the sheet
surfaces. On the other hand, nanodot growth took place in
metal chloride aqueous solution. Ru and Cu nanodots are
distributed around the new surfaces formed by the
exfoliation process. It is expected that the simple
fabrication of the low-dimensional hybrid complex
structures leads the further improvements of the bundle
properties, and open wide range of applications
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Abstract. This work is dedicated to the heat treatment effect on structural and optical properties of germanium nanowires obtained by
electrochemical deposition from an aqueous solution. Raman spectroscopy showed an increase in the initial crystalline fraction in the
sample annealed at 600 oC compared to that annealed at 300 oC. As-prepared sample was amorphous and crystallized under the action
of probe laser radiation. The intensity of specular reflection at the boundary of the IR and visible ranges dropped which indicates an
increase in the contribution of diffuse reflection and absorption. A detailed study of diffuse reflection in the visible range showed higher
absorption at 633 nm than at 488 nm, which is consistent with the obtained estimates of the crystallization threshold values.

The prepared samples were washed in deionized water and
were dried in an argon flow.
The obtained samples were annealed at 300oC and
600oC in vacuum oven at a residualpressure of the
atmosphere below 3×10-5 Torr for 30 min (Table I).

1. Introduction
Germanium nanowires (Ge NW) have a wide range of
application due to their electrophysical and optical
properties. It has been demonstrated that Ge NW may be
used in Li- and Na‐ ion batteries, thermoelectricity,
photodetectors and sensors. The most commonly used
technique for the fabrication of semiconducting Ge NW is
vapor deposition. However, vapor–liquid–solid methods
require high‐ energy density and rather toxic reagents and
complex equipment. Recently, the possibility of
electrochemical deposition of Ge NW from aqueous
solutions using particles of low‐ melting metals (Ga, In etc.)
at nearly room temperature has been demonstrated.[1, 2] In
this case liquid metal nanodroplets have been used as an
electrode for reduction of Ge-containing ions at the
electrode surface, followed by dissolving and crystallizing
the melt at the substrate interface. The growth mechanism,
which was called in literature as electrochemical liquid–
liquid–solid (ec‐ LLS) crystal growth, is similar to vapor–
liquid–solid method.[1] The structures obtained by this
method showed excellent electrochemical characteristics in
Li- and Na‐ ion batteries. Along with this, in our recent
studies of such Ge NW by Raman spectroscopy,
irreversible changes in the spectral line shape were
demonstrated, indicating a structural transformation due to
intense exciting radiation.[3, 4] This structural change can
be associated with strong heating of Ge NW due to their
low thermal conductivity. Heat treatment can change and
stabilize the structures under investigation.

Table I. Conditions of annealing.
Sample

Annealing

1

as-prepared

2

300 oC in vacuum

3

600 oC in vacuum

Backscattered Raman spectra were measured under
excitation with focused laser radiation using a Horiba
HR800 micro-Raman spectrometer. In our experiments we
used He-Ne laser (wavelength 632.8 nm, maximal power 6
mW) and Ar laser (wavelength 488.0 nm, maximal power
6 mW).
Measurements of specular reflection spectra of infrared
radiation were performed on a Bruker IFS 66v/S Fourier
transform IR spectrometer in the near (5000–13000 cm-1)
region with a 2 cm-1 resolution. Measurements were carried
out at room temperature on an attachment with an
alternating angle of incidence.
Diffuse reflection in visible range of spectrum was
studied with the help of PerkinElmer LS-55 spectrometer.
The diffuse reflection was measured in the geometry, when
the angle between the incident and diffusely reflected rays
is 90o . At the incident angle from 45o to 75o, the intensity
of the scattered beam practically did not change. And at the
incident angle of 15 , the intensity of the scattered light
drops by about 20 times. The incident angle of about 60 was
selected for the measurements.

2. Experiment
Electrochemical deposition of Ge NW was performed
in a three-electrode cell. Titanium (Ti) foil was used as the
substrate. Indium nanoparticles were deposited on a Ti foil
as described in previous works.[16, 17] A platinum ring
was used as a counter electrode, a standard silver chloride
electrode was used as the reference one. The solution
contained 0.05 M of germanium (IV) oxide, 0.5 M of
potassium sulfate and 0.5 M of succinic acid. The solution
temperature was controlled using fluid thermostat.
Deposition was performed at 0,2 mAcm-2 at a solution
temperature of 20 oC. The current density was set using.

3. Results and discussions
In Figure 1 SEM images of the samples under
investigation are presented. The Ge NW have mean
diameter of 20-40 nm and form rather dense layers about
500 nm thick. Annealing does not change the morphology
or thickness.
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studied. As-prepared samples were amorphous and
crystallized under the action of probe laser radiation. The
crystallization thresholds for the as-prepared sample were
found to be 10 W*cm-2 at 633 nm and 375 W*cm-2 at 488
nm. Specular reflection in the near IR and visible ranges
decreases with decreasing wavelength due to the increasing
contribution of diffuse reflection and absorption in the Ge
NW layer. According to our estimates, the absorption
coefficient of as-prepared sample at a wavelength of 488
nm is 1.7 times lower than at a wavelength of 633 nm. This
results in stronger heating when excited with a He-Ne laser
and a lower crystallization threshold. The estimated
crystalline volume fraction demonstrates, that annealing in
a vacuum oven at 300 oC and 600 oC leads to partial
crystallization of Ge NW which retain their morphology.
However, annealing at 600 oC made the studied
nanostructures more resistant to the thermal effect of probe
laser radiation. Annealing at a temperature of 600 oC leads
to lower red-light absorption in Ge NW as compared to
annealing at 300 oC, as a result of which the crystalline
volume fraction practically does not change during the
entire time of the He-Ne laser probing. The obtained results
will be useful for the development of various devices
(metal-ion batteries, photodetectors, sensors, etc.) based on
Ge NW obtained by the ec-LLS method. For example,
electric currents flowing in metal-ion batteries during
operation, especially at high charging/ discharging rates
and operating in hot climate can cause their strong heating.
The heating of the Ge NW can lead to irreversible effects
in the structure and, as a consequence, to a change of the
electrochemical characteristics. In turn, annealing at 600 oC
can make the studied nanostructures more resistant to heat.

Fig. 1. SEM images of Ge NW samples 1-3.

After Raman spectra were obtained with an exciting HeNe laser, sample 1 did not demonstrate any evidence of
crystalline fraction at the beginning of the measurements.
After heating with the maximum intensity of laser
radiation, a crystalline fraction with nanocrystals 2 nm in
size appeared in sample 1. The size of the nanocrystals of
sample 2 was around 1.5 nm before the beginning of Raman
measurements cycling and they grew to become up to 2 nm
in size at the end of cycling. Thus, the cross-section ratio
parameter y was estimated to be around 1 for samples 1 and
2 during the whole cycle of measurements. As for the
sample 3, parameter y was found to be around 1.5 at the
beginning and 2.5 at the end of cycling. Samples 2 and 3
were subjected to annealing, as a result of which the
crystalline volume fraction in the entire layer increased, in
contrast to the action of laser excitation, when
crystallization occurred locally. For sample 3, the
calculation showed an almost constant volume fraction of
about 80%, for sample 2 it increased from 60% at the
beginning of the cycle to 80% at the end, and for sample 1
the volume fraction increased from zero to about 70%.
According to estimates based on diffuse reflection, the
absorption coefficient of sample 1 at wavelength of 488 nm
is 1.7 times lower than at a wavelength of 633 nm. To better
see the differences in the reflection coefficient of samples
2 and 3 compared to sample 1, shows the relative change in
reflection. It can be seen that after annealing at 300 oC, the
diffuse reflection of light from the sample 2 near the
wavelength of 633 nm practically did not change compared
to the sample 1 (the change is within 5%), and therefore the
absorption at this wavelength did not change. Near the
wavelength of 488 nm, the reflection increased by about
20% for sample 2. The change in reflection at a wavelength
of 488 nm observed after annealing at 300 oC corresponds
to a 1.5-fold decrease in the absorption coefficient. The
diffuse reflection of sample 3 changed slightly at
wavelengths near 488 nm compared to the sample 2 but the
reflection at wavelengths near 633 nm increased by about
60-70% compared to the samples 1 and 2, which means that
the absorption coefficient in this wavelength region has
sharply decreased.
A rough estimate in accordance with obtained data
shows that for the observed increase in diffuse reflection
coefficient near the wavelength of 633 nm, and the
absorption coefficient in this spectral region should be 2.5–
3 times less. It was stated that, such an increase of reflection
may be explained by formation of polycrystalline fraction.
A decrease in the absorption coefficient makes Ge NW
more resistant to the thermal effects of a He-Ne laser.
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4. Conclusions
The heat treatment effect on structural and optical
properties of germanium nanowires obtained by
electrochemical deposition from an aqueous solution was
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Abstract. The search of minimal enthalpy structures of magnesium germanide Mg 2Ge under pressure has been performed using the
software suite USPEX implementing the evolution algorithm combined with the density functional theory (DFT) approach. It is shown
that in the pressure range P≤25 GPa the triclinic P1 and P-1, monoclinic P21/c, orthorhombic Amm2 and trigonal P3m1 structures can
coexist besides the well-known cubic Fm3m, orthorhombic Pnma and hexagonal P6 3/mmc ones. The new discovered structures are
unstable. They can transform into orthorhombic Pnma or hexagonal P6 3/mmc structure at pressures P ≥ 14 GPa.

24 structures, except for the first generation that contained
140 structures. Convergence was considered to be attained,
if the most energetically advantageous structure remains
unchanged for twenty generations in succession. The
obtained structures were geometrically optimized by the
conjugate gradient method implemented in the VASP
software [19] with an energy precision of up to 0.1 meV per
cell. In this case, the cutoff energy of the plane-wave basis
was Ecut = 520 eV (for comparison with the data from
database in [18]); the exchange correlation potential was
chosen in the Perdew–Burke–Ernzerhof parametrization
[20] in the approximation.. The enthalpy at a zero
temperature was determined using relationship F= E+ PV,
where E is the total energy, P is the external pressure, and
V is the primitive cell volume. The external hydrostatic
pressure was taken in the range 0≤ P≤ 25 GPa.

1. Introduction
Mg2Ge germanide is one of magnesium compounds
most extensively studied in recent years [1-4], along with
Mg2Si silicide [2, 3] and Mg2Sn stannide [2-6]. In
connection with relatively high melting temperature T=
1390 K [7] and high electrical conductivity, Mg2Ge
germanide is suited for application as thermoelements in
industrial production [8, 9]. Like many oxides and
sulphides of rare-earth metals, Li2O, Na2S, K2S, Li2S, and
Rb2S, Mg2Ge germanide at normal conditions has a simple
cubic structure of the type of antifluorite with symmetry
Fm3m. The first experiments [10] performed in 1964
showed that the magnesium silicide Mg2Si with the
antifluorite structure is characterized by the following
structural phase transitions under pressure: antifluorite
(Fm3m) → anticottunite (Pnma) → hexagonal Ni2In-type
structure (P63/mmc). Yu [11] simulated the behavior of
Mg2Ge germanide under hydrostatic pressures 0 ≤ P ≤
100 GPa and obtained the following values of the phase
transition pressures in a generalized gradient
approximation. For the antifluorite →anticottunite phase
transition, P = 8.71 GPa; for the anticottunite → Ni2In-type
structure phase transition, P = 33.28 GPa. In 2017, similar
study was performed in [12] by M. Guezlane et al., where,
for the antifluorite →anticottunite phase transition,
pressure P= 7.85 GPa was obtained in generalized gradient
(GGA) approximation and P= 4.88 GPa, in a local density
approximation (LDA). For the pressure of the anticottunite
→ Ni2In-type structure phase transition, they obtained P =
29.77 GPa in GGA and P = 63.45 GPa, in the LDA.
The aim of this work is to perform similar calculations
for Mg2Ge germanide at high pressures using the
evolutionary search methods and to compare the results
with the results of other studies [11, 12], including the
results available in the Material Project database [13].
Recent theoretical studies predicted new crystal structures
of Mg2Si [14] and Mg2Sn [15] isomorphs under pressure
P ≥ 5 GPa, giving us a hope to discover some new
structures of Mg2Ge.

Table I. Symmetry of the most advantageous structures at
different pressures. Second row in Table 1 enumerate the
structure according to International Tables for Crystallography
[21]. In the third row the Hermann–Mauguin notation of the
corresponding structure is given.
Pressure,
GPa

0.0001

5

10

15

20

25

30

Structure

38

1

2

14

62

156

1

symmetry

Amm2

P1

Pnma

P3m1

P1

P
1

P21/c

3. Results and discussions
Table 1 demonstrates symmetries of the most
energetically favourable structures at the pressures P ≤
25 GPa with step 5 GPa. We can see that at the ambient
pressure condition the most favorable structure is
orthorhombic Amm2 (38 space group). Mg2Ge in known to
crystallize in the cubic anti-fluorite structure with
symmetry Fm3m (225 space group). The application of
FINDSYM utility [22] to the resulting orthorhombic
Amm2 identified this structure as Fm3m one if the atomic
displacement tolerance parameter is set to be high enough
 ≥ 0.01 Å. The energy difference between Fm3m and
Amm2 structures is less than 0.5 meV.
If we apply the FINDSYM utility [22] to all of the best
structures shown in Table 1, we can obtain space group
symmetry of these structures — 2, 11, 14, 62, 63 and 194,
depending on the given tolerance 0.001 ≤  ≤ 0.1 Å. To
exclude the influence of precision in symmetry
determination all the obtained structures were fully

2. Calculation details
The optimal structures with minimum enthalpy were
determined using contemporary methods of evolutionary
search implemented in the software suite Universal
Structure Predictor; Evolutionary Xtallography (USPEX)
[16–18]. During the evolutionary search, we produced
more than 20 generations: each of the generation contained

85

II.o.02
optimized after re-determination of symmetry with
different tolerance . The results are collected in fig.1,
where the pressure dependence of the difference of
enthalpies between the most advantageous structures and
the reference one which is chosen to be orthorhombic Pnma
with 62 space group. Besides the enthalpy of the calculated
structures fig.1 also collects the enthalpies of the structures
available on database [13]. The last ones were calculated
for all pressures under investigation 0 ≤ P ≤ 25 GPa. The
enthalpy difference for all structures with close symmetries
is within the precision of calculations. For example the
enthalpies of P-1 and P21/c structures differ less than
2.5 meV, the enthalpies of P1 and Pnma structures differ
less than 1.3 meV and the enthalpies of P-1 and Pnma
structures differ less than 0.8 meV in all pressure range.
The enthalpy of P3m1 structure is almost identical to the
enthalpy of hexagonal structure mp-1018794 from database
[13].
The observed ambiguity of the structures obtained in
these calculations can be illustrated by the artifact phase
transition from P1 to P63/mmc structure that is seen in
fig. 1. The P1 to P63/mmc transition was not observed by
the other calculations [12, 13] and can be associated by the
instability of the non-symmetrical structure P1, defined to
be optimal at pressures P ≥ 5 GPa. To check it out we
perform full optimization of the non-symmetrical structure
P1 including the cell optimization and atomic relaxations
with increased accuracy. The resulted structure relaxed into
the Pnma one at pressures P ≤ 15 GPa and it relaxed into
the P63/mmc one at pressures P ≥ 16 GPa as we can see in
fig. 1. There are no the discontinuities in the first
derivatives of the thermodynamic potential, i. e. the volume
as a function of pressure. Two first order phase transitions
are characterized by change of the volume as a function of
pressure and observed in Fig.1 at pressures P= 5.88 GPa
and P = 24.81 GPa. The first value corresponds to the
Fm3m → Pnma structure transition and agrees with the data
P =7.85 GPa obtained by M. Guezlane et al. [13] and P =
8.71 GPa obtained by Yu et al. [12]. The second phase
transition pressure Pnma → P63/mmc P = 24.81 GPa agrees
with value P = 18.4 GPa obtained by Yu et al. [12] and
value P = 29.77 GPa obtained by M. Guezlane et al. [13],
taking into account that in the LDA approximation M.
Guezlane et al. obtained the twice higher value P = 63.45
GPa. This discrepancy in the Pnma → P63/mmc transition
value can be related to the complexity of the potential relief
of the Pnma and P63/mmc structures.

Enthalpy, eV/ formula unit

1.25

4. Conclusions
Evolutionary search allow to reproduce the antifluorite,
anticottunite and Ni2In-type structure of Mg2Ge and predict
the unknown structures of 2, 11, 14, 62, 63 and 194 space
group symmetries at pressures P > 5 GPa. The last
structures are unstable due to a complex potential relief at
high pressures.
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Semipolar GaN layers on nanostructured silicon: the
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Abstract. It has been studied the epitaxial growth of AlN and GaN layers using the method of metal-organic chemical
vapor deposition on nano-structured Si(100) or Si(113) substrates, respectively, with a V-shaped or U–shaped surface
profile. It is shown that during the formation of a semipolar AlN layer at the initial stage of epitaxy, coalescence surfaces
are formed from semipolar planes that form GAN(10-11) and GaN(11-22) layers with half-widths of the X-ray diffraction
curve Ɵ ~ 30 arcmin for structures on Si(100) or Si(113) substrates, respectively.
1. Introduction
The attempts to synthesize hexagonal III-nitride layers
on the most widely used Si(100) substrate in electronics
have shown that hexagonal layers of 6-point symmetry
originate on a silicon surface with 4-point symmetry with a
large difference in lattice constants and the layers grow in
two crystallographic orientations.
Recently, there has been a proposal to use the inclined
face of Si(111) for synthesis on Si(100), Si(113), and in our
experiments nanostructures with the size of elements on the
surface <100 nm were formed (Fig.1a). This work is
devoted to the development of the technology of semi-polar
layers GaN(10-11) and GaN(11-22) on V-shaped and Ushaped nanostructured substrates Si(100) and Si(113),
respectively.
2. Experiment
The nano-structure was formed as a result of a twostage process described in [1]. The GaN layers on the
substrates were grown by the metal-organic chemical vapor
deposition (MOCVD) on a modified EpiQuip installation
with a horizontal reactor. Hydrogen was used as a carrier
gas,
and
ammonia,
trimethylgallium
and
trimethylaluminium as precursors. The structures consisted
of an AlN layer ~20 nm thick and GaN layer ~ 1 µm thick.
X-ray diffraction analysis showed that the GaN layers have
a half-width of the X-ray diffraction curve Ɵ ~ 30 arcmin
for the structures GaN(11-22)/NP-Si(113) and GaN(1011)/NP-Si(100).
3. Results and discussions
Semipolar GaN(10-11)/NP-Si(100) structures:
SEM images of the cross-section of AlN layer shows
that a layer about 20 nm thick is formed in the form of
crystallites, in which the faces of AlN(10-11), AlN(0001)
can be distinguished. It can be seen that the layer has
"grooves" with a size of about 10 nm and a depth of about
20 nm with faces and AlN(10-11) and AlN(0001) (Fig.1b),
which, with further growth, form a corrugated surface
consisting of two semipolar AlN(10-11) with opposite "c"
axes.
During further epitaxy of GaN layers on NP-Si(100)
with symmetrical nanochannels, their growth occurs in the
semipolar direction, as evidenced by the XRD data and the
typical asymmetric character of the semipolar GaN(10-11)
blocks (Fig.1 c).

Fig. 1. SEM images of the cross-section of the NP-Si(100)
substrate (a), AlN/NP-SI(100) structure at the initial stage of
growth(b) and the surface of the GAN(10-11)/AlN/NP-Si(100)
structure (c).-
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The formation of a semipolar GaN(11-11) occurs due to
the asymmetric properties of the NP-Si(100) substrate after
the N-ions treatment, as described [2]. It should be noted
that when the scanning is carried out in the direction
perpendicular to the grooves, the distance between the
peaks of the grooves in the GaN layer (10-11) was 3 -5mkm
and significantly differs from the similar distance set by the
NP-Si(100) substrate - less than 100 nm (Fig. 1).
Semipolar GaN(11-22)/NP-Si(113) structures:
The two samples were grown during the technological
experiment in the same temperature-time regimes – insular
or continuous semipolar layers of GaN on NP-Si(113).

nucleation density during the nucleation of AlN for the
“quasi-two-dimensional" growth of the layer, so that the
individual nuclei are separated by a distance less than twice
the distance of the diffusion length of the Al-adatom.
Otherwise, adatoms migrating along the surface will
increase the possibility of secondary nucleation with the
appearance of cavities between the nucleus. Indeed, the
diffusion length of the adatom on the Si(111) surface is
about 40 nm [3], and in our experiments the length of the
edge of Si(111) is 75 nm. The nucleation of the GaN layer
occurs on the surface of the AlN/Si(111) face, and at first
an island layer is formed with clearly defined faces
(Fig.2b), and then a solid layer of GaN (11-22) is appeared
with a half-width X-ray diffraction curve ωθ ~30 arcmin.
Selective growth of GaN(11-22) on NP-Si(113) by HVPE
is accompanied by the formation of voids in the region of
the bottom of the nanogrooves, which provides stress
relaxation in the GаN layer and it has been opened up the
prospect of separation of thick GaN layers by the VAS
method (Void Assisted Separation).
4. Conclusions
Thus, the use of a nanoscale structured substrate allows
for the "quasi-two-dimensional" epitaxial growth of thin 20
nm AlN layers on nano-structured NP-Si(100) and NPSi(113) substrates, and to ensure the formation of semipolar
GaN(10-11) and GaN(11-22) layers with half-widths of Xray diffraction curves ωθ ~ 30 arcmin, respectively.
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Fig. 2. SEM image of the cross-section of the NP-Si(113)
substrate(a) and GaN/AlN/NP-SI(113) structure at the initial
stage of growth (b).

Initially, a buffer layer AIN with a thickness of 20 nm
was grown on all structures in a hydrogen atmosphere.
Then, an insular layer of GaN(11-22) with dimensions of ~
0.05-0.2 µm or continuous layers with a thickness of ~ 0.61 µm GaN(11-22) was grown on the buffer layer. After
anisotropic chemical etching, two parallel faces are formed
in the grooves with an angle of inclination of 58° with
respect to the surface, where one face (111) faces up and
the other (111) faces down. Another face (011) is formed
at the bottom of each groove. SEM images showed that the
surface of inclined nanogrooves, including amorphous
nitride nanowires on their tops, after epitaxy of the buffer
layer is covered with a continuous even AlN layer with a
thickness of about 20 nm (Fig.2a), despite the complex
nature of the surface of the structured Si(113) substrate. We
believe that the continuity of the buffer layer is achieved by
the fact that the nucleation of AlN occurs under conditions
when the free path of the adatom Al over the surface of Si
becomes comparable to the size of the face of Si(111) in
one of the directions. It is necessary to ensure the
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Abstract. Electronic properties of layered In2Se3 films grown on the Si(111) surface have been studied. We have measured the layered
In2Se3 film temperature dependence of the resistance and Raman spectra during the cooling to 77 K and subsequent heating to the room
temperature. There is a reversible phase transition β-In2Se3 ⇔ β'-In2Se3 observed by STM [ACS Nano 2 (2019) 10 6774–6782]. At the
temperature of about 140 K, the film’s resistance decreases sharply by ~104 times. The reverse transition occurs during heating to a
temperature above 180 K. This hysteresis corresponds to the β-In2Se3 ⇔ β'-In2Se3 phase transition. We have measured the Raman
spectra of the In2Se3 film during the cooling to the 77 K and subsequent heating to the room temperature and have observed the same
hysteresis, that corresponds to the β-In2Se3 ⇔ β'-In2Se3 phase transition. During the cooling at the temperature of about 140 K we have
observed the disappearance of the peak at 175 cm-1 with the subsequent appearance of the peaks at 155, 170, and 188 cm-1. The peak
at 175cm-1 returns at the heating to 180 K and upper.
Keywords —layered In2Se3, in situ reflection electron microscopy, resistance, layered materials, van-der-Waals epitaxy, Raman

surface of this substrate was cleaned by annealing at
1300°C for 5 minutes. The selenium flow was calibrated
against the etching rate of the Si(111) surface [10]. The In
deposition rate was calibrated by the appearance of a √3×√3
superstructure on the Si(111) surface at 450°C [11]. The
In/Se flux ratio was selected in the 1/6–1/3 range. Within
this flux ration range, In2Se3 grows with a lower
concentration of defects [12]. Next, the surface was
annealed at 600°C to obtain an atomically clean Si(111)
surface with a 1×1 structure. Then the surface was cooled
below 100°C, passivated with selenium atoms by
deposition of 1/2 selenium monolayer (1 ML=7.8×1014 cm2
), and then heated to 100°C to remove the amorphous layer
of excess selenium. Next, 2 ML of indium was deposited
simultaneously with selenium to grow 1-nm-thick
amorphous In2Se3 film. Then the film was rapidly heated to
the temperature of layered In2Se3 growth (about 450°C)
[12]. This procedure leads to the growth of single-phase βIn2Se3 film [7]. The growth of the layered In2Se3 phase was
confirmed by the RHEED patterns observed after this
heating. The layered growth mode of In2Se3 film continued
until the formation of three-dimensional (3D) islands, after
which the experiment was terminated. The nucleation of 3D
islands occurred when In2Se3 films reached 3–5 nm
thickness. We used a 3He/4He Oxford Instruments dilution
refrigerator and a two-contact technique to measure the
temperature dependence of the electrical resistance. The
temperature dependence of Raman spectra was measured
by using the Horiba XploRa Plus with the 10°C steps
during the cooling to 77 K and then heating to the room
temperature, the wavelength of the laser was 532 nm.

1. Introduction
At the beginning of the XXI century layered twodimensional (2D) materials have become promising
candidates for future microelectronics, photonics, and
photovoltaics due to the fact that this class of materials
includes semiconductors, metals, and dielectrics [1].
layered In2Se3 is of interest for the development of solar
photocells, photodetectors operating in the range from UV
to near IR, and memory devices.
Recently, about ten In2Se3 phases have been
experimentally discovered and theoretically predicted
[2,3]. When taking into account the stability of the phases
under normal conditions and their known electrophysical
properties, only α-, β-, γ-In2Se3 phases attract attention as
candidates for technological application, the rest of the
In2Se3 phases are unstable or do not exist under normal
conditions [4,5]. There is a reversible phase transition
between α- and β-In2Se3 phases in the region 200–250°С
[5]. The switching between the phases makes this material
promising for information storage devices [6]. However,
the investigation of In2Se3 controllable van-der-Waals
growth with a given phase and its electronic properties is a
current research topic for potential applications in the fields
of modern electronics [7,8].
2. Experiment
Growth experiments were carried out using in situ
reflection electron microscopy. This technique makes use
of a 100 keV electron beam reflecting from the substrate
surface at Bragg angle to provide a high sensitivity to
surface morphology, as well as a possibility of analyzing
the surface structure by reflection high-energy electron
diffraction (RHEED). Also, this method allows obtaining
in situ images of the processes on the substrate surface in
real time with monatomic-step-level resolution [9].
We used Si(111) specimens with 8×1×0.38 mm
dimensions cut from n-type (0.3 Ω·cm) Si(111) wafers with
a miscut angle of about 0.1 deg. The substrate was heated
resistively by passing an electric current through it. The

3. Results and discussions
Fig. 1 shows the temperature dependence of the
electrical resistance of an 8-nm-thick In2Se3 film. One can
see a smooth resistance hysteresis in the 20–40 K range
without abrupt changes. The second hysteresis is found in
the 140–180 K range. When the sample was cooled from
room temperature, we have first observed an abrupt
decrease in the resistance by ~104 times around 140 K. The
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reverse transition occurred when the temperature rose
above 180 K.

Fig. 2. a) Raman spectra of In2Se3 film during the cooling. At
140 K shows the appearance of the peaks at 155, 170, and 188 cm1 b) Raman spectra during the heating. At 180 K shows the
disappearance of peaks at 155, 170, and 188 cm-1.
Fig. 1. Dependence of 8-nm-thick In2Se3 film resistance on
temperature. The red plot is heating, the black plot is cooling.

4. Conclusions
We have measured the Raman spectra of the In2Se3 film
during the cooling to the 77 K and subsequent heating to
the room temperature and have observed the hysteresis,
which corresponds to the β-In2Se3 ⇔ β'-In2Se3 phase
transition. During the cooling at the temperature of about
140 K we have observed the disappearance of the peak at
175 cm-1 with the subsequent appearance of the peaks at
155, 170, and 188 cm-1. The peak at 175cm-1 returns at the
heating to 180 K and upper. We have first observed an
abrupt decrease in the resistance by ~104 times around
140 K. The reverse transition occurred when the
temperature rose above 180 K.

A similar jump in conductivity by 3 orders of magnitude
was found at about 323–473 K, corresponding to the phase
transition from the α-In2Se3 phase to the β-In2Se3 phase [5].
In our case, the hysteresis has the conductivity jump at
much lower temperatures (140–180 K). In this temperature
range, a transition from the β-phase to a β'-phase has been
recently discovered by scanning tunneling microscopy [7].
It was theoretically predicted that the β'-In2Se3 has a wider
bandgap than the β-In2Se3. Since we have found much
lower resistance for the low-temperature phase, we suggest
that this phase is β'-In2Se3 has a high concentration of
structural defects that increase film’s conductivity through
the generation of shallow donors or acceptors after the βIn2Se3 ⇒ β'-In2Se3 structural transition.
A film with a thickness of about 70 nm was obtained by
the in situ REM on the Si(111) surface for measuring the
Raman spectra. Raman spectra were measured (Fig. 2)
during cooling to 77 K and subsequent heating to room
temperature in steps of 10 K. During the cooling with the
10 K steps to the temperatures about 140 K we observed
the disappearance of the peak at 175 cm-1, and the
subsequent appearance of three peaks at 155, 170, and
188 cm-1 that correspond to the β'-In2Se3. Moreover, when
the film was heated to a temperature of about 180 K, we
observed the reappearance of a peak at 175 cm-1 that
corresponds to the β-In2Se3.
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Abstract. Narrow band gap of germanium (Ge) opens possibility of optical platform with efficient near-infrared optical properties to
be developed. Providing surface texturing protocol one can expect black Ge demonstration with wider spectral antireflection compared
to black silicon. In order to further enhance its light-trapping performance and extend its “blackness” toward middle-infrared range,
we propose (i) a simple and scalable method of wet chemical texturing of Ge substrates (text-Ge) resulting in the formation of randomly
distributed massive of Ge pyramids and (ii) vacuum deposition of magnesium germanide (Mg2Ge) film as cover layer atop text-Ge.
The results of crystal structure, phase composition and optical measurements confirmed successful formation of the Mg 2Ge/text-Ge
heterostructure called black magnesium germanide with 10-times lower averaged in (450-3000) nm wavelength range optical
reflectance (~4.2%) compared with pristine flat Ge surface (40.2%).

10 minutes followed by dipping in de-ionzed water. Then,
substrates were loaded into turbomolecular pumped
vacuum chamber with 1×10-6 Torr base pressure equipped
with Mg vapor source (K-cell, 5N purity), quartz crystal
microballance sensor and rotating sample’s holder with
resistive heating. After substrate outgassing at 600°C,
100 nm-thick Mg layer was deposited at room temperature
followed by annealing at 380°C for 10 minutes, so-called
solid phase epitaxy (SPE). Pristine flat, textured and
Mg2Ge covered samples were investigated by X-ray
diffraction (XRD) and Raman spectroscopy to evaluate
crystallinity and phase composition, while scanning
electron microscopy (SEM) was used to check evolution of
the Ge flat surface after texturization and covering steps.
Optical reflectance was recorded in 0.4-3 µm range to
verify antireflection properties.

1. Introduction
Since exploring of the butterfly wing phenomenal
structure [1] and first demonstration of the Vantablack®
substance [2], there is an ongoing quest for the synthesis
and applications of the ultra-black materials. The most
intensive investigations aim for an extending of the spectral
“blackness” from visible (VIS) to infrared (IR) wavelength
ranges with continuous improvements in antireflection and
light-trapping properties keeping in mind simplicity and
scalability of the any newly discovered black material. For
instance, black silicon (b-Si) delivers a platform for VIS
applications, while its decorating and coating resulted in the
near-infrared (NIR) performance enhancement [3-8]. The
latter effects are mainly originated from narrow band gap
material adding (𝐸𝑔 < 𝐸𝑔𝑆𝑖 =1.12 eV) atop b-Si nanocones
or nanospikes geometry. Thus, turning researchers’ eyes on
germanium (Ge) substrate instead of Si is a feasible way to
obtain black NIR material due to Ge band gap of 0.67 eV.
Historically, it was Ge substrate reactive ion etching (RIE),
which resulted in first demonstration of the semiconducting
black texture [9]. However, RIE is a high-cost technology.
Metal-assisted chemical etching and other wet chemical
processes are alternative solutions successfully used for Si
surface texturing. Unfortunately, Ge surface chemistry
differs a lot from that of Si [10].
This work proposes a simple wet chemical etching
protocol resulted in pyramid-type texturing of Ge (001)
substrate using well-known Piranha solution with
optimized etchants both concentration and temperature. In
addition, a magnesium germanide (Mg 2Ge) coating
deposited by vacuum evaporation technique was approved
for further extending of the antireflection properties deeper
to MIR region owing to its band gap of ~ 0.25-0.6 eV [1113].

3. Results and discussions
Fig. 1(a) shows morphology evolution of the initially
flat Ge (001) surface after texturing and Mg 2Ge covering
examined with planar SEM images. Pyramidal structure
can be clearly seen after Ge dipping into heated Piranha
solution. Ge pyramids have random surface distribution
with average base width of 2 µm. Solid phase synthesis of
the Mg2Ge layer atop pyramids results in base broadening
and appearance of considerable relief on pyramid facets,
which suggests Mg2Ge/text-Ge heterostructure to be of
core-shell-like one.
Next, structural and elemental analyses of the flat,
textured and covered Ge surfaces were investigated and
summarized in Fig. 1(b) and (c). XRD and Raman data
assume that texturing step resulted in Ge oxidizing in
addition to Ge pyramids formation. One can see diffraction
and Raman peaks, which correspond to quartz-GeO2 crystal
structure [14]. Tentatively, this effect can be associated
with well-known Ge surface damaging and H2O2 promoted
fast oxidation [10]. Nevertheless, it is more likely to be that
text-Ge outgassing at 600°C under vacuum conditions is
favorable for an artificial Ge oxide removing in contrast to
naturally oxidized one [15]. As a result, after Mg 2Ge SPE
step there are no GeO2 related features on both XRD and
Raman spectra, whereas all observed features can be

2. Experiment
The Mg2Ge/textured Ge (black magnesium germanide
or b-Mg2Ge) samples were prepared as follows: first, the
(001) oriented Ge substrates were immersed into Piranha
solution containing 10 ml of 30% concentrated H2O2 and
10 ml of 49% concentrated H2SO4 maintanning at 60°C for
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ascribed as Ge (2Θ ≈ 31,6°, 66°; TO Raman-active mode at
301 cm-1) and Mg2Ge (2Θ ≈ 24°, 27°, 40°, 47°; TO Ramanactive mode at 256 cm-1) contributions [16].

spectral range is observed, first, for text-Ge sample
compared to pristine flat Ge, as well as for Mg 2Ge/text-Ge
sample in comparison with uncovered one. In terms of bare
facts, pyramid-like Ge surface and Mg2Ge covered
pyramids have averaged over (450-3000) nm optical
reflection of 12.2% and 4.2%, respectively, whereas flat Ge
does 40.2%. Thus, 10-fold enhancement of antireflection
properties is demonstrated for the proposed black-Mg2Ge
material. We attribute this effect to narrow band gap
semiconducting Mg2Ge cover layer, which preserves Ge
pyramids morphology and can effectively absorb incident
MIR photons scattered by Ge pyramids.
4. Conclusions
In summary, we successfully fabricated both textured
and Mg2Ge covered Ge samples. The latter was named as
black magnesium germanide. Ge pyramids formation as
well as Mg2Ge formation were confirmed by SEM, XRD
and Raman data. The average reflectance of the b-Mg2Ge
was found to be 10-times lower in comparison with flat Ge
substrate. Thus, a simple and low cost method of both Ge
surface texturing and its “blackness” spectral extending to
MIR region are approved. Results obtained promise solar
cells and wideband photodetection applications.
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Abstract. Photoluminescence, Raman spectroscopy and x-ray photoelectron spectroscopy are employed to study n-InP(100) surfaces
modified with different sulfide solutions. Sulfide treatment results in removal of the native oxide layer and formation at the n-InP(100)
surface of the passivating coat consisting of In–S chemical bonds with solution composition-dependent atomic structure and surface
dipole. At the same time, the photoluminescence intensity of n-InP(100) increases indicating surface electronic passivation, while the
surface depletion layer reduces. The efficiency of the n-InP(100) surface electronic passivation depends on the composition of the
sulfide solution and correlates with the arrangement of the sulfur atoms in the passivating coat.

equipped with an AlKα radiation source (photon energy of
1486.6 eV).

1. Introduction
Indium phosphide (InP) is the important III–V
semiconductor material used in nanostructured electronic
and optoelectronic devices. Surfaces of III–V
semiconductors are chemically reactive and contain states
within the bandgap resulting in non-radiative surface
recombination. Therefore, surface modification becomes
unavoidable for surface chemical stabilization, as well as
for elimination of the surface recombination and
accompanying optical and electronic losses in
nanostructured devices [1]. One of the most widely used
methods for III–V surface modification is the treatment
with sulfide solutions that involves removal of the native
oxide layer and formation of passivating coat eliminating
surface recombination. Composition of the sulfide solution
affects in a great extent the efficiency of the III–V surface
electronic passivation due to activation of different
chemical reactions at the semiconductor/solution interface
modifying atomic structure of the passivated surfaces.
In the present study the n-InP(100) surfaces treated with
different
sulfide
solutions
are
studied
by
photoluminescence (PL), Raman spectroscopy and x-ray
photoelectron spectroscopy (XPS) in order to relate
electronic passivation efficiency with the surface atomic
and electronic structure.

3. Results and discussions
After passivation with any sulfide solution, the PL
intensity of the low-doped n-InP(100) increased essentially
[2] (Table I). The highest PL intensity and thus more
efficient electronic passivation was observed after short
treatment with the alcoholic (NH4)2S solution for 1 min.
Table I. Parameters of Treated n-InP(100) Samples.
Sample treatment

PL increase
(6×1017 cm–3)

PL increase
(2×1018 cm–3)

As is (untreated)

1

1

(NH4)2Saq (4%)

4.2

—

(NH4)2Saq (44%)

5.75

—

(NH4)2S + 2PA, 10 min

7.9

0.75

(NH4)2S + 2PA, 1–2 min

10.9

1.25

On the other hand, the short treatment with alcoholic
solution of the highly-doped n-InP(100) surface results in
rather small PL increase, while the longer treatment
deteriorates the PL intensity (Table I).

2. Experiment
The samples were cleaved from n-InP(100) wafers with
the doping densities of 6×1017 or 2×1018 cm–3 called as lowdoped and highly-doped samples, respectively. The
samples were treated with one of the different (NH4)2S
solutions. As solutions, a standard commercial aqueous
(NH4)2S solution with the concentration of about 44%, as
well as aqueous or alcoholic solutions prepared by dilution
of a standard one by water or 2-propyl alcohol (2PA) to the
concentration of about 4% were used.
The micro-photoluminescence (PL) and micro-Raman
(Raman) studies were performed in air at room
temperature using a T64000 (Horiba Jobin-Yvon, Lille,
France) spectrometer equipped with a confocal
microscope. The excitation was provided by the 442 nm
line of a He–Cd laser. The XPS measurements were
performed on an Escalab 250Xi photoelectron spectrometer

Fig. 1. Portions of the Raman spectra of low-doped (a) and
highly-doped (b) n-InP(100) before and after passivation with
(NH4)2S+2PA solution for different time. Spectra are normalized
to the intensity of L– phonon-plasmon mode.
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After passivation, the Raman spectra change
considerably showing narrowing of the surface depletion
layer (Fig. 1). Indeed, the intensity of the LO peak related
to the scattering in the surface depletion layer decreases
both in low-doped (Fig. 1a) and in highly-doped (Fig. 1b)
n-InP(100). In particular, after passivation with the
alcoholic (NH4)2S solution, the surface depletion layer of
low-doped n-InP(100) decreases from ~155 to 65 Å [2],
whereas in the highly-doped n-InP(100) the depletion layer
decreases from 65 to 55 Å. Moreover, the calculated values
of the depletion layer width correlate with the PL intensity
increase for the passivated low-doped n-InP(100) surfaces
if the surface band bending remains intact [2].
XPS data shows that even brief treatment of the nativeoxide-covered n-InP(100) results in complete removal of
the native oxide layer and formation of a thin passivating
coat consisting of indium sulfide. The surface band bending
of about 0.15–0.20 eV usually remains unchanged after
passivation. However, in some cases, the surface band
bending increases after passivation by 0.10–0.15 eV. It
means that the total band bending at the chemically
modified n-InP(100) surfaces is a superposition of the band
bending derived from surface states and potential of
interface dipoles formed by In–S chemical bonds.

hand, the interface dipole will be inverted when the
majority of sulfur atoms is in the S2 state (Fig. 2). Thus, the
direction and the value of the interface dipole component
should depend on the surface atomic structure of the sulfide
layer, which will be determined by peculiarities of the
chemical process of surface passivation.
At the same time, prevailing of the S2 state in the fitting
of the S 2p core level spectrum results in increase in the
surface band bending by 0.10–0.15 eV, as observed, e.g.
after treatment of the low-doped n-InP(100) surfaces with
diluted aqueous (NH4)2S solution. In this case, the increase
in PL intensity after passivation is not as large as can be
expected from the narrowing of the surface depletion layer
[2]. Similar effect was observed after treatment of the
highly doped n-InP(100) surface with alcoholic (NH4)2S
solution.
It should be noted that the low-doped and highly-doped
untreated n-InP(100) surfaces exhibited different In/P
atomic ratios (1.7 and 1.1, respectively), which can also
affect the atomic arrangement of sulfur atoms in the
passivating coat after treatment with a certain sulfide
solution.
So, the electronic passivation of the n-InP(100) surface
with sulfide solutions is related to removal of the indium
phosphate layer and formation of the In–S bonds at the
surface. Such a modification causes changing of the surface
dipole so that the depletion layer width decreases
essentially. Variation of the sulfide solution composition by
changing solvent or sulfide ions concentration causes
modification of the sulfur atoms arrangement, which opens
up the possibilities for controlling electronic structure of
the InP surface.
4. Conclusions
Electronic and atomic structure of n-InP(100) surfaces
modified with different sulfide solutions was investigated
by photoluminescence and Raman spectroscopy, as well as
by x-ray photoelectron spectroscopy. After sulfide
treatment the photoluminescence intensity of n-InP(100)
increases indicating surface electronic passivation, while
the surface depletion layer reduces. The efficiency of the nInP(100) surface electronic passivation depends on the
composition of the sulfide solution. Treatment with any of
the sulfide solutions results in removal of the native oxide
layer from the n-InP(100) surface and the formation of the
passivating coat consisting of In–S chemical bonds with
different atomic structure depending on the solution
composition and possessing thus a different dipole
moment. Variation of the surface dipole causes
modification in the shape of the near-surface band
potentials and thereby in the surface electronic structure.

Fig. 2. Examples of the S 2p core level spectra of n-InP(100)
surfaces passivated with different sulfide solutions and the
schematic atomic structure models of the corresponding
passivated surfaces.

The dependence of In–S interface dipole on the solution
composition can be explained using the analysis of the S 2p
core level spectra, which can be fitted with three
components associated with S atoms bridge-bonded to
surface In atoms (S1), S atoms substituting P-vacancies in
the second layer (S2), as well as excess sulfur (S0),
respectively (Fig. 2). The ratios of S1 and S2 components
in the spectra measured after treatment with various sulfide
solutions can be different (Fig. 2). The data obtained
indicates that the higher S1/S2 ratio causes more efficient
electronic passivation [2].
The In–S–In surface bridge bonds (state S1), as well as
In–S–In bonds in which sulfur occupies phosphorous sites
in the second atomic layer (state S2) should have a dipole
moment. The dipole dS1 corresponding with the state S1 and
the dipole dS2 associated with the state S2 should have an
opposite direction. In general, they can have a different
value as well. Therefore, the interface dipole component
related to interface In–S bonds formed after sulfide
treatment should depend on the S1/S2 ratio that
characterizes relative amount of sulfur atoms occurring in
the states S1 and S2. Once the majority of sulfur atoms are
in the S1 state, the direction of this interface dipole
component should be the same as dS1 (Fig. 2). On the other
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Transport and thermoelectric properties of FeVSb-based
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Abstract. This work studies the thermoelectric properties of FeV1-x-y-zHfxTiyNbzSb half-Heusler alloys as functions of
temperature from 300 to 800 K. Transition heavy elements such as Hf, Ti and Nb were used as dopants to both modify carrier
concentration for enhancing the electrical properties and to enhance the phonon scattering aiming at reducing the material’s lattice
thermal conductivity, which may lead to significant improvement in the thermoelectric efficiency. The power factor significantly
increased, whereas a reduction in the thermal conductivity was achieved with increasing doping elements. The FeV0.24Nb0.4Hf0.16Ti0.2Sb
compound showed the lowest lattice thermal conductivity with a value of (1.81± 0.1 Wm-1K-1) at room temperature with a reduction
of ~82% compared with FeVSb compound, due to point defect scattering enhancement introduced by Hf-Ti-Nb triple-doping. The
FeV0.24Nb0.4Hf0.16Ti0.2Sb compound showed the highest power factor value of (19.5 ± 1.7) μW cm−1 K−2 at 800 K and a maximum
figure of merit value of ~ (0.44 ± 0.07) has been obtained at 725 K.

1. Introduction
Most of input energy is lost as waste heat in exhaust and
industrial systems. In recent years, thermoelectric (TE)
materials have attracted great attention due to their ability
in waste heat conversion into electricity, which make them
good candidates as new and environmentally friendly
sources of energy [1, 2]. Efficient TE material is required
to possess high electrical conductivity to achieve high
power factor (S2σ), where S and σ are the Seebeck
coefficient and the electrical conductivity, respectively.
Simultaneously, it should exhibit low thermal conductivity
(κtot), which can be expressed as the summation of the
electronic, κe, and the lattice, κl, thermal conductivity.
Over the recent years, half-Heusler (HH) materials
have been considered as a novel class of TE materials for
mid-high temperature due to their high-temperature
stability and the huge promise in the field of TE efficiency
[3]. With the advantages of being ecofriendly and being
thermally and mechanically stable, half-Heusler (HH)
compounds are promising materials for exhibiting good TE
performances for medium to high temperature applications
[4]. Due to their high electrical transport properties,
FeVSb- half-Heusler alloys are of huge interest for TE
applications. However, lower performance is reported due
to the high thermal conductivity [5, 6]. Therefore, the focus
in the study of FeVSb-based HH alloys is the reduction of
their thermal conductivity, while maintaining good
electronic properties, which results in an enhanced TE
efficiency. The material’s TE efficiency is mainly
determined by the dimensionless figure of merit
zT = S2σT/(κe+κl), where T is the absolute temperature.

powder and then ball milled under argon atmosphere at
450 rpm for 1 hours. The obtained powders were loaded
into the graphite dies of 12.7 mm diameter and compacted
under vacuum atmosphere using SPS at 1023 K under a
uniaxial pressure of 65 MPa for 15 minutes. The obtained
disk-shaped specimens were sealed in an evacuated quartz
tube and annealed at 923 K for 3 days to reduce any
impurity phase and improve microstructure. Disk-shaped
samples, with a diameter of 12.7 mm and ~ 1.5mm
thickness, were used for thermal diffusivity measurements.
Then, the pellets were cut into bars with dimensions of
about 10 mm × 2.5 mm × 1.5 mm for the electrical
transport properties measurements.
Table I. Room-temperature values of σ, S, n for the concerned
samples.
Sample

S (μV K–1)

σ (102 Ω1cm-1)

n (1020
cm–3)

FeVSb

-110

7.5

0.099

FeV0.9Hf0.1Sb

127

4.4

0.71

FeV0.64Hf0.16Ti0.2Sb
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12

5.5

FeV0.24Nb0.4Hf0.16Ti0.2Sb

128

5.8

11.1

3. Results and discussions
Fig. 1 shows the XRD patterns of the as-pressed
samples. All the diffractions peaks are well-matched with
the FeVSb HH phase (PDF#25-1134) as the dominant
phase with a cubic MgAgAs-type crystal structure (space
group F4̅3m). The main peak shifting to the left side was
observed, which suggests the successful substitution of host
atom by dopants (see Fig. 1).
The SEM analysis are used to identify the
microstructure and surface morphology after treating the
samples with the SPS system and annealing processes
(see
Fig. 2).
SEM
images
of
the
FeV0.24Nb0.4Hf0.16Ti0.2Sb
sample
showed
high

2. Experiment
The ingots with nominal composition of FeV1-x-yzHfxTiyNbzSb were synthesized from the pure Fe, V, Hf, Ti,
Nb and Sb elements at various composition ratios by arc
melting followed by induction melting under argon
atmosphere. The prepared ingots were annealed at 923 K
for 48 h in an evacuated quartz tube, followed by quenching
in cold water. Then, the resultant ingots were crushed into
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densification of the sample, with no visible cracks or
voids.

improvement in power factor and suppression of the total
thermal conductivity.

Fig. 1. XRD patterns of FeV1-x-y-zHfxTiyNbzSb samples.

Fig. 4. Temperature dependences of the thermoelectric figure of
merit for the FeV1-x-y-zHfxTiyNbzSb system.

4. Conclusions
The concerned alloys were successfully synthesized by
arc/induction melting followed by mechanical alloying
(MA) and treated with the spark plasma sintering (SPS)
system. The power factor significantly increased, whereas
a reduction in the thermal conductivity was achieved with
increasing doping content. A maximum power factor value
of (19.5 ± 1.7) μW cm−1 K−2 at 800 K and figure of merit
(zT) value of 0.44 were recorded at 725 K for
FeV0.24Nb0.4Hf0.16Ti0.2Sb compound.

Fig. 2. The SEM image of the fractured surface of the polished
surface for the FeV0.24Nb0.4Hf0.16Ti0.2Sb sample.

Fig. 3 represents the power factor, PF, of the examined
samples, which was calculated using the equation PF = S2σ.
The power factor increases as the temperature increases
reaching a maximum point and then decreases, except for
the FeV0.24Nb0.4Hf0.16Ti0.2Sb compound, which shows
increasing behaviour with temperature. This can be
ascribed to the behaviours of the Seebeck coefficient and
the electrical conductivity. As a result, a maximum PF =
19.5 ± 1.7 μW cm−1 K−2
was
observed
for
the
FeV0.24Nb0.4Hf0.16Ti0.2Sb compound at 800 K.
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Fig. 3. Temperature dependence of power factor for FeV1-x-yzHfxTiyNbzSb samples.

The temperature dependence of the thermoelectric
figure of merit zT of samples is shown in Fig. 4. Generally,
zT increased with increasing temperature, exhibits a
maximum value of 0.44 at 725 K for the
FeV0.24Nb0.4Hf0.16Ti0.2Sb compound. This enhancement
with zT can be ascribed to the more significant
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Abstract. A design of a set up for non-contact measurements of thermal conductivity in bulk, thick films and low dimensional materials
is proposed. The performed method is based on the so-called steady-state thermoreflectance (SSTR) technique[1] that utilizes a pumpprobe approach. SSTR can significantly improve and speed up measurements of cross-plane thermal conductivity.

[2] Parker W. J. et al. Flash method of determining thermal
diffusivity, heat capacity, and thermal conductivity
//Journal of applied physics. – 1961. – Т. 32. – №. 9. – С.
1679-1684.

1. Introduction
During the measurement, the specimen absorbs
radiation from the pump source. That results in a steady
sample heating and temperature rise. Energy is delivered by
the means of relatively long laser pulses (tenths of
seconds). Probe source and balance detector are used for
the evaluation of reflectance alterations from the sample
interface (originated from the sample temperature rise).
2. Experiment
The set up calibration has been done using the Si
reference samples and by a finite element method
simulation. Further measurements have been performed on
PCB FR4 samples. The results of the measurements have
been compared with the results obtained by laser flash
method[2] measurements. This measurement have been
carried out on the commercial LFA-457 (Netzsch) setup.
The measurement set up proposed in this work can be
modified and utilised for numerous types of materials with
the wide range of thermal conductivity values.

Fig. 1. The scheme of the proposed set up. 1 – Probe laser, 2 –
pump laser, 3 – lock-in amplifier, 4,5 – half- and quarter- wave
plated, 6 – mirrors, 7 – hot mirror, 8 – 20x objective lens, 9 –
sample, 10 – polarizing beam splitter.
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Abstract. The paper presents the results of the study of 1550-nm edge-emitters and 1300-nm wafer-fused vertical-cavity surfaceemitting lasers based on InGaAs/InGaAlAs superlattice active region and study of InGaAs/GaAsN superlattice enable for the creation
of 1300-nm monolithic vertical-cavity surface-emitting lasers.

1. Introduction
One of the promising areas of modern semiconductor
optoelectronics is the creation of semiconductor verticalcavity surface-emitting lasers (VCSEL) of the spectral
range of 1300-1550 nm for fiber-optic communication lines
[1]. Traditionally, to obtain effective optical radiation at
wavelengths of 1300-1550 nm, heterostructures of solid
solutions InAlGaAsP, which are grown on the InP
substrate, are used. However, distributed Bragg reflectors
(DBR) based on these solid solutions have a low refractive
index contrast and poor thermal conductivity compared to
GaAs/AlGaAs DBR. One way to solve this problem is the
hybrid integration of GaAs/AlGaAs DBR with an optical
resonator based on InAlGaAsP/InP materials. The hybrid
integration can be done by the wafer fusion technology,
which is applicable for materials based on InP and GaAs.
Additionally, the use of buried tunnel junction (BTJ)
technology, in the creation of such VCSEL, allows to
effectively ensure current and optical limitation due to the
formation of mesa structures and their subsequent
regrowing, including the method of molecular beam
epitaxy (MBE). In VCSEL, the efficiency of overlapping
the active region, which amplifies light, is reduced by a
standing light wave in the cavity compared to edge lasers.
This leads to an increase in the densities of threshold
currents, at which the saturation effect of optical
amplification is already observed in quantum wells. The
increasing of the gain is possible when using several
quantum wells (QW), or when using a short-period
superlattice (SL) consisting of 20-30 pairs of thin layers,
which allows the most efficient use of cavity space to
amplify light due to the formation of a miniband. The
miniband increases the width of the effective part of the
active area by increasing the overlap of a standing light
wave with an active region that amplifies light [2]. This
paper presents the results of the study of 1550-nm edgeemitters and 1300-nm wafer-fused VCSEL based on SL
active region and study of InGaAs/GaAsN SL enable for
the creation of 1300-nm monolithic vertical-cavity surfaceemitting lasers.

2. Experiment
Edge-emitters and VCSELs heterostructures were
grown at Connector Optics LLC using molecular-beam
epitaxy Riber49 setup. For 1300 nm VCSELs the active
region was a 24-period superlattice In0.57Ga0.43As
(0.8nm)/In0.53Al0.27Ga0.20As(2.0nm) on InP substrate.
Distributed Bragg reflectors were grown on GaAs
substrates and made of 35.5 and 21 pairs of Al0.91Ga0.09
As/GaAs quarter-wave layers for the bottom and top DBR,
respectively. Double wafer fusion of the active region with
the top DBR and the bottom DBR was carried out on an
EVG 510 bonding machine under high vacuum conditions
at a temperature of 600°C at JSC OKB-Planeta.
Heterostructures with an InAs/GaAsN superlattice on a
GaAs substrate were grown at Alferov University using
plasma assisted molecular-beam epitaxy Veeco GenIII
setup. TEM studies were conducted at the Ioffe Institute on
a transmission electron microscope JEM 2100F JEOL, at
an accelerating voltage of 200 kV.
3. Results and discussions
The effect of gain saturation was investigated in 1550nm InGaAs/InAlAs/InP edge-emitting lasers. The lasers
with active region based on 7-10 QW and 29 periods
InGaAs/InGaAlAs superlattice were under investigation.
Figure 1 shows the optical gain-current density
characteristics of 1550-nm InGaAs/InAlAs/InP edgeemitting lasers with QW and SL. Figure 2 shows optical
amplification derivative by injection current density. One
can see, that the lasers with 29 periods superlattice shown
lowest transparency current density and gain characteristics
comparable with 10 QW sample. Thus, one can try to
replace the QW VCSEL active region by superlattice. The
results of the study of 1300-nm VCSELs with an active
region based on superlattice shows below.
The 1300-nm wafer-fused VCSELs with an active
region based on InGaAs/InGaAlAs superlattice
demonstrate extremally higher output optical power and
low threshold current. The current-voltage and current output optical power (LIV) characteristics of the studied

98

II.o.09

Fig. 3. LIV characteristics of the 4–8 µm BTJ 1300-nm waferfused VCSEL with an active region based on InGaAs/InGaAlAs
superlattice. The insertion shows the dependence of the BTJ size
on the threshold current density.

Fig. 1. Gain-current density characteristics of 1550-nm
InGaAs/InAlAs/InP edge-emitting lasers with an active region
based on 7-10 QW and 29 periods InGaAs/InGaAlAs superlattice.

Fig. 2. Optical amplification derivative by injection current
density1550-nm InGaAs/InAlAs/InP edge-emitting lasers with an
active region based on QW and superlattice.

Fig. 4. Photoluminescence spectra (300K) and TEM image of
sample with InAs/GaAs0.979N0.021 super lattice matched to GaAs.
There is a red shift of the peak position with increasing of
temperature.

VCSELs with different diameters of the BTJ at
temperatures of 20°C are shown in Figure 3. The maximum
output optical power increases with an increase in the BTJ
diameter and reaches a value of 8.8 mW at 20°C for the 8
μm BTJ devices. 6 μm BTJ devices demonstrate the
minimum threshold current. The insertion in Figure 3
shows the dependence of the BTJ size on the VCSEL
threshold current density. The threshold current density
increases with decrease of BTJ diameter. VCSELs with a 4
μm BTJ diameter have the highest threshold currents, more
than 20 kA/cm2.
In order to investigate the possibility of creating a
monolithic VCSEL heterostructure with an active region
based on an InAs/GaAsN superlattice on a GaAs substrate
we have grown the series of samples containing
superlattices consisting of alternating layers of InAs and
GaAsN. All samples were grown by the plasma assisted
MBE. The insertion in Figure 4 shows the sample TEM
dark-field image under two-beam conditions with an active
reflection vector g=(002), the contrast of which reflects
changes in chemical composition. The insert shows the
intensity profile of the image. It can be seen that there are
no extended defects in the crystal. In the sample annealing
process at 700°C interdiffusion occurs between the InAs
and GaAsN layers and InAs(0.3nm)/GaAsN(7nm)
heterostructure converts to a InGaAsN(2.1)/GaAsN(5.2
nm) heterostructure.

The
photoluminescence
spectrum
of
that
heterostructure with a superlattice consisting of 54 pairs of
alternating layers InAs/GaAsN with a total thickness of 394
nm recorded at room temperature is shown in Figure 4. The
sample emits at a wavelength of 1100 nm, with the crystal
lattice constant coinciding with GaAs. A further increase in
the radiation wavelength to 1300 nm can be achieved by
reducing the thickness of the GaAsN layer to 5 nm and
increasing the nitrogen concentration therein to 0.03.
4. Conclusions
Thus, the possibility of fabrication higher efficiency
1300-nm wafer-fused VCSEL with active region based on
InGaAs/InGaAlAs superlattice have been demonstrated.
The next step is the fabrication of monolithic 1300-nm
VCSEL with active region based on of InAs/GaAsN
superlattice.
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Investigation of thermal properties and crystallization
kinetics of chalcogenide semiconductors compounds for
the phase change memory application
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Abstract. The aim of this work was to investigate thermal properties and crystallization kinetics of the Ge2Sb2Te5 thin films for the
phase change memory application. The most suitable method for these studies is the differential scanning calorimetry. Based on the
data obtained, we considered three phase transitions, and also calculated the heat of melting and heat capacity of the material. Kinetic
parameters were determined by the previously developed technique based on the joint application of model-free and model-fitting
methods. Using this method, three kinetic parameters were calculated: a model of the reaction of the crystallization process,
preexponential factor and activation energy of crystallization. It was found that the initial effective activation energy of crystallization
was about 1.8 eV and slightly decreased to about 1.6 eV. Obtained results correlate with the model, according to which crystallization
takes place in two stages: nucleation and growth of nuclei.

1. Introduction
At present, information technologies are developing
rapidly, which requires the development of new
information carriers with a large capacity and speed. An
important requirement for modern types of drives is nonvolatility. One of the most promising new types of storage
devices is considered to be phase change memory, which
claims to be universal, combining the advantages of nonvolatile and high-speed dynamic memories.
The current stage in the development of phase change
memory technology is associated with the use of thin film
chalcogenides of the Ge-Sb-Te system lying on the quasibinary line GeTe-Sb2Te3 [1].
The most studied compound is Ge2Sb2Te5, which is
highly stability at room temperature. However, the
crystallization process in Ge2Sb2Te5 thin films, which
determines operation speed of phase change memory cells,
is poorly understood.
In this regard, the purpose of this work was to study the
features of the crystallization kinetics for thin films of the
Ge2Sb2Te5 material.
2. Experiment
Thin films were obtained by magnetron deposition of a
stoichiometric Ge2Sb2Te5 polycrystalline target at room
temperature.
The composition of the films was analyzed by Auger
spectroscopy (PerkinElmer PHI-660). Structural features of
thin films were studied using X-ray phase analysis (Rigaku
Smart Lab).
The optimal method for studying thermal properties and
crystallization kinetics is the method of differential
scanning calorimetry. In this work, we used a differential
scanning calorimeter DSC-50 (Shimadzu). In order to be
able to estimate the crystallization kinetics, the
measurements were carried out at six different heating rates
from 2 to 30 °С/min in nitrogen atmosphere. Temperature
range of the measurements is from room temperature to 620
°С.
Reaction kinetics was studied by previously developed
technique based on joint application of model-free and
model-fitting methods. Ozawa-Flynn-Wall model-free and
Coats-Redfern model-fitting methods were used [2].

In the cases when some thermal effects are
superimposed on each other not allowing to estimate their
parameters with high accuracy, we used the decomposition
of the peaks by Gaussian distributions.
3. Results and discussions
The results of studying the composition of deposited
thin films showed that the deposited thin films are close in
composition to Ge2Sb2Te5.
The deposited films were shown to be amorphous.
Three phase transitions were found on the obtained
DSC curves, which correlates with the literature data. n the
temperature range 150-190 °C, a crystallization peak is
observed. The transition from the metastable cubic phase to
the stable hexagonal phase is present in the temperature
range 230-250 °C. The temperature of the onset of the
melting peak above 600 °C was also determined. We were
primarily interested in the crystallization peak.
Using peak processing and mathematical calculations,
the conversion (the degree of reacted material), the
effective activation energy of crystallization, and the
reaction model were obtained.
According to the calculations obtained, it can be noted
that at the initial stage of crystallization, the effective
activation energy is 1.8 eV and somewhat decreases to 1.6
eV during the reaction, which may indicate that
crystallization most likely proceeds in two stages: the first
stage nucleation with an effective activation energy of 1.8
eV and the second stage of nucleation growth with an
effective activation energy of 1.6 eV.
4. Conclusions
Thus, in this work, we investigated the thermal
properties and estimated the crystallization kinetics of the
Ge2Sb2Te5 thin films. In the future, the obtained kinetic
parameters can be used to calculate the crystallization time,
which will make it possible to estimate the operating time
of the final memory device.
Acknowledgements
This work was supported by a grant from the President
of the Russian Federation (project number MK5457.2021.4).

100

II.p.01
References
[1] A. Yakubov, A. Sherchenkov, A. Babich, J Therm Anal
Calorim., (2020) 142.
[2] A. Babich, A. Sherchenkov, S. Kozyukhin, J Therm Anal
Calorim., (2017) 127.

101

Sixth Asian School-Conference on Physics and
Technology of Nanostructured Materials
Vladivostok, Russia, April 25 - 29, 2022

II.p.02

Formation and models of Mg2Si seed layers on Si with
(111), (100), and (110) orientations for Ca2Si sacrificial
epitaxy
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Calcium semi-silicide (Ca2Si) is a stable semiconductor
compound [1] in the silicon-calcium system with a direct
band gap according to first-principle theoretical
calculations [2,3]. The growth of epitaxial calcium halfsilicide films on silicon with different orientations is a nontrivial task, taking into account their different crystal
structures. Calcium semi-silicide has an orthorhombic
structure [2], while silicon, as is well known, has a cubic
structure. To grow Ca2Si on Si(111), a low-temperature
technology was used to form a sacrificial Mg2Si layer,
which was transformed into a thin layer of Ca2Si in a weak
calcium flow [4]. The Ca2Si seed layer formed in this way
was further used for molecular beam epitaxy of a thick
Ca2Si film during the co-deposition of Ca and Si atoms with
an optimal ratio. It is of interest to use silicon substrates
with different orientations to create sacrificial magnesium
silicide layers with their subsequent transformation into
thin Ca2Si seed layers and subsequent formation of Ca2Si
epitaxial films. This issue remained unresolved.
In this paper, we compare the formation of Mg 2Si
sacrificial layers on silicon substrates with (111), (100), and
(110) orientations according to low energy electron
diffraction (LEED) data. Modeling of ordered growth and
construction of conjugation models are carried out, which
are compared with experimental data.
Magnesium silicide (Mg2Si) films were grown on
Si(111), Si(110), and Si(100) substrates in an ultrahigh
vacuum (UHV) chamber of an OMICRON Compact setup
with a base vacuum of 1×10–10 Torr. Mg was deposited
using a Knudsen cell consisting of a boron nitride crucible
with a heating coil and a tantalum screen with small holes.
The deposition rate of Mg for the formation of Mg 2Si was
constant and amounted to 0.1 nm/min. The substrate
temperature during magnesium deposition was 150°C.
After the formation of Mg2Si two-dimensional layers,
LEED patterns were recorded at various electron beam
energies from 17 eV to 68 eV.
Reactive epitaxy of magnesium on Si(111)7×7 revealed
orienting growth of Mg2Si with epitaxial relations
Mg2Si(111)||Si(111),
Mg2Si[112̅]||Si[11̅0],
and
̅
̅
Mg2Si[110]||Si[112]. It has been established that in this
case, the reconstruction of Mg2Si(111)”1×8” is observed on
the surface. The best matching of the Mg2Si and Si lattices
on the Si(111) surface is achieved at the Mg2Si lattice
constant a=0.62718 nm. In this case, the Mg2Si lattice is
compressed by 1.9% compared to the relaxed lattice
(a=0.6391 nm). The model LEED image constructed for
this value for the surface reconstruction of
Mg2Si(111)”1×8” is in good agreement with the LEED
image from the Mg2Si film.

Reactive epitaxy of magnesium on Si(001) revealed
oriented growth of Mg2Si with epitaxial relations
Mg2Si(111)||Si(001),
Mg2Si[112̅]||Si[010],
and
̅
Mg2Si[110]||Si[100]. The best matching of the Mg 2Si and
Si lattices on the Si(001) surface is achieved at the Mg2Si
lattice constant a=0.665 nm. In this case,
Mg2Si[112̅]=2×Si[010], and the length 4×Mg2Si[11̅0] is
less than the length 7×Si[100] by 1.03%, while the Mg 2Si
lattice is stretched by 4.05% compared to the relaxed
lattice. Using epitaxial relations, a model of a 2D Mg2Si
cell on Si(001) was constructed taking into account the
Mg2Si lattice constant stretched by 4.05%, which is in good
agreement with the experimental data.
On the LEED image from the Mg2Si film grown on the
Si(110) surface, instead of the point reflections that were
on the Si(001) surface, dashes and arcs are visible located
at the vertices of two hexagons rotated by 90 o relative to
each other. The presence of hexagonal symmetry in the
LEED image from the Mg2Si film means that in this case
we are also dealing with the Mg2Si(111) surface. Two types
of epitaxial grains were found in the Mg 2Si film. For type
1 Mg2Si grains on Si(110), the following epitaxial relations
hold: Mg2Si(111)||Si(110), Mg2Si[112̅]||Si[11̅0], and
Mg2Si[11̅0]||Si[001]. The best lattice matching of type 1
Mg2Si grains and Si grains on the Si(110) surface is
achieved at the Mg2Si lattice constant a=0.62718 nm. Since
in this case Mg2Si[112̅] ~ 2×Si[11̅0], and the length of
3×Mg2Si[11̅0] is less than the length of 5×Si[001] by
1.99%. For type 2 Mg2Si grains on Si(110), the following
epitaxial
relations
hold:
Mg2Si(111)||Si(110),
Mg2Si[112̅]||Si[001̅] and Mg2Si[11̅0]||Si[11̅0]. The best
lattice matching of Mg2Si grains of the 2nd type and Si on
the Si(110) surface is achieved at the Mg2Si lattice constant
a=0.665 nm, since in this case Mg2Si[112̅]=3×Si[001̅] (i.e.,
good the Mg2Si and Si lattices agree), and the length
4×Mg2Si[11̅0] is less than the length 5×Si[11̅0] by 2.03%.
Crystal lattices are constructed for both types of grains and
compared with the experimental ones. Correspondence
with the experimental picture of LEED has been obtained.
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Chaotic potential of charged dislocations in III-nitride
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Abstract. The paper investigates the high-temperature structure of the chaotic potential in heterojunctions of Group III nitrides, induced
by the electrostatic field of charged dislocations. The amplitude of the chaotic potential in the junction plane was found taking into
account the spatial dispersion of the dielectric response of two-dimensional electron gas. We have uncovered the dependence of the
chaotic potential parameters on the parameters of the system. If two-dimensional non-degenerate gas is present in III-nitride
heterojunctions, with the dislocation densities up to and over 1010 cm–2, the magnitude of the chaotic potential amplitude exceeds that
of the thermal energy.

1. Introduction
Heterojunctions based on nitrides of Group III elements
(Al, Ga, In) are finding increasing applications in solidstate devices used as high-power microwave sources.
While these systems offer a number of obvious advantages
over the structures based on AIIIBV compounds, certain
drawbacks remain due to the specifics of the synthesis
technology, affecting, for example, the parameters of highelectron-mobility transistors (HEMT). The parameter
fluctuations detected for the devices are likely due to the
initial defects in the materials and heterointerfaces forming.
Lattice mismatch in III-nitrides and substrates used is
known to generate initial misfit/threading dislocations,
turning out to be electrically charged in many cases.
Electron scattering by charged dislocations in the 2D
channel of the HEMT produces a certain decrease in
electron mobility. The chaotic potential causes tails to
appear in the density of electronic states, with part of the
carriers localized to the conducting channel in HEMT. The
goal of this study consisted in determining the parameters
of the chaotic potential of charged dislocations in
heterojunctions of nitride semiconductor compounds at
high temperatures.
2. Charged dislocation field
To be definite, we consider an indium-containing
structure, InAlN/GaN, remaining stable at record high
temperatures up to 1000 °C. Misfit dislocations with the
surface density Ndisl are represented by linear defects that
are normally oriented to the junction plane. If the spatial
arrangement of these extended defects is uncorrelated, their
number follows a Poisson distribution with the parameter
<N> = NdislS determining the mean number of these defects
in the near-junction region with an area S. Since the channel
layer is formed from undoped (or compensated) GaN, the
space charge in the near-junction region with band bending
is generated primarily by charged dislocations. These
extended defects within the space charge region can be
assumed to be uniformly charged at large band bending,
with a certain linear density taking the maximum value λ.
If a delocalized surface charge is present in the
heterojunction, the electrostatic image method can be used
at a high density of surface states Ds (over 1014 cm–2eV–1)
to establish the parameters of a chaotic field. We determine

the field of an arbitrarily chosen dislocation in a cylindrical
coordinate system, where ρ is the radial coordinate
measuring the distance from the dislocation in the junction
plane. The magnitude of the field strength for a charged
dislocation is obtained by a simple calculation in the form

2  1
1

Fi () =
−
2
2 
 

+
L
0 

(1)
Here ɛ is the dielectric constant of the medium where
the ith dislocation is located, L0 is the width of the space
charge region. Assuming that 2DEG is strongly degenerate,
let us now turn to analysis of expression (1), focusing on
the nature of the dislocation distribution. The mean value
of (1) in an area of radius R is found from the expression

 Fi  (R ) =

(

4
R − R 2 + L20 + L0
R 2

)

(2)
As a matter of fact, Eq. (2) determines the mean
contribution of one charged dislocation to the field strength.
Considering the distribution of charged dislocations, we
can also represent the mean fluctuations in their number in
the corresponding surface region with an area S = πR2 in the
form
N (R ) = R N disl
(3)
The product of (2) by (3) gives an estimate for the
characteristic scale of the inhomogeneities in the surface
field strength. The resulting function (4) is monotonically
decreasing, reaching its maximum at R << L0.

F (R ) =

(

4
N disl R − R 2 + L20 + L0
R

)

(4)
Calculating the exact upper bound of this expression (in
the limit R → 0), we obtain the amplitude of the chaotic
field:

F =

4 N disl


(5)
These high densities of surface states allow to directly
estimate the magnitude of the chaotic potential amplitude
in the 2DEG plane. The magnitude of potential
inhomogeneities can be found under these conditions in the
Thomas–Fermi approximation:
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It is assumed here that the potential perturbation is small
in comparison with the mean electron energy in the surface
zone, while the variation in the density of states is
neglected. Next, taking into account the linear dependence
of the surface charge on the field strength F = 4πσ/ε, as well
as expressions (5) and (6), we can relate the quantity δU
with the parameters of the system:

U =

N disl


eDs


(7)

3. Case of low density of electron states
The case when the densities of electron states in a
heterojunction are relatively low deserves more detailed
analysis of the potential fluctuations emerging, using the
dielectric response function of the surface subsystem. The
potential energy of a surface electron in the field of a
charged dislocation without a reaction of the medium takes
the form

 2 + L20 + 
Vi () = e  ln


(8)
In view of the Fourier–Bessel transformation (8) in the
space of wave vectors q, we have

Vi (q ) =

e
 1 − exp(− qL0 )
q2

(9)
The dielectric response function has the following form
in the high-temperature region (i.e., for classical statistics
of two-dimensional electron gas):

(q ) =

1 +  2
2

 q (q ) 
 1 + s 
q 


(10)
Here ε1 and ε2 are the dielectric constants of contacting
semiconductors, qs(q) is the screening parameter in a twodimensional electronic system. The relation q << qs also
holds true with large band bends for most of the harmonics;
in this case, the dielectric response function (10) can be
approximately represented as:

(q ) 

2e 2 ns
kT  q

(11)
Using the form of the initial potential (9), the inverse
Fourier–Bessel transform, and the expression for the
dielectric response of system (11), we obtain the potential
electron energy in the surface plane accounting for
screening:

k T  1
1

U i ( ) =

−
2
2 
2ens  

+
L
0 

(12)
The functional dependence on the radial coordinate in
(12) coincides with a similar dependence in (1), allowing to
repeat the previous calculation algorithm for directly
finding the amplitude of the chaotic potential:

U =

kT N disl

ens


(13)
The resulting expression may not be final, requiring in
some cases to additionally find the 2DEG density in terms
of the chaotic potential parameters, i.e., to establish the
functional dependency ns = ns(δU).
The corresponding density of electron states D(E)
can be obtained for a specific form of the potential energy

distribution for a surface electron, characterized by the
probability density p(U). Since the density of surface states
is initially constant if dispersion follows a parabolic law,
this density takes the following form in the presence of a
chaotic potential:

D(E ) = Ds

E

 p (U )dU

−

(14)
Calculating the integral in (14) for a Gaussian
distribution with the standard deviation parameter equal to
δU yields the result known from probability theory via the
error function:

D(E ) =

Ds
2


 E 
 1 + erf 

 U 2 


(15)
The density of 2DEG in the junction is determined by
integration over all occupied states:
ns =

+

 D (E ) f (E ) dE

−

(16)
The Boltzmann distribution law f(E) ≈ exp[μ – E)/kT]
should be chosen here for the high-temperature limit, where
µ is the chemical potential measured from the bottom of the
unperturbed surface band of electron states. In view of the
form that perturbed density (15) takes, we obtain from
expression (16):
2

1  U  
ns = Ds k T  exp
+ 
 
 k T 2  k T   (17)
Thus, to determine the magnitude of the chaotic
potential amplitude, we should solve the transcendental
equation obtained by substituting (17) into (13):

U =



eDs

  1  U  2 
N disl
 exp−
− 
 

 k T 2  k T  

.(18)

4. Conclusions
Summarizing the analysis carried out, we should note
that the expression for the characteristic values of surface
potential inhomogeneity at high temperatures (13) could be
obtained from Eq. (7) by substituting the density of states
Ds with the ratio ns/kT. Estimating the values that δU takes
for the chaotic potential parameters in heterojunctions
based on III-nitrides, we adopt the effective electron mass
in the surface zone m* ≈ 0.2m (m is the electron rest mass)
and the corresponding unperturbed density of surface states
Ds ≈ 1014 cm–2eV–1. Then, assuming that the dislocation
density at the interface is of the order of 1010 cm–2, carrying
the maximum charge per unit length of about 0.01 ESU, δU
values in non-degenerate 2DEG exceed the thermal
energies kT in a wide range of negative values of the
chemical potential (or electrochemical potential, if a
blocking voltage is applied to the transistor gate). The
chaotic potential amplitude can reach over 100 meV in
HEMP operating modes close to the cutoff, even at
significantly
lower
dislocation
densities.
The
corresponding 2DEG densities decrease from the initial
levels (about 1013 cm–2) by one or two orders of magnitude.
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Formation of thin films of Mg2Si on Si (111) and
investigation of their electronic properties
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Abstract. Under ultrahigh vacuum conditions, two samples were formed by the SPE method on Si(111) substrates: the first by codeposition of Si and Mg at room temperature, and the second by layer-by-layer deposition of Si and Mg at a substrate temperature of
195 °C. The Si and Mg deposition process was controlled in-situ by Auger electron spectroscopy (AES) method. By the X-ray Phase
Analysis method, after the formation of films, it was found that Mg is part of the film of only the second sample, while it has changed
lattice parameters.

1. Introduction
The study of magnesium silicide in its bulk state made
it possible to establish that this silicide is a narrow-band
semiconductor with band gap values in the range of 0.6-0.8
eV, having photoconductivity, which allows Mg 2Si to be
considered as a promising material for optoelectronics [1].
A study of its photovoltaic properties has shown that the
photoresponse is observed up to wavelengths of 1800-2100
nm [2], and the photosensitivity at 1310 nm reaches several
tens of mA/W with a small reverse bias [3]. The use of
Mg2Si is no less attractive when creating thermoelectric
converters [4].
In the laboratory of surface physics of the Scientific and
Educational center of AmSU, Mg2Si films are grown by
solid-phase epitaxy in the Varian ultrahigh vacuum
chamber (UHV) of the PHI-590 device with a base pressure
of 1.3*10-7 Pa, equipped with a two-span energy analyzer
of the "cylindrical mirror" type. This laboratory already has
experience in the formation of thin films of silicides on
silicon [5-6].
2. Experiment
The silicon substrate for the samples was cut from an
industrial KEF–100 Si (111) n-type conductivity wafer
with a resistivity from 2 to 15 *cm. The source of
magnesium (Mg) was Mg chips with a purity of 99.999%,
placed in a tantalum tube with a puncture.
Si (111) substrates were subjected to RCA cleaning
before loading into the chamber, and after loading, they
were heated at T = 600°C for 1 hour and at T= 1250°C for
3 seconds 3 times with intervals of 10 minutes.
The deposition rate of Mg and Si was measured using a
quartz sensor in the UHV chamber connected to a Sycon
Instruments device, the rate was 4 nm/min for Mg and 0.24
nm/min for Si when deposited on the first sample; 2.6
nm/min for Mg and 0.35 nm/min for Si when deposited on
the second sample.
All samples were formed by the SPE method. The
temperature of the substrates was different: for the first
sample – room temperature, and for the second - T=195°C.
The first step was to form a buffer layer of silicon with
a thickness of 60 mm on both Si (111) substrates.
Further, the experiment was carried out in different
ways for each sample. For the first sample, a 1.5 nm thick
Mg seed layer was deposited on the silicon buffer layer and
then Mg and Si were co-deposited with a velocity ratio of

16:1. For the second sample, layers of magnesium and
silicon with a thickness of 15 and 5 nm were alternately
deposited on the buffer layer, respectively. The deposition
of these layers was repeated three times. As a result, a thin
film with a thickness of 100 nm was formed for the first
sample, and 60 nm for the second.
3. Results and discussions
Control over the formation of films was carried out in
situ by Auger electron spectroscopy (AES) and electron
energy loss spectroscopy (EELS). At the beginning, the
formed films were examined by the AES method. The AES
spectra obtained at all stages of the formation of the first
sample are shown in Figure 1.

Fig. 1. Spectra of Auger electrons of the first sample.

In Figure 1, the AES peak of high intensity with energy
of 92 eV belonging to Si is observed. At the stage of codeposition of Mg and Si (upper spectrum), a peak with
energy of 1186 eV is observed, indicating the presence of
Mg atoms in the composition of the sample surface. Figure
2 shows the AES spectra obtained at all stages of the
formation of the second sample. It also clearly shows a AES
peak with energy of 92 eV, corresponding to pure silicon.
At the formation stage of the first magnesium layer, the
sample has a peak of high intensity at 45 eV and low
intensity peak at 92 eV, belonging to Mg and Si,
respectively. At the formation stage of the second layer (Si
with a thickness of 5 nm), only the AES peak of high
intensity at 92 eV belonging to Si is noticeably observed.
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At the formation stage of the third layer (Mg with a
thickness of 15 nm), one AES peak of high intensity at 45
eV, belonging to Mg, is visible. A similar patterns of Auger
electron spectra is preserved for subsequent layers.

Fig. 4. Diffractogram of the second sample.

Fig. 2. Spectra of Auger electrons of the second sample.

Further, the formed samples, after extraction from the
growth chamber, were examined by X-ray phase analysis.
The X-ray diffraction patterns (XRD) of the samples are
shown in Figures 3 and 4

4. Conclusions
Thus, as a result of the growth experiments carried out,
two samples were formed by the SPE method: the first by
co-deposition of Si and Mg at room temperature, and the
second by layer-by-layer deposition of Si and Mg at a
substrate temperature of 195°C. The Si and Mg deposition
process was controlled in-situ by AES and EELS methods.
By the X-ray Phase Analysis method, after the formation of
films, it was found that Mg is part of the film of only the
second sample, while it has changed lattice parameters.
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Fig. 3. Diffractogram of the first sample.

On the XRD spectra of both samples, the peak of the
highest intensity (2ϴ=28°, which corresponds to the
interplane distance d = 3.12 Å) belongs to the substrate
material - Si (111).
Magnesium silicides were not detected in the XRD
spectrum of the first sample with known diffraction data
(Mg2Si, Mg5Si6, Mg6Si3 or Mg9Si5). In the spectrum of the
second sample, in addition to silicon, another reflex was
noted (2ϴ=35.8°, which corresponds to the interplane
distance d = 2.504 Å). This peak does not belong to the
Mg2Si phase. It can be attributed to the Mg5Si6 compound
(with oriented growth along one crystallographic
direction), but it is more likely that it is Mg with strained
lattice parameters.
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In the calcium-silicon system, at least six silicides are
formed [1], including calcium semi-silicide (Ca2Si), which
has semiconductor properties [2]. Since calcium silicides
are formed from environmentally friendly and widely
distributed elements in the Earth's crust, they are of
considerable interest for silicon electronics and
optoelectronics. Ca2Si, the most well-known and obtained
in the form of films, has been mainly studied on silicon with
the (111) orientation [3], while studies of its structure and
optical properties on other surfaces (Si(100) and Si(110))
have not yet been carried out.
This work is devoted to approbation of two methods for
growing Ca2Si on silicon with orientations (111), (100),
and (110) by molecular beam epitaxy (MBE) using a
sacrificial Mg2Si layer. The electronic structure and optical
properties of the grown films were studied and compared
with the data of first-principles calculations of the optical
functions of Ca2Si from its electronic structure.
The growth of Ca2Si films was carried out in an
ultrahigh vacuum (UHV) chamber of an OMICRON
Compact setup with a base vacuum of 1×10–10 Torr,
equipped with a LEED and AES/EELS analyzer, a block of
silicon (Si) and calcium (Ca) molecular beam sources for
Ca deposition, Mg and Si on silicon substrates. Ca2Si films
were grown on all substrates by co-deposition of Si and Ca
at a temperature of 250°C on a preliminarily formed Mg 2Si
sacrificial layer, which was transformed into Ca2Si upon
deposition of Ca atoms on the substrate at 250°C. The
deposition rates (Ca, Mg, and Si) were calibrated using a
quartz thickness sensor.

the FLAPW method in its scalar-relativistic version using
the WIEN2k package [4].
The main features for the selected samples with Ca 2Si
films were transparency in the photon energy range of 0.05
– 1.2 eV. Comparison with the data of theoretical reflection
spectra for three planes of Ca2Si single crystals shows a
good agreement in terms of peaks in Ca2Si, which
corresponds to the main interband transitions in Ca 2Si
single crystals. Calculations from the R- and T-spectra of
the absorption coefficients () for the grown films showed
for Ca2Si the existence of a direct interband transition at
1.07 eV. The absorption edge, according to the calculation
data, is at an energy of about 0.72 - 0.82 eV, depending on
the polarization of the incident radiation. The strongest
interband transition begins at energy of about 1.2 eV [5].
High-energy interband transitions in Ca2Si films,
determined from the reflection spectra (Fig. 1) in the energy
range 1.6 – 6.5 eV, satisfactorily agree with the data in the
reflection spectra calculated from the band structure: 1.8
eV, 2.0 eV, 2.8 eV and 3.8-4.2 eV.

Fig. 2. Dependence of the square of the absorption coefficient on
the photon energy. The dashed lines indicate a strong direct
interband transition to Ca2Si.

Calculations from the reflection spectra by the
Kramers-Kronig method showed the presence in Ca2Si
films on silicon of strong direct interband transitions with
energies of 1.42 - 1.47 eV and 1.65 eV, depending on the
presence of an additional phase, for example, CaSi.

Fig. 1. Reflectance and transmittance spectra of Ca2Si films on
Si(111) (a) and Si(110) (b) substrates.

The reflectance (R) and transmittance (T) spectra of the
grown Ca2Si samples (Fig. 1) were recorded within one day
after unloading at room temperature in the photon energy
range of 0.05–6.20 eV on a Hitachi U-3010
spectrophotometer and a Bruker Fourier spectrometer
Vertex 80v. The calculations of the electronic band
structure and optical functions were also performed using

Acknowledgements
This work was financially supported by the RFBR grant
- BRFFR No. 20-52-00001_Bel_a.
References
[1] P. Manfrinetti, et.al. Intermetallics. 8(2000)223.
[2] S. Lebegue, et.al. Phys. Rev. B 72(2005)085103.
[3] N.G. Galkin, et.al. Mat. Sci. in Sem. Proc.
113(2020)105036.
[4] P. Blaha, et.al. (Karlheinz Schwarz, Tech. Universität
Wien, Vienna, 2001).
[5] D.B. Migas, et.al. Jpn. J. Appl. Phys. 54(2015)07JA03.

107

Sixth Asian School-Conference on Physics and
Technology of Nanostructured Materials
Vladivostok, Russia, April 25 - 29, 2022

Ii.p.06

Comparison of the crystal structure and electronic
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Calcium silicides form six compounds Ca2Si, CaSi,
Ca5Si3, Ca3Si4, Ca14Si19 and CaSi2 [1]) with different
crystal structure and composition and have a wide range of
properties from semiconductor [2] to semimetallic [3].
Semiconductor silicides with different band gaps include
(Ca2Si, Ca3Si4, Ca5Si3 and Ca14Si19) [2,3], among which
Ca2Si is currently attracting the main attention [4].
According to ab initio theoretical calculations, Ca2Si is a
direct-gap semiconductor with a band gap from 0.30 - 0.36
eV [5] to 1.02 eV [6]. However, the direct band structure
has not yet been confirmed by experimental data.
Semiconductor epitaxial Ca2Si films on a Si(111) substrate
have recently been grown through the formation of a twodimensional sacrificial Mg2Si layer [7-19, 20] and its
transformation into Ca2Si, followed by growth to thick
Ca2Si films by molecular beam epitaxy at 250°C [8]. For
grown thick epitaxial Ca2Si films, the first direct interband
transition was determined at energy of 1.095 eV, which,
however, is not fundamental due to the high density of
defect states at 0.5–1.0 eV. To establish the nature of the
fundamental interband transition in Ca2Si films at photon
energies below 1.0 eV, it is necessary to grow them on a
transparent substrate, for example, sapphire (Al2O3(0001)).
In this work, we tested an original technique for
growing Ca2Si epitaxial films on sapphire; we grew Ca2Si
epitaxial films on Si(111) silicon with different ratios of
calcium and silicon fluxes. For all Ca2Si films on sapphire
and silicon, the crystal and phonon structures are studied,
the optical functions at room temperature are determined,
the fundamental interband transition is identified, and the
dependences of the main interband transitions in the
transparency region of Ca2Si films on temperature on
single-crystal sapphire are studied and analyzed.
The crystal structure of the grown Ca2Si films was
studied by X-ray diffraction. It has been established that
one peak from Ca2Si(400) is observed in the sample on
sapphire, which refers to the epitaxial ratio Ca 2Si(100) //
Al2O3(0001), and for films on silicon, two epitaxial ratios
are
established:
Ca2Si(111)/Si(111)
and
Ca2Si(110)/Si(111) at a high calcium to silicon deposition
rate ratio of 7.69 – 9.26. At lower deposition rate ratios of
4.4–6.5, one epitaxial ratio was found: Ca2Si(111)/Si(111).
The identification of Raman peaks for films on both
substrates and their comparison with the previously
published experimental data for epitaxial Ca2Si films [8]
confirmed the predominant contribution of the Ca2Si phase
to the structure of the grown films and their high crystalline
quality.
Recording the transmission and reflection spectra
showed that the transparency of the Ca2Si film on sapphire

is observed up to photon energies of about 2.5 eV, while
the transparency of Ca2Si films on silicon is limited by the
substrate transparency to 1.2 eV. Calculations of the
refractive index (n), extinction coefficient (k) for both types
of films, carried out from a two-layer model [9] based on
the transmission and reflection spectra of the film-substrate
system, and then the absorption coefficient and its square
showed the following results. In Ca2Si films on sapphire, a
fundamental direct interband transition was detected at an
energy of Eg=0.88±0.01 eV. The second direct interband
transition is observed at an energy of E2=1.16±0.01 eV, and
the third direct interband transition is observed at an energy
of E3=1.49±0.01 eV. For Ca2Si films on Si(111),
extrapolation of the linear portions of the dependence of the
square of the absorption coefficient on the photon energy
gave a certain spread in the values of the direct interband
transition from 1.08 eV to 1.10 eV, which does not coincide
with the data for E2 = 1.16 ± 0.01 eV in Ca2Si films on
sapphire in terms of due to the underestimation of the
interband transition energy in Ca2Si due to strong
absorption in silicon at photon energies above 1.2 eV. At
photon energies of 0.7–0.9 eV, in Ca2Si films on Si(111),
as well as in Ca2Si films on Al2O3(0001), there should be a
fundamental transition, which is difficult to identify due to
high absorption at defect levels (Urbach edge [10]) and
light scattering on the roughness of the film and the filmsubstrate interface, which are not taken into account within
the framework of the ideal two-layer model [9].
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It is known that calcium semi-silicide (Ca2Si) is a
semiconductor with a band gap from 0.3–0.36 eV [1,2] to
1.02 eV [3] according to theoretical data, and according to
optical data, its thin epitaxial films have the first direct
interband transition with an energy of about 1.095 eV [4].
In this case, the fundamental transition is masked by
absorption at defects in the photon energy range from 0.6
eV to 1.0 eV. An additional way to check the sensitivity of
Ca2Si films is to create diode structures on silicon with
various types of conductivity and their photospectral
measurements.
To test the photosensitivity of semiconductor Ca2Si,
two structures were grown on n- and p-type silicon. Ca2Si
films were formed by the previously developed sacrificialseed layer method [4]. The film thickness in both samples
was 80–100 nm. Device mesa structures with deposited and
annealed contacts to the silicide film and silicon were
created on one of the parts with dimensions of 5x6 mm 2.
The contact to the substrate was made directly to the chip
package through the silver conductive paste. To control the
conductivity and photocurrent in the Ca2Si film, an
aluminum contact was attached to it using ultrasonic
welding. A photo of a standard device mesa structure is
shown in Fig. 1.

was used, formed on the basis of a silicon wafer with a
built-in p-n junction. The characteristics are quite similar.
The maximum contribution of the Ca2Si/Si-n
heterostructure is observed in the wavelength range of 850
-1200 nm. This is due to the fact that the Ca2Si film is quite
thin (up to 100 nm), so the main generation in it is
noticeable only at energies above the band gap in Ca 2Si
with strong absorption of radiation with energies of 1–1.45
eV. Taking into account that the fundamental transition in
Ca2Si, in accordance with our data on sapphire, begins at
0.88 eV, but the oscillator strength is insignificant, the film
thickness should be at least 1 μm for intense absorption. In
this case, one can expect a noticeable generation of
electron-hole pairs with energies from 0.88 to 1.5 eV and
obtain their efficient separation by the Ca2Si/Si-n
heterojunction. In the case when the direct contact to the
Ca2Si film through the Al wire is used to record the
photocurrent signal, the photocurrent signal is significantly
reduced and becomes smaller than in the case of contact to
the gold pad. It is assumed that in this case, during
ultrasonic compression of the aluminum wire to the Ca 2Si
film, the film can be pierced, and in this case, a signal from
the Al/Si-n Schottky barrier is recorded.

Fig. 1. Photo of diode structure in the chip package.

On working diode structures, studies were carried out at
room temperature of the current-voltage characteristics (IV) for C422 samples on a Si-p substrate and a C424 sample
(Si-n substrate). On p-type silicon (sample C422), a linear
I–V characteristic with a very weak sensitivity to white
light was found. This corresponds to the formation of a
heterojunction with a low barrier, and the low sensitivity to
light is also determined by the small thickness of the Ca2Si
film. On the C424 sample, the I-V(s) were recorded with
different top contacts. In the case of using the upper contact
to the gold pad (Au) and the rear ohmic contact, non-linear
I-V characteristics were observed both without illumination
(dark) and with illumination (light). A short circuit current
(0.1–0.2 mA) and an open circuit voltage (0.2–0.25 V) were
observed. These facts correspond to the formation of the
Ca2Si/Si-n heterojunction and the separation of the
generated carriers by the heterojunction.
To study the spectral photoresponse, a C424 mesadiode was chosen, for which photo-emf spectra were
recorded at room temperature in the range from 400 to 1300
nm, which are shown in Fig. 2. As a reference, a mesa diode

Fig. 2. Spectral photocurrent dependences of Ca2Si/Si-n and Sipn diodes.
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Germanium nanowires (NWs) obtained by cathodic
deposition from aqueous solutions of germanium oxide are
a promising material for a new elemental base of electronic
devices, since, compared to silicon, it has a higher charge
carrier mobility, a smaller band gap, and a lower processing
temperature [1]. Also of great interest is the use of Ge NWs
in lithium-ion batteries [2, 3]. In addition, they are an
interesting example of nanosized structures in which
quantum effects associated with size limitation can be
observed [4, 5].
The possibility of electrochemical deposition of Ge NW
from aqueous solutions using particles of low-melting
metals (Ga, In, etc.) at nearly room temperature has been
demonstrated [6,7]. In this case, liquid metal nanodroplets
have been used as an electrode for reduction of Gecontaining ions at the electrode surface, followed by
dissolving and crystallizing the melt at the substrate
interface. The growth mechanism, which is known as
electrochemical liquid–liquid–solid (ec-LLS) crystal
growth, is similar to the vapor–liquid–solid method [6].
It was shown in a series of works [8–10] that successive
laser annealing of Ge NWs obtained by this method lead to
the recrystallization of samples and the appearance of Ge
nanocrystals (NCs) of different sizes from 1.5 to 5 nm, and
the behavior of the samples varies greatly depending on the
presence or no vacuum annealing. In this paper, we analyze
the effect of preliminary vacuum annealing of germanium
nanowires obtained by cathodic deposition from aqueous
solutions of germanium oxide on the change in their
temperature stability.
Electrochemical deposition of Ge NWs was carried out
in a three-electrode cell. Fifty micrometer thickness
titanium foil was used as the substrate. Indium
nanoparticles were deposited on a Ti foil, as described in
previous work [8]. The solution contained 0.05 M of
germanium (IV) oxide GeO2, 0.5 M of potassium sulfate
K2SO4, and 0.5 M of succinic acid. Deposition was carried
out at 0.2 mA×cm-2 at a solution temperature of 20 °C. The
prepared samples were washed in deionized water and were
dried in an argon ﬂow. Some of the obtained samples were
annealed at 600 °C in vacuum oven at a residual pressure
below 3×10-5 Torr for 30 min.
Photoluminescence
(PL)
measurements
and
backscattered Raman spectra were registered under
excitation with focused laser radiation using a NTEGRA
Spectra II micro-Raman spectrometer. We used diodepumped solid-state laser (wavelength 473 nm, maximal
power 50 mW, and minimal spot radius 2 μm) for Raman
experiments. Photoluminescence spectra were registered
under 405 nm excitation. The laser power was attenuated
by means of neutral ﬁlters with different optical densities.

Fig. 1. Raman spectra registered before and after laser
annealing. c-Ge Raman spectrum is scaled to fit the graph.

Raman (Fig. 1) and PL (Fig. 2) spectra were recorded at
the same points of the sample before and after laser
annealing. Annealing was performed at a power density of
100 kW/cm2 for 5 s, and control spectra were recorded at
4.4 kW/cm2. This mode of registration of control spectra
did not lead to irreversible changes in the sample.
After laser annealing, there is a significant decrease in
the intensity of the TO peak and its shift to the highfrequency region at a position of 294.2 cm -1, as well as the
appearance of a long low-frequency shoulder. For
comparison, Figure 1 shows the position of the TO phonon
in crystalline germanium.
Estimation of the shift in the position of the Raman
peak, taking into account the deformation of the crystal
lattice and the heating of the sample under the laser beam
relative to the position of the crystalline germanium peak,
makes it possible to estimate the size of the Ge nanocrystals
(NCs) before and after annealing. As a result, it turned out
that in the process of recrystallization under the action of
high temperature during laser annealing, the size of the Ge
NCs increased from 1.3 to 5 nm. Since such annealing was
carried out in ambient conditions, part of the nanocrystals
was completely oxidized, which led to a decrease in the
intensity of the Raman signal.
In such samples, the effect of size limitation can lead to
the appearance of PL in the infrared range (with an energy
of the order of the band gap of germanium), since the Bohr
radius of a direct-gap exciton in Ge is 20–30 nm (depending
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ambient conditions in the presence of a sufficient amount
of oxygen. As a result, a 2–3-fold increase in the
luminescence intensity and the predominance of a peak
with an energy of 2.05 eV are observed in the spectrum.
Also, after annealing, the spectrum exhibits a well-defined
shoulder at an energy of 2.7 eV, which refers to the initial
trigonal phase. Its presence is explained by the rather high
temperature stability of alpha-GeO2, which, according to
[15], transforms into a tetragonal phase at 800–1000 °C.
In turn, vacuum annealing of a sample with Ge NWs at
600 °C significantly affects the result of laser annealing. In
this case, the change in the intensity of both the Raman and
PL spectra is significantly less, which indicates an increase
in the resistance against thermal oxidation. This
phenomenon is analyzed and explained taking into account
the formation mechanisms of germanium oxides under
different conditions and the influence of indium on the
oxidation process.

Fig. 2. Photoluminescence spectra registered before and after
laser annealing of sample with germanium nanowires.

on the conditions and calculation technique [9–10]) and
thus can be several times greater than the actually
achievable size of a germanium nanocrystal or NW
diameter. In this case, the emission of a photon with an
energy of 1.3-2.67 eV is expected. The convincing presence
of IR PL in Ge nanowires was demonstrated in [11], but, as
the authors point out, quantum confinement effects are
unlikely to be involved in this, since the NW diameter is 40
nm and exceeds the exciton Bohr radius. The effect of
oxidation on the edge PL of Ge NW was studied in [12],
where it was shown that the intensity of indirect transitions
is unambiguously related to increasing oxidation of the
wires and is explained by the passivation of nonradiative
recombination centers initially present on the nanowire
surface by oxide.
As for PL in the visible and UV ranges, at present, most
authors are inclined to believe that its source is the
Ge/GeОх or GeОх interface states. Similar conclusions are
reached by studying freestanding Ge/GeO2 core-shell NCs
with varying sizes and shell thicknesses. Strong
photoluminescence peaks in the visible and UV region are
attributed to Ge/GeO2 interface defect states [13] or Ge–O
bonded material, i.e., GeOxs [14].
In our case, we did not register a PL signal from samples
with Ge nanowires in the IR wavelength region. This is
probably due to the high concentration of indium contained
in the samples and the passivation of the Ge/GeO2 interface
states, which, as shown above, are the source of PL in the
IR range. However, the PL signal was detected in the
visible region of the spectrum (Fig. 2).
It is clearly seen that the weak PL of Ge NWs in the
initial state increases in intensity by a factor of about 3 after
laser annealing. This changes the shape of the spectrum, as
well as the position of the maximum. The evolution of the
PL spectra shown in Figs. 2 is explained by the
transformation of germanium oxide phases in the sample.
The synthesis of Ge nanowires took place under oxygendeficient conditions; therefore, the PL spectrum contains a
high-energy peak with a position of 2.77 eV. After laser
annealing, the formation of the tetragonal phase of
germanium oxide occurs, since annealing took place under
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Abstract. A nanocrystalline Si1-xSnx films with a small content of amorphous phase were grown by simultaneous deposition of tin
from a Knudsen effusion cell and silicon from a Si sublimation source at a co-deposition and/or solid-phase crystallization temperature
of about 250-350 0C on a Si(100) and SiO2/Si(100) substrates. Raman/mapping spectroscopy shows the absence of Sn segregation and
the successful substitutional incorporation of Sn into the Si lattice of nanocrystalls. A significant difference between the co-deposition
on these substrates is the formation, respectively, of a continuous Si1-xSnx film consisting of a mixture of nanocrystalline and amorphous
phases, and a film consisting of Si1-xSnx nanocrystallites forming a dentridoid structure on the surface of an amorphous Si.

1. Introduction
The silicon-tin (SiSn) alloy is a promising candidate
material for the next-generation group-IV semiconductors.
First of all, the optical band gap of SiSn depends on the
concentration of Sn and can be optimized by the
corresponding content. Many previous studies indicate that
an indirect-direct band-gap crossover of SiSn is
theoretically expected as Sn fraction increases 25% [1,2].
Based on the above, SiSn is expected for near-infrared
optical device applications [3] what cannot be realized
using pure Si.
Secondly, the dramatic phonon scattering is caused by
Sn atoms incorporated in the Si lattice and therefore the
values of thermal conductivity for SiSn is very low [4]: this
means the feasibility of high-performance thermoelectric
device for “internet of things” on the basis of the
thermoelectric figure of merit ZT = S2σT/κ, where S is the
Seebeck coefficient, σ is the electrical conductivity, T is the
absolute temperature, and κ is the thermal conductivity.
Thirdly, by selecting the appropriate Sn content and
annealing temperature, SiSn-based alloys can be
transformed from an amorphous phase into a
nanocrystalline one with controlled nanocrystallite sizes.
This controlled transformation is very important for the
production of solar cells based on nanocrystalline silicon.
The purpose of this work was to determine by methods
of Raman spectroscopy and AFM the dependence of the
degree of crystallinity of Si1-хSnx films for x=0.0; 0.1; 0.15;
0.2 on the heating and/or annealing temperature and the
substrate surface (face (100) of single-crystal Si and natural
oxide on Si (100)), as well as the crystallization
temperature.
2. Experiment
Si-Sn alloy films with Sn concentration of 0 – 20% were
formed by co-deposition of Si and Sn onto substrates with
various surfaces in an ultrahigh vacuum chamber with a
base pressure of 10-9 Torr. The samples A, B, C had an
atomically clean silicon surface Si(100) 2×1. The surface
of the D was covered with a film of natural oxide, and - E
had excessive roughness (RMS=30 nm). During codeposition all samples were indirectly heated by Sn and Si
sources between 150-300 °C. During the co-deposition of
Si and Sn, samples D and E were additionally heated by
passing a direct current and after - they were annealed for
20 s at T≈360 °C.

Details of sample cleaning, calibration of deposition
rates and a choice of the Si and Sn deposition rate ratio are
described in [6].
The surface topography of the grown films was studied
by AFM using a Solver P47 instrument. Raman spectra
were measured by the DXR Thermo Science and NT-MDT
NTEGRA Spectra instruments using a lasers with a
wavelengths correspondenly of 514 nm for A, B and C and
473 nm for D, E samples.
Table I. Parameters of samples.
Sample

Substrate

Tsub, °C

Sn

Film

content

thickness

[%]

[nm]

RMS
[nm]

A

Si(100)2×1

200-280

0

220

1

B

Si(100)2×1

100-180

10

240

0.3

C

Si(100)2×1

200-280

15

260

0.4

D

SiO2/
Si(100)

300-380

20

160

4.4

E

Si(100)

300-380

20

160

3-8

3. Results and discussions
The fitting in Fig. 1 (a), (b) shows three phonon bands
typical of all our Si1-xSnx having an amorphous fraction:
2TA+LA (maxima between 294-333 cm-1), LO (392-427
cm-1) and TO (463-480 cm-1), including film with x=0. For
x>0 a new TO phonon band appears (350-373 cm-1)
corresponding to the Si-Sn bond vibrations. On the spectra
C, D, E there are two additional phonon bands with centers
of fit peak between 493-499 cm-1 and 503-518 cm-1. Both
TO bands are associated with Si-Si bond vibrations in the
Si or SiSn crystalline fraction. The crystallites size,
substitution Sn content, residual stress, grain boundaries
structure, Si and SiSn structure determine the peak
positions of these modes. In addition, some spectra have a
520 cm–1 peak from the c-Si substrate.

112

II.p.09

(a)
(b)
Fig. 2. AFM images of the samples B (a) and D (b).

AFM and Raman data, as a calculated data of
amorphous and crystalline volume fraction, substitution tin
content and nanocrystallite sizes will be presented in the
report.

(b)

Fig. 1. RAMAN spectra and their decomposition by Lorentz (peak
520 cm-1) and Gauss functions (all peaks except 520 cm-1) from
amorphous (a) and nanocrystalline SiSn (b) films grown,
respectively, on Si(100)2×1 at T≤180 °C (sample B) and at
SiO2/Si(100) at T≈350 °C (sample D).

AFM images of samples B and D are shown in Fig. 2. It
can be seen that the SiSn islands are distributed nearly
uniform over the surface. Samples B and D have average
grain sizes of 15 and 20 nm and mean square surface
roughness of 0.3 and 4.4 nm, respectively. The morphology
of the sample D indicates dendritic crystallization.

4. Conclusions
Simultaneous deposition of Si and Sn on both
Si(100)2×1 and SiO2/Si(100) allows to obtain sufficiently
smooth (σrms = 0.4-4.4 nm) Si-Sn nanocrystalline films
with a thickness of 160-260 nm and a Sn content of 1020%. A significant difference between the co-deposition on
these substrates are the formation, respectively, of a
continuous SiSn film consisting of a mixture of
nanocrystalline and amorphous phases, and a film
consisting of SiSn nanocrystallites forming a dentridoid
structure on the surface of amorphous Si. Additional
annealing up to 380°C of partially amorphized SiSn films
significantly reduces the content of the amorphous fraction
without Sn segregation. The crystallization temperature of
the SiSn alloy can be reduced by increasing the initial
concentration of Sn. The choice of the initial Sn
concentration, temperature and substrate surface allows
controlling the size of nanocrystallites.
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Abstract. Cadmium arsenide (Cd3As2) is a well-known material with very high carrier mobility at the room temperature. We present
a structure study of the Cd3As2 thin magnetron films. They were obtained by radio frequency magnetron sputtering on silicon, sapphire
and strontium titanate substrates. The structure and morphology of the surface were studied by atomic force microscopy, Raman
spectroscopy, electron microscopy and X-Ray diffraction. The composition of the films has been shown to correspond to the Cd 3As2
stoichiometry. All films were nanostructured with a strong texturing after annealing.

1. Introduction
Topological materials currently attract wide interest
related to the existence of Dirac nodes in their electron
spectrum and related nontrivial topological characteristics
of both bulk and surface states [1]. Theoretical and
experimental studies have established that Cd3As2 belongs
to a special class of topological insulators - Dirac
semimetals, in which charge carriers - Dirac fermions have
zero effective mass and obey relativistic laws of motion [2].
It has recently been discovered low-temperature
superconductivity in cadmium arsenide films prepared by
different methods. [3, 4]. The nature of this phenomenon is
not completely clear and can have different reasons, for
example, a sharp increase in the number of topologically
protected states can occur, both due to an increase in
internal stresses in polycrystalline films [3], and due to a
weak, but sufficient for the appearance of the effect fine
tuning of the band structure in the presence of a slight
excess of cadmium and violation of stoichiometry [5]. This
stimulates more detailed studies of the structure and
composition of synthesized films. In this work, we study
changes in the structural properties and morphology of
cadmium arsenide films on various substrates, depending
on the conditions for their production by reactive
magnetron sputtering.

3. Results and discussions
The typical X-Ray diffraction patterns of the Cd3As2
magnetron films on different substrates with the crystal
structures of α (sp. Gr. I41cd) and α’ (sp. Gr. P42/nbc)
polimorfic modifications found earlier in Ref. 3, 6. XRD of
As-growth films had complex structure with small
amorfization. After annealing all obseved diffraction peaks
we can correspond to the (112) family crystal planes (Fig.
1). This is typical because the (112) plane is the cleavage
plane of cadmium arsenide.

2. Experiment
Cadmium arsenide thin films were obtained by radio
frequency magnetron sputtering in an argon atmosphere at
a pressure of 8×10-3 mbar without heating the substrate.
The sputtering rate at the supplied power of 10 W and the
target substrate distance was about 1 nm/min. The powder
target was made from pre-synthesized Cd3As2 single
crystals. Monocrystalline polished oriented silicon p-Si
(111), sapphire α-Al2O3 (001) and strontium titanate
SrTiO3 (100) were used as substrates. After deposition part
of the film was annealed in an argon atmosphere at the
temperature of 520 K. The structure and morphology of the
thin films were studied by atomic force microscopy (AFM)
(AIST Smart SPM, Horiba), Raman spectroscopy (RS)
(OmegaScope, Horiba), electron microscopy (EM) (JEOL
6610LV) and X-Ray diffraction (XRD) (GBC EMMA) at
the room temperature.

Fig. 1. X-ray diffraction patterns of annealed thin Cd3As2 film
grown by magnetron sputtering on SrTiO3 substrate (labeled by
«S»).

In addition, AFM results demonstrates (Fig. 2) that the
films are continuous with a granular structure with an
average granule size within 20 - 40 nm for annealed
samples. Their thickness was about 50 nm – 60 nm.
It is clearly seen that the films exhibit StranskiKarstanov growth, with initial deposition of a
homogeneous thin layer and subsequent growth with
intense nucleation. The composition of the film
corresponded to the stoichiometric within the measurement
error and was uniform, as is observed on the maps of the
distribution of Cd and As atoms by EM.
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Fig. 2. AFM images with profiling of annealed Cd3As2 film on
Al2O3 substrate in the center (on left) and near edge (on right).

The study of thin films using RS in the far IR region
confirms that the films are formed from cadmium arsenide.
Two broad peaks with a position of about at at 193.2 and
247.7 cm-1, whose nature is not associated with the classical
mechanism of inelastic light scattering, are often used to
characterize nanostructures containing Cd3As2 single
crystals and films. Figure 3 shows the Raman spectra
measured in individual regions of the crystal for the sample.
For the α-Cd3As2 crystal structure, the experimental Raman
spectra in the region above 100 cm-1 contained only three
strong vibrational modes located near 140, 195 and
250 cm-1. Unfortunately, due to the peculiarities of the
Raman equipment used, the spectra were measured only at
 > 140 cm-1, so one can see only two pronounced peaks
and some a weak peak formed by the combination of the
basic phonon modes with  < 100 cm-1. Since the general
form of the spectra of single-crystal and film samples are
similar, it can be concluded that the films after annealing
have a high degree of crystallinity with a tetragonal
structure similar to bulk crystals of α-Cd3As2.
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Fig. 3. Raman spectra of the annealed Cd3As2 film grown on
Al2O3 substrate.

4. Conclusions
Cadmium arsenide films were grown by RF magnetron
sputtering on different substrates. The composition and
structural properties of this nanostructured films have been
studied by X-ray analysis, scanning electron microscopy
combined with energy-dispersive analysis, and Raman
spectroscopy. The films are continuous with stoichiometric
content and had a granular structure. After annealing they
After the films are annealed, their crystallinity increases
and they become textured with the (112) texture axis.
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Calcium silicides are environmentally friendly
materials and occupy a special place among alkaline earth
metal silicides. This is primarily due to a wide range of
properties of calcium silicides from semiconducting [1] to
semimetallic [2]. This may lead to their widespread use in
various fields of technology and electronics. However, the
growth of single-phase films of semimetallic monosilicide
(CaSi) and calcium disilicide (CaSi2) on silicon and the
study of their optical properties are complicated due to the
presence of at least 6 silicides of different compositions in
the Ca-Si system [3] and the lack of methods for separating
the preferred orientation during growth silicon silicides.
This work is devoted to approbation of new methods for
growing CaSi and CaSi2 on silicon with (111) orientation.
The structure and optical properties of the grown films are
studied and compared with the data of first-principles
calculations of optical functions from the electronic
structure of CaSi and CaSi2.
The growth of Ca silicide films was carried out in an
ultra-high vacuum (UHV) chamber of the OMICRON
Compact setup with a base vacuum of 1×10 -10 Torr,
equipped with a LEED and AES/EELS analyzer, a block of
silicon (Si) and calcium (Ca) molecular beam sources for
Ca deposition, Mg and Si on silicon substrates. The growth
of a CaSi film on a Si(111) substrate was carried out by
MBE at 300–500°C on a CaSi seed layer preliminarily
transformed from Mg2Si. For the growth of CaSi2, the MBE
method was also used during the co-deposition of Ca and
Si on an atomically clean silicon surface at temperatures of
640–680 °C. The deposition rates of Ca, Mg and Si,
calibrated with quartz thickness sensor, ranged from 0.1
nm/nm and 8.5–9.5 nm/min for Ca, 0.7 nm/min for Mg, and
0.28–0.65 nm/min for Si in different experiments.
The reflection spectra (R-spectra) and transmission
spectra (T-spectra) of the grown samples were recorded
within one day after unloading at room temperature in the
photon energy range of 0.05–6.50 eV on a Hitachi U-3010
spectrophotometer with an integrated sphere and a Bruker
Fourier spectrometer Vertex 80v. The optical functions
were calculated in the transparency region from the T- and
R- spectra, as well as from the integral Kramers-Kronig
relations. The structure of Ca monosilicide films was
studied on a RIGAKU SmartLab diffractometer (9 kW
rotating anode, CuKα radiation, parallel beam, 2θ/ω mode,
incident beam size 0.1 mm), using a silicon sample holder
with zero background and HyPix-3000 detector (1D
measurement mode). The diffraction pattern was recorded
in the range of 2θ angles from 5° to 80°, with a 2θ step of
0.01°. Calculations of the electronic band structure and
optical functions were also performed using the method of

self-consistent full-potential linearized augmented plane
waves (FLAPW) in its scalar-relativistic version using the
WIEN2k package [4].

Fig. 1. Reflection (R) and transmission (T) spectra of CaSi (a) and
CaSi2 (b) films in samples and the results of calculating the
reflection spectra of a CaSi and CaSi2 single crystals for different
planes: xx, yy, zz.

After the samples were unloaded from the growth
chambers, the transmission and reflection spectra were
recorded in the photon energy range from 0.05 eV to 6.5
eV. The main features for the CaSi and CaSi2 films were
the partial transparency of both films in the photon energy
range of 0.2–1.1 eV and the plasma minimum in reflection,
which was previously observed for CaSi2 films [5] with
semimetallic properties. In this case, the transparency of
CaSi2 films (Fig. 1a) is slightly higher than the transparency
of CaSi (Fig. 1b). Comparison with the data of theoretical
reflection spectra for three planes of a single crystal of CaSi
(Fig. 1a) and CaSi2 shows good agreement in the position
of the plasma minimum for both silicides, which is
associated with the contribution of two types of carriers,
according to the calculations performed in this work. The
reflection spectra also agree in magnitude and position of
the main peaks in the photon energy range of 1.5 – 6.5 eV,
which corresponds to the main interband transitions in CaSi
and CaSi2 single crystals.
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Abstract. One of the most important things scientists should consider while designing high-density magnetic media is magnetostatic
interactions between elements. Densely packed magnetic memory cells induce strong stray fields, which affecting the magnetic
properties of each element drastically, resulting in modified hysteresis behaviour and domain structure compared to non-coupled
elements. In this work we focus on the detailed investigation of magnetostatic interactions in Fe-Au barcode nanowire arrays with
alternating magnetization of Fe- and Au-rich segments, embedded in porous alumina template. Using experimental and simulation
approaches we study the influence of the segment length on the overall magnetic behavior and the character of magnetostatic
interactions in the nanowire array. We demonstrate that depending on the segment length magnetic interactions can be of three types.
We show that a preferable type of interaction depends on the geometric parameters of the Fe- and Au-rich segments and the interwire
distance.

1. Introduction
Barcode nanowires have wide range of possible
magnetic, electrical, mechanical, and biomedical
applications [1-4]. Single bath electrodeposition [5] is
allowing precise control over number of segments in
nanowire, their composition and length.
The magnetic properties of the barcode nanowires
arrays are highly dependent on the composition of each
segment, yet other works usually consider barcode
nanowires electrodeposited from a single bath as a set of
magnetic and non-magnetic cylinders, and the possibility
of synthesis of the alloy consisting of both elements
presented in bath is not considered [6,7]. In this work, we
investigate the element distribution in segments to prove
their composition as Fe-Au alloy with different
concentrations depending on the synthesis conditions.
To investigate complex magnetostatic interactions in
the array of barcode nanowires first order reversal curve
(FORC) diargam method was implemented, together with
magnetic force microscopy and micromagnetic
simulations.
2. Experiment
Barcode
nanowires
were
synthesized
by
electrodeposition from a single bath into the porous
alumina template with 200-300 nm diameter of the pores.
The electrolyte consisted of a mixture of deionized water
and solutions of iron (II) sulfate heptahydrate (FeSO4
7H2O, 0.10 M) as a source of Fe ions, and potassium
dicyanoaurate (KAu (CN)2, 0.015 M) as a source of Au
ions. To deposit segments with different compositions,
pulses with different current density (10 mA cm–2 and 0.01
mA cm–2) were fed to the electrochemical cell. Fe-rich
segments grew during high density current, Au-rich
segments grew during low density current, and length of the
segments was controlled by the time of the deposition with
corresponding current density.
Barcode nanowires morphologies were studied with
ultrahigh resolution field-emission scanning electron

microscopy (UHR–SEM, Hitachi, SU–70) and dual–beam
scanning electron microscopy (SEM, ThermoFisher Scios
2 DualBeam). Furthermore, the microstructure was
analyzed by transmission electron microscopy (TEM,
JEOL, JEM–2100F) and X–ray diffraction (XRD, Rigaku,
D/MAX–2500V/PC). The sample composition was probed
by SEM and TEM energy dispersive X–ray spectroscopy
(EDX, HORIBA, X–MAXn and EDX, EDAX team).
Magnetic properties were studied using a vibrating
sample magnetometer (LakeShore 7410 VSM). The FORC
diagram method was used to investigate the irreversible
processes in the barcode nanowires arrays and the influence
of interaction fields on the magnetic behavior. Magnetic
force microscopy (MFM NT–MDT Ntegra Aura system)
was used to study the micromagnetic structure of the
barcode nanowires. Finally, micromagnetic simulations
were performed using MuMax3 software for a detailed
study of spin configuration in segments with a different
composition.
3. Results and discussions
SEM studies (see Fig. 1) showed the diameters of
nanowires about 250 nm, length ~ 5 µm and sharp borders
between segments. EDX analysis confirmed sharp borders
between segments and showed that Fe-rich segments
consist of Fe90Au10 alloy and Au-rich segments – of
Fe45Au55 alloy. According to the literature, the magnetic
moment of Fe-rich segments ~ 800 G and 20-100 G in Aurich segments.
Hysteresis loop measurements showed that samples
with Fe-rich segment length L=100 nm are almost
isotropic, with minor differences in magnetic behavior
depending on the direction of an external magnetic field.
The anisotropy of the Fe(200)Au(x) samples is much more
visible and manifests itself in a clear difference in the
hysteresis loops measured in different directions of the
external magnetic field. Most pronounced anisotropy in the
Fe(200)Au(30) sample decreases with increasing Au-rich
segment length.
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from one solution consist of Fe-Au alloy with different
concentrations of Fe and Au. Hysteresis loop
measurements showed that the effective magnetic
anisotropy depends on the length of the Fe- and Au-rich
segments. We found out that the observed magnetostatic
interactions can be of three types: interactions between the
opposite poles of the adjacent Fe-rich segments in the same
barcode nanowire, coupling of poles of the same Fe-rich
segment, and interaction of Fe-rich segments in the
neighboring barcode nanowires in array with their strength
varying on the geometrical parameters of barcode
nanowires.
Fig. 1. SEM image of the Fe(200)Au(200) nanowires etched from
the alumina template.

In contrast to magnetic hysteresis loops, FORC
diagrams differ greatly depending on the direction of the
applied external field. In the longitudinal direction of the
field, all samples showed the distribution of switching
processes induced by the interaction fields, with
distribution along the interaction field Hu axis, while in the
perpendicular direction of the field, FORC diagrams
showed absence of the reversible processes, which is due to
coherent rotation in such geometry of the field. With an
increase in the Au-rich segment's length, the distribution of
the interaction induced switching Hu in the FORC
diagrams, obtained with an external magnetic field applied
along the barcode nanowires, is broadening for
Fe(200)Au(x) samples. In contrast, for the Fe(100)Au(x)
series, Hu remains at the same level.
In the absence of an external magnetic field, the MFM
contrast was not visible for all samples. When the
longitudinal external magnetic field was applied, an
alternating contrast of black and white poles became visible
in the MFM picture. When the picture of the distribution of
the elemental composition on the MFM images of the MFM
was superimposed, it was revealed that black and white
poles are formed strictly at the boundaries between Fe-rich
and Au-rich segments. With a perpendicular to the long
axis of the barcode nanowires external magnetic field, the
poles of the stray field are rotated to 90° and localized
exclusively in the Fe-rich segments at the edges of the
nanowire. Micromagnetic simulation of stray fields showed
good overlap between experimental MFM results and
simulation data. The vortex state of the magnetization was
confirmed by simulation for all samples.
Detailed analysis of interactions showed that depending
on the segment lengths 3 types of interactions are presented
in the barcode nanowires array: interactions between
opposite magnetic pole of the adjacent segment in the same
nanowire (type I), opposite magnetic pole of the same
segment (type II) and closest poles in the segments of the
neighboring nanowires in the array (type III). The
dominating type of enclosed magnetic flux depends only on
the geometric parameters of the sample: length of the Aurich segment (30–200 nm) for type I, length of the Fe-rich
segment (100 and 200 nm) for type II, and interwire
distance in the array (~200 nm) for type III.
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4. Conclusions
This study carried out a detailed study of the structure
and magnetic properties of arrays of barcode nanowires
electrodeposited into an alumina oxide matrix. We found
that the barcode nanowires fabricated by electrodeposition
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1. Introduction
Antiferroelectric epitaxial thin films demonstrate a
complex behavior with regard to their structural phase
transition, including the electric-field-induced switching
between the antiferroelectric and ferroelectric phases. We
use in-situ x-ray diffraction with such films to demonstrate
that the reaction of the material to relatively weak fields
includes the formation of the ferrielectric-like phase, which
forms inside the antiferroelectric matrix. The structure of
the field-induced phase is peculiar and needs new
approaches in modeling to be understood. Especially
remarkable is the energy of heterophase boundaries that
appear to define the specific structure.

but its parameter values are determined with the help of abinitio calculations. The energy due to heterophase
boundaries is modeled with the use of a notion of
antiferroelectric field, which is being cast onto the guest
phase by the host phase. Figures 1 and 2 show, respectively,
the scheme of heterophase boundary and the phase diagram
obtained with the model.

2. Experiment
Epitaxial thin film PbZrO3 samples were grown using
pulsed laser deposition technique at UC Berkeley. The field
has been applied using Cr-Au top electrodes. The bottom
electrode was from SrRuO3, which was the buffer layer
between PbZrO3 film and SrTiO3 substrate. The in-situ xray characterization was done using SuperNova single
crystal diffractometer.
3. Results and discussions

Fig. 2. Model phase diagram of PbZrO3 material in the presence
of both electric and antiferroelectric fields. The diagram shows
the tendency towards the formation of the ferrielectric-like phase
(yellow) between the antiferroelectric and ferroelectric phases
upon the electric field increase when there is only a mildmagnitude antiferroelectric field present. This suggests a defining
role of heterophase boundaries in choosing the structure that
forms experimentally.

Fig. 1. Schematic depiction of a heterophase boundary, which
shows that some layers of lead-ion displacements propagate the
boundary intact, while the others are “broken”, which costs
energy. Accounting for this energy allows reproducing the
experimentally observed structure.

An unusual new structure grows in volume
continuously on the increase of electric field, implying the
presence of two-phase state with moving boundary. We
have developed a simple energy model for the material in
question, which includes not only a bulk part, but also the
part related to the heterophase boundaries between the host
and guest phases. The model is empirical (parametrized),

4. Conclusions
The work demonstrates an unusual experimental
observation together with a novel approach required for its
qualitative explanation. The ferrielectric-like phase
combines a relatively long period, similar to the ones of
incommensurate phases in these materials, with the
commensurateness induced by the heterophase contact.
The findings pave the way for creating sophisticated
structures in antiferroelectrics, which can be potentially
useful in dense memories and other electronics. Further
information can be found in the forthcoming publication
[1].
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Abstract. For the first time in the world, on the basis of MBE-grown PbSnTe:In epitaxial films, MIS structures of the transistor type
(MIST) with a thin-film Al2O3 gate dielectric were created and studied at helium temperatures. The dependences of the MIST channel
current on the drain-source voltage and gate voltage, temperature, and magnetic field were explored. The results obtained are
qualitatively explained in terms of the injection nature of the channel current with current limitation by the space charge in the presence
of various types of traps, including surface traps.

1. Introduction
Lead and tin tellurides form a Pb1-xSnxTe solid solution
in the range of x = (0 – 1). At xinv ~ 0.35, the bands become
inverted, and Eg = 0. At low temperatures, the fundamental
absorption edge λr ~ (5.5 – 12) micron corresponds to x ~
(0 – 0.20), with parameters of PbSnTe necessary for
creation of p-n junctions and photodiodes with properties
suitable for practical use in thermal imaging technology.
The PbSnTe surface attracted considerable interest in the
1970s mainly because of the problem of surface leakage
currents in photodiodes. Large values of n0 (or p0) and high
static permittivity (ε > 400 for PbTe, up to ε ~ 1000 ÷ 4000
and more with increasing x) prevented the use of MIS
structures and the field effect for solving these problems.
Moreover, in a comparative analysis of two materials for
IR technology, namely HgCdTe and PbSnTe, the large ε of
the latter was indicated as a disadvantage that prevented the
use of MIS technologies for photodetectors. In the late
1970s, it was found [1, 2] that the introduction of In at
concentrations up to several at.% sharply reduces n0 (p0) in
PbSnTe:In of composition x ~ (0.18 – 0.27), bringing it up
to an insulating state near T = 4.2 K. However, despite the
large number of publications on the properties of
PbSnTe:In, MIS structures based on it have not been
studied at all. In the last decade, special interest in PbSnTe
is attracted due to the fact that compositions with x ~ xinv
and higher exhibit the properties of a topological crystalline
insulator (TCI) [3]. In this case, the effects conditioned in
TCI by Dirac surface states can manifest themselves
against the backdrop of other properties of PbSnTe:In
associated with the surface. The aim of this work was to
create MIS structures based on PbSnTe:In and to study their
properties
related
to
the
surface,
including
galvanomagnetic phenomena.
2. Experiment
A fairly detailed description of the world's first
PbSnTe:In MISFET structure was given in [4]. Using
photolithography, MISFETs were fabricated on 1 to 2
micron thick PbSnTe:In films, grown on (111) BaF2
substrates with molecular beam epitaxy (see, for example,
[5]). The MISFET channel had a width of near 10 micron
and a length L about 6 to 18 micron. The drain and source

of n+-type of conductivity were formed with vacuum
deposition of a thin indium layer followed by diffusion
annealing. The gate Al2O3 dielectric 72 nm thick was
formed with atomic layer deposition. The titanium gate was
also fabricated using vacuum deposition. The leakage
current through Al2O3 did not exceed 10–12 A at the gate
voltage Ugate < 10 V. Modulation of the channel current Ids
with the Ugate voltage was observed in the range
T = (0.1 – 22) K, and under certain conditions it exceeded
103 times. Static current-voltage characteristics Ids = f(Uds),
dependences Ids = f(Ugate) with stepwise and sawtooth
changes in Ugate(t) and different Uds, dependences of Ids
versus magnetic field (Ids=f(B)) at different Uds were
explored for different values of Ugate. At the field B < 12 T,
the change in Ids attained more than 103 times at a certain
combination of Uds, Ugate and T. Some of the results
obtained on MISFET with L = 6 micron at T = 4.2 K are
given below.
3. Results and discussions
Pieces of curves Ids = f(t) with a stepwise change in
Ugate(t), for Uds = 0.4 V and B = 0, 3.68 T, and 7.35 T are
shown in Fig. 1 for the temperature T = 4.2 K. The
magnetic field is directed normally to the PbSnTe:In
surface. The dotted lines show the curves of approximation
of sections Ids(t) in the functional form of

I1 (t ) = I 01(t ) + I1  e

−

t −t s

1

and

I 2 (t ) = I 02 (t ) + I 2  (1 − e

−

t −t s

2

)

for the falling and growing curve sections, respectively.
Here ts = 80, 100, and 120 s are the Ugate switching times.
The falling sections are those in the interval Δt = 100 ÷ 120
s and the middle (red) curve at t > 120 s. The fitting
parameters of τ1 or τ2 are shown near the dotted curves. It
can be seen that the magnetic field strongly affects both the
magnitude of the relative change in Ids upon switching
(from less than a factor of 10 to more than a factor of 100)
and the characteristic time constants, which change in a
magnetic field by a factor of 15 – 30. The magnetic field
can also change the apparent behavior of relaxation. So, for
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example, in the region t > 120 s, at B = 0 or 7.35 T, the
current Ids increases, while at B = 3.68 T, it decreases.

negative charge is gradually accumulated on such traps,
which causes the “dips” in Ids in Fig. 1 after switching Ugate
at t = 80 and 120 s, as well as a rapid decrease in Ids in Fig.
2 as Ugate begins to decrease back after it reaches +10 V.
And vice versa, the rapid increase in Ids with increasing
Ugate near Ugate = –10 V is qualitatively explained by the
accumulation of a positive charge on surface traps (due to
the ejection of electrons from them) at Ugate < 0. Numerous
features on the curves in Fig. 2 are explained by the
presence of traps of various types with a complex energy
spectrum [6]. The degree of their population is important in
the SCLC mode and changes differently with Ugate.
Рarameters of these traps can strongly depend on B, and the
ionization energy of different traps grows differently with
increasing B [7]. This may be the reason why B so strongly
affects the shape of curves in Fig. 2 and the relaxation
dependences in Fig. 1.

Fig. 1. Dependences Ids(t) for 3 values of B (below, figures and
solid lines) for a stepwise change in Ugate, and approximation of
Ids by exponential functions (dotted lines). Uds = 0.4 V, T = 4.2 K.
The time constants τ are indicated near the curves. The Uds(t) plot
is shown at the top.

4. Conclusions
The channel current of the first created MISFET
structure based on PbSnTe:In depends in a complex way on
the magnetic field and, under certain conditions, can vary
up to 103 times in fields up to B = 12 T. The obtained results
are qualitatively explained within the framework of a
model that assumes the predominance of space chargelimited currents in the MISFET channel in the presence of
various types of traps, including surface traps.

The dependences Ids = f(Ugate) for a sawtooth change in
Ugate(t) with a period of 36 s for three values of B and
Uds = 0.4 V are shown in Fig. 2.
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Fig. 2. Ids versus Ugate characteristics of MISFET for constant
Uds=0.4 V and three values of B (shown in the figure). T = 4.2 K.
The Ugate(t) was swept in sawtooth waveform with period of 36 s.
The sweep direction is indicated by arrows.
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For each value of B, two dependences are shown,
measured one after another: the first one is dotted and the
second one is solid. The directions of change in Ugate(t) are
shown by arrows. It can be seen from the figure that quite
a good reproducibility for the two successive curves is
observed with a pronounced hysteresis due to the
recharging of the traps. The maximum relative change in Ids
caused by Ugate is close to 300 (at B = 7.35 T).
At a qualitative level, the presented results can be
described as follows. First of all, for Ids, the space charge
limited current (SCLC) mode is supposed. In this case, the
electrons injected from the n+ source not only contribute to
the current transport but are also captured by relatively
“slow” traps, including those at the surface. At Ugate > 0, a
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Abstract. Domain wall propagation in the creep regime was studied in Pd(dPd)/Co(0.7 nm)/Pd(3 nm) epitaxial structures in
simultaneously applied in-plane and out-of-plane magnetic fields. The thickness of the bottom Pd layer varied from 3 to 10 nm. An
increase in the thickness of the bottom Pd layer led to an increase in the interface roughness in the samples, while the distribution of
the strains in the Co layers was not affected. Therefore, we investigated the influence of the roughness of the interfaces on the magnetic
parameters of the samples. The Dzyaloshinskii-Moriya interaction field increased with increasing of the interface roughness from 17
 2 to 31  3 mT but remained lower than domain wall anisotropy field. The chiral damping weight demonstrated a maximum of 0.994
with a thickness of the Pd bottom layer of 5 nm. The roughness of interfaces strongly influenced the asymmetry of domain-wall
propagation in the combination of in-plane and out-of-plane magnetic fields.

1. Introduction
The Dzyaloshinskii-Moriya interaction (DMI) is an
intriguing phenomenon that has recently attracted
significant interest due to the possibility of using it in
racetrack memory devices [1]. The DMI has a predominant
contribution from the interfaces in multilayered heavy
metal-ferromagnetic structures because the inversion
symmetry is broken in the interface layers (interfacial
DMI). The net interfacial DMI in symmetric multilayered
systems should be absent because the effective
contributions to the DMI from the bottom and top interfaces
should compensate each other. However, non-zero DMI is
observed in symmetrical systems, which is often explained
by different properties of the lower and upper interfaces,
such as deformations, structural quality, roughness, and
sharpness [2].
In this paper, we investigate a series of Pd/Co/Pd
samples with a constant Co thickness of 0.7 nm and a
variable Pd bottom layer thickness since the interface
roughness strongly depends on the thickness of the Pd
bottom layer. We try to find out the influence of interface
roughness on the creep of domain walls (DWs) and DMI.
The experimental data are fitted by the extended dispersive
stiffness theoretical model. The obtained results are
discussed and analyzed.
2. Experiment
The samples were evaporated in an Omicron ultrahigh
vacuum system, which consisted of a molecular beam
epitaxy chamber and an analysis chamber interconnected
with each other. Si(111) was used as the substrate, which
was washed with isopropyl alcohol and distilled water
before being loaded into the chamber. The substrates were
then heated in situ at 800 K by indirect heating for 12 h.
Immediately before deposition, the substrates were
subjected to instantaneous direct current heating at 1400 K
seven times for 5 s and slowly cooled down to 300 K. All
the metals were evaporated from high temperature effusion
cells.
The deposition rates were monitored by a quartz crystal
microbalance, which was calibrated by means of reflection

high energy electron diffraction (RHEED). The lattice
period of the metal layers during growth and their structure
were analyzed using RHEED. Epitaxial Pd(dPd)/Co(0.7
nm)/Pd(3 nm) trilayers were grown on a Si/Cu(2 nm)
surface. The thickness of the bottom Pd layer dPd was varied
from 3 to 10 nm. The roughness of the lower Pd layer was
evaluated by scanning tunneling microscopy.
The magnetic hysteresis loops of the samples were
measured using a vibrating sample magnetometer with
applied magnetic fields of up to 2.2 T. The magnetic
structure was investigated by a magneto-optical Kerr effect
(MOKE) microscope. The MOKE microscope was
equipped with a handmade coil that applied out-of-plane
(OOP) magnetic fields and an in-plane (IP) electromagnet.
The OOP coil was used in pulse mode and produced
magnetic fields with an amplitude of up to 60 mT and a
width down to 2 ms. The scheme for the measurement of
the DW velocity was as follows. Using focused ion etching,
an artificial defect was made on the surface of the sample,
on which a circular domain was stably nucleated. A
constant IP magnetic field was switched on. The pulse of
the OOP magnetic field of the calibrated time-length was
applied. The distance at which the DW propagated was
measured from a snapshot of differential magnetic contrast
made by the Kerr microscope. The velocities of the left and
right DWs were measured separately, after which the
results were averaged.
3. Results and discussions
The RHEED streaks confirm the well-ordered
crystalline structure of the layers. The bottom Pd layer
demonstrates a volume lattice parameter at the thickness of
3 nm that does not change with further increasing of the Pd
bottom layer thickness up to 10 nm. The Co layers grown
on top of the lower Pd layers are strained. As the Co layers
grow, the strains partially relax. Because the thickness of
the Co layers was only 0.7 nm, the lattice parameter at the
top of the Co layers is not restored to the volume lattice
parameter of Co. The root-mean-square (RMS) roughness
of the bottom Pd layer increases from 0.24 to 0.8 nm in the
thickness interval of the Pd bottom layer from 3 to 10 nm
(Fig. 1).
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As the of Pd of the bottom layer thickness increases, the
perpendicular magnetic anisotropy field increases nearly
linearly from 1.24 to 1.32 T, which may be explained by an
increase in roughness and, hence, a decrease in the
demagnetizing coefficient along the normal surface of the
samples. A saturation magnetization remains nearly the
same in the whole series of samples.
The v(Hx) curves demonstrate strong asymmetry. The
velocity curves of the samples were approximated by an
extended dispersion stiffness model [3]. The fitting
parameters were a DMI field 𝐻𝐷𝑀𝐼 , a DW anisotropy field
𝐻𝐵 , a correlation length ξ, a chiral damping weight χ∗, and
a characteristic velocity 𝑣0∗ . A fitting program searched for
the minimal residual dispersion by means of variation of
the fitting parameters. The dependence of the DMI field on
the thickness of the lower Pd layer is shown in Fig. 2. It
monotonously increases with increasing of the interface
roughness from 17  2 to 31  3 mT. The DMI field near
doubles at the extreme points of the 0HDMI(dPd)
dependency. This result confirms the conclusions of our
recent article in which we observed an increase in DMI in
sputtered systems with increasing interface roughness [4].
Nevertheless, the absolute values of the DMI fields remain
lower than those of the anisotropy fields regardless of the
interface roughness, which indicates that the DWs have a
transient Bloch-Neel structure in the investigated system.

As the thickness of the lower Pd changes from 3 to 5
nm, the absolute value of the chiral damping weight
increases and then, with further increasing of the thickness
of the bottom layer of Pd, decreases as shown in Fig. 2.
Strictly speaking, the physical nature of the asymmetry of
the curves v(Hx) is a subject of discussion. In some studies,
this effect is called induced chirality, or additional
asymmetry. Relatively low changes of the chiral damping
coefficient strongly influence the behavior of v(Hx) curves
and increase the asymmetry between parts of the v(Hx)
curves measured in positive and negative IP magnetic
fields.
4. Conclusions
We investigated the creep of DWs in the combination
of in-plane and out-of-plane magnetic fields in a series of
epitaxial Cu(2 nm)/Pd(3–10 nm)/Co(0.7 nm)/Pd(3 nm)
samples. The thickness of the Pd bottom layer defines the
roughness of the interface in this system. The measured
velocity curves, v(Hx), are fitted with an extended
dispersive elasticity model. The Dzyaloshinskii-Moriya
interaction (DMI) field increases with increasing interface
roughness from 17  2 to 31  3 mT. The absolute value of
the chiral damping coefficient increases from 0.935 to
0.994 with an increase of the thickness of the Pd bottom
layer from 3 to 5 nm, and then decreases to 0.97 at the
thickness of the Pd bottom layer of 10 nm.
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Abstract. Structural, optical and magneto-optical characteristics of Bi2.3Dy0.7Fe4.2Ga0.8O12 / Au magnetoplasmonic structures formed
on the pre-structured substrate of gadolinium gallium garnet in the form of one-dimensional arrays of nanostrips and two-dimensional
arrays of nanoholes were considered. An increase in the initial period of structuring during the sequential formation of layers and
resonance features of the structures in the wavelength range from 400 to 950 nm were demonstrated.

1. Introduction
More recently it has been shown that optical, magnetooptical and optomagnonic effects not previously observed
in continuous nanoscale films present in structured iron
garnets (metasurfaces of iron garnets) and its quite
promising for photonics and spintronics applications [1-3].
Research and development of possible experimental
methods for the formation of metasurfaces of iron garnets
are actual tasks in these field in addition to comprehensive
modeling and experimantal studies of the influence of
structural parameters to their properties. This investigation
presents the analysis of morphology and structural
parameters, optical and magneto-optical properties of
nanostructured films of bismuth-substituted dysprosium
iron
garnet
with
nominal
composition
Bi2.3Dy0.7Fe4.2Ga0.8O12 (BiDyIG) and magnetoplasmonic
structures on their basis. It was proposed to carry out the
structuring of film by synthesizing them on structured
substrate of gadolinium gallium garnet (GGG).
2. Experiment
One-dimensional and two-dimensional gratings in the
form of nanosrips and nanoholes on GGG surface were
formed by electron beam lithography, ion and plasma
chemical etching. A positive high-resolution PMMA 950
C2 resist and special multilayer masks of metal V, Cu and
Ta films were used in lithography to create the necessary
grating periods and etching thicknesses. We studied the
dynamics of crystallization of BiDyIG layers with
nanosized thicknesses from 30 to 110 nm on GGG
substrates without nanostructuring before the formation of
iron garnet on the surface of structured GGG. As a result, a
BiDyIG film thickness of about 60 nm was chosen for the
formation of a meander type structure, since the initial
surface structuring has a period P from 400 to 800 nm for
structures in the form of stripes array and from 800 to
1000 nm for structures in the form of nanoholes array. The
depth of GGG surface structuring is 70 nm. The deposition
of BiDyIG layer on nanostructured GGG was carried out
on a URM 3-279.014 setup in an oxygen-argon mixture
using an ion-beam source "Kholodok-1". BiDyIG was
crystallized by annealing in air at atmospheric pressure and
a temperature of 700°C. The duration of crystallization
annealing was 60 min. The sample were heated and cooled
at a temperature rate of about 5°C/min during annealing

process. Metal layer of structure GGG / BiDyIG / Au was
synthesized using the magnetron sputtering method. The
thickness of layers, structure and topology of the surface of
synthesized samples were studied using the INTEGRA
scanning probe microscope (NT-MDT) and the equipment
of the Central Collective Use Center "Physics and
Technology of Micro- and Nanostructures" (electron
microscope SUPRA 50 VP with a hardware-software
complex ELPHY PLUS electronic lithography, NEON 40
two-beam system, etc.). Semicontact atomic force
microscopy (AFM) was applied to measure surface
parameters: root mean square roughness rms and
polycrystalline size Z. The measurements were carried out
by cantilevers of HA_HR ETALON. To visualize the
optical response of structures in nanoscale the scanning
near-field optical microscopy (SNOM) were used [4]. The
structures were examined by linearly polarized ligth with a
wavelength of 630 nm from the bottom side of substrate
using aspherical lens with a low numerical aperture
NA = 0.3. The ligth was collected in the near field zone
from the sample surface through the nanosized aperture of
the probe SNOM_NC and objective lens (NA = 0.7, 100х).
Spectra of transmittance and rotation angle of
polarization plane (optical and magneto-optical) were
measured by handmade automated spectropolarimeter in
the field 2 kOe at normal incidence. The rotation angle of
polarization plane was fixed by compensation of the
transmittance to minimal values using fixed analyzer and
rotating polarizer.
Faraday rotation θF were determined as half-difference
of two values θF(+H) and θF(‒H) obtained for two opposite
directions of magnetic field:
 ( + H ) −F ( −H )
F = F
.
(1)
2
Rotation difference θR due to magnetization reversal in
opposite fields were determined as half of the sum of two
values θF(+H) and θF(‒H):
 ( + H ) + F ( −H )
R = F
.
(2)
2
3. Results and discussions
Figure 1 shows AFM images of synthesized
metasurfaces with different geometric parameters and
structuring type. The crystallized BiDyIG layer deposited
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the first in GGG / BiDyIG / Au structure has a pronounced
polycrystalline structure with a large average grain size
AGS = 136 nm. In this case, iron garnet layer repeats the
nanostructure on the surface of GGG substrate retaining the
original topology. A similar situation occurs after the
synthesis of Au layer. However, an increase in the average
value of period P of the structure is observed with
successive deposition of layers. Thus, the value of P is
645 nm at slot width W = 290 nm in the case of BiDyIG
sedimentation and 640 nm (W = 300 nm) in the case of Au
sedimentation for nanostructure on GGG as an array of
nanostrips with P = 600 nm (W = 242 nm).

depends on the polarization position of the incident light on
the structure.
Figure 2 shows the relative transmission spectrum and
rotation spectra of the structure with P = 600 nm in
comparison with the same data for the unstructured region
of the sample. Three characteristic resonances can be
distinguished in the spectra at 634, 675 and 815 nm. The
most pronounced resonance is at 675 nm with a 20%
increase in transmittance and the appearance of a
significant difference in rotations in opposite fields.

Fig. 2. Rotation angels spectra θR (a) and θF (b) of the structure
with P = 600 nm (black lines) in comparison with the same data
for unstructured region of the sample (gray lines) and its relative
transmittance spectrum (c).

4. Conclusions
Formation features of iron garnet metasurface of
meander-type and magnetoplasmonic structure based on it
were studied using scanning probe microscopy methods.
An increase in the initial period of structuring during the
sequential formation of layers were demonstrated. An
enhancement in the rotation of polarization plane of light at
the resonant wavelength of the structure was found.
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Abstract. For La1-xSrxMnO3 powders prepared by the solid-phase reaction method using various thermal regimes and x values, the
temperature dependences of magnetization, circular magnetic dichroism (MCD), and diffuse reflectance spectra were studied. The
powders synthesis at temperatures of 800–900 °C for 2 h leads to the formation of a multiphase state. The higher temperatures and
duration of synthesis lead to the formation of two predominant magnetic phases with the Curie temperature (TC) of about 250 and 360
K. Correlation is established between magnetic states of the powder and the shape of the diffuse reflection spectra. The strong red shift
of the MCD spectrum for the La1-xSrxMnO3 powder is revealed comparing to the MCD spectra of La1-xSrxMnO3 films available in
literature.

1. Introduction
The manganite R1-xMxMnO3, where R is the trivalent
lanthanide and M is the divalent alkaline earth metal
attracts considerable attention because of chemical
stability, strong correlation between magnetism and
transport properties and have potential for such
applications as magnetic field sensors, giant
magnetoresistive (GMR) elements in spintronic devices,
and for creation of thermal stabilized coatings. In Ref. [1],
strong changes were revealed of the La1-xSrxMnO3
diffusion spectrum shape in visible region in dependence
on the synthesis conditions. As this material possesses
ferromagnetic order, it is interesting to consider the
correlations between the revealed optical peculiarities and
the powder magnetic properties which are formed by the
different technological regimes and x-values. The
magneto-optical MCD and Kerr effect in dependence on
the light wave energy and temperature were investigated
here alongside with the magnetization dependences on
temperature and an external magnetic field to obtain
additional information about the samples magnetic phases.
2. Experiment
Two series of La1-xSrxMnO3 powders were fabricated
by solid-state reaction method [1] from the mixture of
La2O3, MnCO3 and SrCO at different synthesis parameters.
For the first series of samples with fixed x=0.175, the
synthesis temperature changed from 900 to 1200 °С, for the
second series two-stage annealing of the samples at 800 and
1200 degrees was used, while x varied from 0.15 to 0.25.
3. Results and discussions
For all samples, the effect of the synthesis thermal
regimes and Sr concentration on the dependences of
magnetization on temperature M(T) and external magnetic
field M(H) were established, these results substantially
supplemented the XRD data. In the derivative of
magnetization with respect to temperature, M(T)/dT,
curves (Fig.1.), the peak was observed for all samples at 42
K which was in the total agreement with XRD patterns and
corresponded Mn3O4 phase. The synthesis temperatures
exceeding 1000 °C in the one-stage regime and synthesis in
two-stage regime lead to formation of two coexisting
magnetic phases (1) with x close to 0.185 and Curie

temperature of about 250 K and (2) with x close to 0.4 and
Curie temperature of about 360 K.

Fig. 1. Derivative of magnetization with respect to temperature
for sample x=0.175 1200 °С, 6 h.

Fig. 2. MCD spectra at different temperatures for sample
x=0.175, 800 °С, 2 h +1200 °С, 2 h.

For all samples obtained, correlation between M(T)
dependences and diffuse reflection spectra was observed.
Magnetic circular dichroism (MCD) was studied for the
manganite powder samples for the first time. In all cases,
the character of the spectral dependence of the MCD (Fig.
2) coincides in shape with the MCD literature data of a thin
La0.7Sr0.3MnO3 film, but the entire spectrum is rigidly
shifted to lower energies by about 0.5 eV. The most intense
maxima of the MCD spectrum in the region of 2.2 and 3.3
eV are assigned to spin-allowed and spin-forbidden
electronic transitions in Mn3+ and Mn4+ ions. It should be
noted that the MCD data confirmed the assumption of the
coexistence of several magnetic phases in the samples
under study.
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Investigation of the dependence of current induced
magnetization switching in the W-CoTb-Ru structure
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Abstract. The study of ferrimagnets is an important direction in the development of spintronics since these materials can combine the
advantages of ferromagnetic and antiferromagnetic materials. Of particular interest is the compensation point – the state with zero net
magnetization. In this work effect of spin-polarized current on the magnetic structure has been investigated in the W/CoTb/Ru
ferrimagnetic system. It is shown that using current pulses it is possible to reversibly switch the orientation of the magnetization in the
structure. The effectiveness of such an impact depends on the thickness of the ferrimagnet layer and the position of the compensation
point.

1. Introduction
Local control and detection of the magnetization
orientation by the means of electric current in magnetically
ordered media is an important fundamental area of research
with the possibility of practical application. A promising
medium for such research is ferrimagnets (FIM):
multicomponent materials with antiparallel ordered
magnetic sublattices formed by different atoms. Zero
resulting magnetic moment can be achieved in a such
system, which makes it possible to combine the advantages
of ferromagnets (FM) and antiferromagnet (AFM): high
stability and high dynamics of the antiferromagnet [1], and
ease of states registration by means of magnetotransport
methods, as in a ferromagnet, even under the condition of
zero magnetization, due to the different nature of the
magnetic moments in the atoms of rare earth and
ferromagnetic elements. Thus, the study of the mechanisms
of FIM remagnetization under the action of a spin-polarized
current can give important theoretical and practical results
for the development of spintronics.
2. Experiment
The compensation point can be obtained as a result of
changing one of the three parameters, with other fixed: the
mutual concentration of atoms in the CoTb alloy [2]; 2)
sample temperature [3]; 3) FIM layer thickness [4]. In a
number of works, it is stated that in the vicinity of the
compensation point, the maximum ratio of the effective
magnetic field induced by the current to the conduction
current density can be achieved [5]. In such works, the state
of compensation is achieved by changing the composition
of the alloy. In this work, the effect of current-induced
magnetization reversal is considered in the case when the
compensation state is achieved by changing the thickness
of the FIM layer. A series of samples of the composition
W(4)/Co56Tb44(x)/Ru(2 nm), x from 1.5 to 7 nm, was
prepared by magnetron sputtering on Si/SiO2 substrates,
Fig.1a. To study the magnetic transport properties the Hall
bar structures were prepared by photolithography and ionplasma etching, Fig. 1b.
3. Results and discussions
A study of the magnetic properties showed that with the
specified composition, the compensation state corresponds
to a thickness of 4 nm, Fig. 1d. Decreasing thickness brings

the sample to the Co-rich state: the magnetic moments of
Co atoms are oriented along the external field, while Tb is
antiparallel. An increase in thickness, on the contrary, to the
Tb-rich state. The passage of current pulses through the
Hall bar structure in the presence of a constant in-plane
field Bx leads to a reversible switching of the magnetization
orientation in the structure from the up-state to the down,
Fig. 1c, because of the spin-orbit torque effect [6].
Switching current Ic was noted as a parameter indirectly
corresponding to the efficiency of current-induced
magnetization reversal. In Fig.1d dependences of the
magnetic moment and switching current on the FIM layer
thickness are compared. The lower switching current
corresponds to the minimum thickness of the FIM layer.

Fig. 1. (a) Composition of the investigated structure, thickness in
nm. (b) Image of the Hall bar structure with orientation of the inplane external field. (c) Hysteresis loop obtained by current
propagation through the Hall bar structure. (d) Saturation
magnetization and switching current versus CoTb layer thickness.

However, there is a local minimum on the dependence,
which does not coincide with the compensation point, as
might be expected. The displacement can be explained by
the heating of the Hall structure in the process of current.
Upon heating, the magnetic moment of Tb atoms decreases,
which leads to a shift in the compensation point to the
region of large thicknesses. In the research, several
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additional studies have been carried out and the obtained
results have been interpreted.
4. Conclusions
The effect of current-induced magnetization reversal of
the W/CoTb/Ru structure is studied as a function of the
thickness of the ferrimagnet layer. It is shown that the
efficiency of current exposure has a complex dependence,
determined both by the thickness of the FIM layer and by
the value of the saturation magnetization, which changes
during the passage of current as a result of heating. The
maximum efficiency corresponds to the minimum
thickness, however, the dependence of the switching
current has a local minimum in the region of the
compensation current.
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Effects of constant, pulse and pulse-reverse current modes
on the electrodeposition of NiFe films
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Abstract. The effect of current modes on composition, crystal structure and microstructure was investigated in this work. For this
purpose, NiFe films were obtained using stationary, pulsed and pulse-reversed electrodeposition. The films composition, crystal
structure and surface microstructure were studied. It has been shown that films obtained in direct current have less concentration of Fe
(36.4%) then films obtained in pulse current (42.15%). And the sample obtained in pulse-reversed mode have the Fe concentration of
27.5%. It has been shown that all the samples have a Ni face-centered cubic lattice. Direct current and pulse current films have a smooth
surface, while a pulse-reverse current film surface is covered by volumetric cauliflower-like microstructure. The model of saccharin
adsorption effect on film growth mechanism in direct and alternating current modes was described in this work.

1. Introduction
Electrodeposited NiFe alloys are widely used in
microelectronics due to their magnetic softness. In
particular, they are used to create magnetic recording heads
and hard disk media. The main advantage of the
electrodeposition method is the ability to apply thin films
(both nano- and micro-dimensional) on parts of any shape.
The use of different compositions of electrolytes, as well as
changes in the technological parameters of deposition (such
as the mode of current supply, current density, etc.) make it
possible to obtain alloys with different compositions and
different microstructure of films, which accordingly affects
the magnetic properties of materials [1–4].
2. Experiment
In this study NiFe films were electrochemically
deposited from an electrolyte of the following composition:
NiSO4 · 7H2O — 210 g/L, NiCl2 · 6H2O — 20 g/L,
H3BO3—30 g/L, MgSO4 · 7H2O — 60 g/L, FeSO4 · 7H2O
— 15 g/l, KNaC4H4O6 · 4H2O (Rochelle salt) —30 g/l,
ascorbic acid — 2 g/l, saccharin — 2 g/l. The films were
deposited on polished steel substrates at 35 °C and a
solution pH of 2.3. The current density was 25 mA/cm2,
which, under these conditions, corresponds to a deposition
rate of 25 μm/h for synthesis at a constant current. The films
were deposited in direct current, pulsed current, and pulsereverse current modes. The deposition parameters are
presented in Table 1.
Table I. Technological parameters for obtaining NiFe films at
constant, pulse and pulse-reverse current
Sample

Pulse
duration, s

Pause
duration, s

Reverse
pulse
duration, s

Total
deposition
time, min

DC

3600

-

-

60

PC

0.1

0.1

-

120

PRC

0.1

0.095

0.005

126

Deposition time was chosen as follows to obtain fims
with almost the same thikness. DC film was deposited for
60 minutes. PC film was deposited for 120 minutes (as
current flowed only during ½ of all time) so effective

deposition time was 60 minutes. Full deposition time for
pulse-reverse mode was calculated by the Equation 1:

𝑡𝐹𝐷 = 𝑡𝐸𝐷 ×

𝑡𝐶 +𝑡𝐴 +𝑡𝑂𝑓𝑓
𝑡𝐶 −𝑡𝐴

(1)

Where tFD is full deposition time, s; tED is effective
deposition time, s; tC is duration of cathodic pulse, s; tA is
duration of anodic pulse, s; tOff is duration of pause, s.
3. Results and discussions
The percentage of iron obtained from the analysis of
energy-dispersive X-ray spectra is presented in the Table 2.
There is an increase in the concentration of Fe during the
transition from stationary mode (36.4%) to pulse mode
(42.15%). The reason for the increase in the Fe content is
the feature of the initial stages of sedimentation. In the early
stages of deposition, the widely described anomalous
deposition of iron is observed, accompanied by the
formation of iron-rich layers [5–6]. The pulse mode is a
special case of the stationary one. It consists of repeated
initial stages of a stationary mode, which means that layers
enriched with iron are formed not only at the beginning of
deposition, but throughout its entire length.
There is a decrease in the Fe content during the
transition to pulse-reversed mode (27.5%). This is due to
the difference in the dissolution rates of nickel and iron.
Pulse-reversed mode includes stage of the films short-term
dissolution when the polarity of the current is reversed. Iron
has a lower electrode potential (-0.44 V) than nickel (-0.24
V), which means iron is more prone to oxidation and
dissolves faster under the action of the reverse current.
Thus, the iron content in the film is reduced.
Figure 1 and Table 2 demonstrate results of XRD
investigations of the NiFe films obtained by the different
modes. The number of well-distinguished peaks can be
observed on the XRD patterns. The most intense and
characteristic peaks are 42-43 deg. (corresponding to the Ni
atomic plane (111) and 50-51 deg. (corresponding the Ni
atomic plane (200). This indicates that these alloys have a
face-centered cubic lattice. Consequently, at the initial
stage of electrodeposition of the Ni – Fe alloy, nickel
adatoms are the first to be deposited. They determine the
type of the formed crystal lattice of the alloy. Iron atoms
replace the latter at the nodes of the crystal lattice, causing
internal stresses. Broadened peaks in the diffraction
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Fig. 2. Microstructure of the surface of NiFe films, investigated
using SEM: 1-DC, 2-PC, 3-PRC.

(222)

(220)

(311)

(200)

Intensity (a.u.)

(111)

patterns indicate a small grain size and high internal
stresses in the lattice. A decrease in the intensity and
increase in the width at the half- height of the (111) peak
was observed for PRC sample, while there are no
significant differences for DC and PRC samples. Increase
in the intensity of the (200) peak was observed for PRC
sample. Width at the half- height of the (200) peak
decreases from DC through PC to PRC sample. Table 2
shows that the CSR was 6 nm for both DC and PRC
samples. Then, an increase in CSR to 7 nm was observed
for sample PC. Crystal lattice parameters a and V are
almost the same for all samples

100

Fig. 1. X-ray diffraction data of NiFe films deposited in DC, PC
and PRC modes.
Table II. Technological parameters for obtaining NiFe films at
constant, pulse and pulse-reverse current.
Sample

at. Fe, %

CSR, nm

a, Å

V, Å

DC

36.40

61

3.570

45.50

PC

42.15

71

3.571

45.54

PRC

27.51

61

3.577

45.77

The surface microstructure of NiFe films, examined by
SEM, is shown in Figure 2. The PT sample has a smooth
surface with a large number of pores. The surface of sample
PC0.1 is slightly less smooth, but does not contain pores.
The surface of the PRC0.005 sample is covered with
volumetric structures in the form of "cauliflower" [7].
Such a dramatic modification of the surface
microstructures is due to the difference in the saccharin
adsorption during electrodeposition in direct and
alternating current modes. In case of DC or PC deposition
saccharine is well adsorbed at the sample surface and it
inhibits vertical grain growth. As result smooth and bright
deposit forms. Whereas in PRC deposition, anodic pulses
lead to faster saccharine desorption in the bulk of
electrolyte leading to decrement of its vertical growth
inhibitor activity. Thus, grains vertical growth was
increased and contributed to the development of volumetric
microstructures on the deposit surface [8].

4. Conclusions
A set of NiFe alloy films was obtained using direct,
pulse and pulse-reverse electrodeposition. The samples had
a composition from 27.5 to 42.15 at % Fe, with differences
caused by change in current modes. The PC film had a
higher Fe content (42.15 at %) as compared to DC film
(36.40 at %), what is the result of more anomalous
character of codeposition in PC mode. The PRC film Fe
content, on the contrary, was lower than those of the DC
and PC films. The reason for this is the faster Fe oxidation
and dissolution during anodic pulses. XRD studies of the
crystal structure have shown that the most intense and
characteristic peaks are corresponds to Ni atomic planes for
all samples. The unit cell parameter is almost the same for
DC and PC samples, but increases from 3.571 to 3.577 Å
and from 45.54 to 45.77 Å3 with transition from pulse to
pulse-reverse electrodeposition. The reason for the
extension of the crystal lattice can be the effect of the
chemical composition. The microstructure was investigated
using SEM. DC and PC samples had a smooth surface
while PRC sample had surface covered by volumetric
microstructures. Such a radical change in the surface is
probably caused both by a change in the current supply
mode and by changes in the adsorption of saccharin during
cathodic and anodic pulses.
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Abstract. Many studies in the field of spintronics are focused on new materials with precisely controlled magnetic properties. We are
showing how to control the magnetic parameters of Pd/Co/CoO/Pd films, such as the effective anisotropy coefficient, saturation
magnetization, and coercive force, by changing the Co thickness.

1. Introduction
Research in spintronics is aimed to create new devices
that will be both cheaper and faster. For this purpose, it is
necessary to have a way to control the magnetic properties
of the spin-orbitronic materials. In this work we study the
influence of the Co layer thickness dependent interface
parameters on the effective anisotropy (Keff), coercive
force (Hc), and the oxidation process in epitaxial
Pd/Co(d)/CoO/Pd systems. Since Pd and Co have different
lattice parameters (the mismatch is ~9.7%), elastic stresses
appear at the interfaces, which contribute to the
perpendicular magnetic anisotropy (PMA) energy [1].
2. Experiment
The epitaxial Pd/Co/CoO/Pd films were grown by
molecular beam epitaxy in an ultrahigh vacuum chamber.
After deposition of the ferromagnetic layer, the films were
oxidized in a dry oxygen atmosphere to form a CoO layer.
The change in lattice parameters was measured by
reflectivity high-energy electron diffraction (RHEED).
Magnetic parameters were studied by a vibrating-sample
magnetometer (VSM) measuring hysteresis loops, and a
Kerr microscope visualizing a magnetic domain structure.
3. Results and discussions
The saturation magnetization (Ms) of Pd/Co/CoO/Pd
samples was determined from the dependences found for
Pd/Co/Pd; therefore, the dependence of Ms on the magnetic
moment per unit area (Ms(ms/S)) was built for nonoxidized
samples:
𝑃𝑑 𝑝𝑜𝑙

𝑀𝑠 =

(𝑀𝑠𝐶𝑜 ∗ 𝑑𝐶𝑜 + 2𝑀𝑠
𝑑𝐶𝑜
𝑝𝑜𝑙

𝑝𝑜𝑙

∗ 𝑑𝑃𝑑 )

(1)

𝑃𝑑 𝑝𝑜𝑙

where 𝑑𝑃𝑑 = 0.2 nm, 𝑀𝑠
= 3.1 ∗ 105 𝐴/𝑚 –
parameters of polarized Pd layer [2, 3], and 𝑀𝑠𝐶𝑜 = 1.42 ∗
106 𝐴/𝑚.
The Ms value for the prepared series of nonoxidized
samples was calculated in the absence of one interface:
𝑃𝑑 𝑝𝑜𝑙

𝑝𝑜𝑙

(𝑀𝑠𝐶𝑜 ∗ 𝑑𝐶𝑜 + 𝑀𝑠
∗ 𝑑𝑃𝑑 )
(2)
𝑑𝐶𝑜
Approximated values for nonoxidized samples were
used to determine Ms from ms/S values of the oxidized
samples.
𝑀𝑠 =

oxidized
nonoxidized

Keffd(Co) (J/m2)

1x104
0

-2x104

-4x104
0

1

2

3

4

5

dCo (nm)
Fig. 1. Keff× dCo depending on the thickness of Co.

Increasing the thickness of the cobalt layer with a fixed
oxidation dose leads to a decrease in the coercive force and
the anisotropy field. The Keff×dCo values for oxidized and
nonoxidized samples differ not only in magnitude, but also
in slopes, Fig.1.
4. Conclusions
Magnetic properties of Pd/Co/CoO/Pd films were
investigated. The dependences of the magnetic parameters
on the thickness of the ferromagnetic layer (coercive force,
effective magnetic anisotropy, magnetic moment,
saturation magnetization) were defined.
We found that with the increasing thickness of Co, the
coercive force the effective anisotropy decrease. The
saturation magnetizations of Pd/Co/CoO/Pd samples were
determined.
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Abstract. All-dielectric magnetic metasurfaces enable efficient interaction of photons and spins in a specially designed nanopatterned
materials with subwavelength thickness. Here we show that a hybrid metasurface containing a smooth Ce:YIG layer and a Si nanodisk
pattern on its top provides sharp optical resonances corresponding to excitation of the guided modes. These resonances are accompanied
by the Fano-type resonances of the Faraday effect. Compared to its plasmonic counter-parts, such all-dielectric metasurface have low
optical losses and thus provide high-Q optical and magneto-optical resonances of several nanometers linewidth. The position of the
magneto-optical resonance is extremely sensitive to the metasurface parameters, including the materials permittivities which can be
easily tuned by the external stimulus. We show that that the magneto-optical Faraday response of all-dielectric metasurface could be
efficiently controlled using the thermal heating.

1. Introduction
All-dielectric metasurfaces attract much attention
nowadays for their unusual properties which can be
achieved by the design of forming them nano-elements, socalled ‘meta-atoms’. Recently all-dielectric magnetic
metasurfaces were shown to enable efficient interaction of
photons and spins leading to the significant enhancement
of the known magneto-optical effects, such as Faraday
effect [1,2], for example, and appearance of the new
magneto-optical
effects,
such
as
transverse
magnetophotonic intensity effect [3]. It was also
demonstrated that transverse magneto-optical Kerr effect
(TMOKE) and longitudinal magneto-optical Kerr effect
(LMOKE), which are close to zero in a transparent
dielectric films and crystals, can experience several orders
increase in all-dielectric magnetic metasurfaces [4-7]. Most
of these studies consider the ‘static’ metasurfaces with only
the magnetic field direction changing.
Here we exploit the concept of metasurface tunability
arising from the sensitivity of its optical, and, consequently,
magneto-optical properties on the parameters of the
materials forming it. We show that the magneto-optical
response of the magnetic metasurface itself could be tuned
via external stimulus. Here we consider the most
straightforward way of such a control using a thermal
heating. However, this approach can also exploit additional
external magnetic field, acoustic pulses, electric currents
and many other phenomenon to achieve the tunability of
the all-dielectric magnetic metasurface magneto-optical
response.
2. Experiment
We consider a hybrid all-dielectric magnetic
metasurface containing a smooth Ce:YIG layer of 200 nm
thickness and a Si nanodisk pattern on its top. The height
of the Si disk is 117 nm, and radius of the disk is 140 nm.
The metasurface is schematically shown in Fig.1 (see
inset). The parameters of the metasurface were chosen to
provide prominent optical resonances corresponding to

excitation of the hybrid Mie-coupled guided modes of TM
polarization at 900 nm and TE type at 1000 nm,
correspondingly (see [6] for the detailed resonance
analisys). Fig. 1 shows the transmittance spectra of the
structure exhibiting two dips, which are associated with
these modes.

Fig. 1. Transmittance spectra of hybrid CeYIG-Si magnetooptical metasurface (see scheme in the inset).

Due to the peculiar character of the displamenet
currents induced in the CeYIG film by the optical fields
under optical mode excitation, Faraday rotation is
significantly enhanced in the vicinity of the TE-type
resonance. Faraday rotation spectra (see Fig. 2) show that
it has a Fano-type shape due to the presence of the nonresonance contribution of the smooth film and resonant
contribution arising from the excitation of the optical
modes. One may see that the latter is very strong causing
the Faraday rotation even to change its sign in the vicinity
of the resonance. Faraday rotation of all-dielectric
metasurface increases 4 times compared to the same film
without Si disk pattern.
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4. Conclusions
A hybrid metasurface containing a smooth Ce:YIG
layer and a Si nanodisk pattern on its top provides sharp
optical resonances. These resonances are accompanied by
the Fano-type resonances of the Faraday effect, which
position is extremely sensitive to the metasurface
parameters. Here we exploit the concept of metasurface
tunability arising from this sensitivity.
We show that the magneto-optical response of the
magnetic metasurface itself could be tuned via external
stimulus. The most straightforward way of such a control
using a thermal heating was considered. It was
demonstrated that Faraday rotation of the metasurface
could be efficiently tuned between -0.3 deg and +0.1 deg
values by the variation of the metasurface temperature.
Fig. 2. Faraday rotation spectra of the hybrid CeYIG film + Si
disks magneto-optical metasurface for the temperatures 293K
(blue line) and 473K (red line).

A bare CeYIG film exhibits a smooth wavelength
Faraday rotation dependence in this spectral region. It is
clearly seen from Fig. 2 that the magneto-optical signal of
the metasurface has a sharp resonance with a high
derivative of 0.02deg/nm in the vicinity of the resonance.
3. Results and discussions
It is important that the position of this resonance is
determined by the metasurface parameters, and, therefore,
could be efficiently controlled using the external stimulus.
Here we consider a thermal heating as such a stimulus.
Refractive index of a material is sensitive to the heating
process. Even higher sensitivity is a achieved in a
metasurface, which gives rise to thermonanophotonics [8].
The shift of the mode position in optical spectra that is
achieved due to the heating process leads the shift of a sharp
Fano resonance curve. Fig.2 shows that for a fixed
wavelength of 982 nm the considered all-dielectric
metasurface exhibits Faraday rotation of -0.3 deg at a room
temperature. If the structure is heated to 473 K, the Faraday
rotation at this wavelength changes it sign and is equal to
+0.1 deg.
Therefore, Faraday rotation in the considered
metasurface is efficiently controlled by its temperature.
Variation of the temperature in the range of 180 K makes it
possible to achieve Faraday rotation values at a fixed
wavelength in the full range between -0.3 deg and +0.1 deg.
These changes are compared and even exceed the Faraday
rotation angle of a smooth film, which was measured as 0.1 deg at the same wavelength.
Such approach gives rise to a novel type of tunable
magneto-optical metasurfaces which magneto-optical
response is not fixed after the structure fabrication, but can
be tuned in a wide range via the external stimulus. It is
important that thermal heating can be performed locally at
the spots of ~1um diameter using focused laser pulses of
diode lasers or any other laser types. In this case, the
magneto-optical response can be tuned locally by the
proper selection of the local temperature in the area of
several microns. Thus one may obtain the inhomogeneous
Faraday rotation distributions across the metasurface by
creation of the laser beam patterns with the desired intensity
profiles.
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Abstract. The results of studies of the electronic properties of noncrystalline oxides of d-elements of variable valence (tantalum and
niobium) are presented, indicating a significant role in the formation of their electronic properties of nanohomogeneity of the structure.
Based on the developed model concepts, productive methods have been developed for improving the functional properties and nondestructive quality control of oxide capacitors

1. Introduction
The electronic properties of noncrystalline metal oxide
materials have been and remain the subject of extensive
research, which is due to the scientific interest in processes
in disordered systems with a strong localization of charge
carriers and the expanding scope of these materials. The
latter covers today not only the creation of capacitors with
record specific characteristics, but also the basic elements
of integrated circuits - field-effect transistors with an
ultrashort channel, non-volatile memory elements, etc.,
which allows us to speak about the formation and
development of metal oxide electronics as a significant
direction [1].
In this paper, we present the results of studies of
representative for noncrystalline variable valence delements oxides, amorphous oxides of tantalum and
niobium, obtained on the metal surface by electrochemical
oxidation [2].
The basis for the concepts of nanohomogeneity, along
with general images of the conjugation of structural
disorder with nonhomogeneity [3], is the nonstoichiometry
of the composition inherent in the material under study in a
wide range of homogeneity, which manifests itself in the
presence of defects such as dangling bonds, which creates
conditions for the formation of regions of local rarefaction.
2. Results and discussions
The presence of nanohomogeneity is indicated by the
fact that at a smaller, according to X-ray diffraction
analysis, metal-oxygen distance and a higher coordination
number of the metal atom than in a metal oxide crystal
similar in the short-range order, the density of the
amorphous oxide is lower than that of the crystalline one.
Based on the structural data and guided by the laws of
thermodynamics and kinetics, it can be assumed that the
structure of the oxide in the regions of nanohomogeneity is
similar to the crystalline one.
These concepts underlie the calculation of the density
of electronic states in the metal oxides under study [4],
which is represented as a superposition of the densities of
state of the amorphous and crystalline components with the
corresponding short-range order parameters.
The calculation results show that with an increase in the
volume content of crystal-like regions, the concentration of
localized states in the band gap of the oxide increases. As
the concentration of nonstoichiometry defects such as

oxygen vacancies increases, the localized states are filled
with electrons. The latter is consistent with X-ray
photoelectron spectroscopy data on the appearance of an
emission band in the band gap during the reductive heat
treatment of oxides.
The nanoheterogeneity of the structure largely
determines the patterns of charge carrier transport in
amorphous metal oxides [5]. An expressive manifestation
of this is the presence at a positive potential on the base
metal of the effect of a decrease in non-ohmic conductivity
in strong electric fields, which precedes its exponential
growth, which indicates a rearrangement of the current flow
paths. It is important to note that this effect manifests itself
starting from the time of loading, when the sizes of the
cluster of states, along which the charge carrier is
transported, reach a value on the order of ten nanometers.
At a negative potential on the base metal, when protons
are injected into the oxide dielectric of the capacitor and
electrochemical reduction of the oxide occurs, leading to a
sharp increase in current [6], the presence of
nanohomogeneity creates conditions for intense ion
transport. This is manifested in the experimentally
established significant increase in the proportion of current
flowing through areas of increased conductivity.
It is important to note that, as the results of X-ray
diffraction analysis show, when a significant current level
is reached, thermal crystallization of the oxide takes place
under these conditions. Significant here can be a crystallike structure in the regions of local rarefaction, just as it
takes place during the formation of glass ceramics.
Nanoheterogeneity is also significantly manifested in
the electrically stimulated crystallization that occurs during
long-term loading of capacitor structures [7], creating
channels for long-range diffusion of oxygen from the
working capacitor electrolyte to the metal-oxide interface,
from where the growth of field crystals begins. The
indicated mechanism of the process of electrically
stimulated crystal growth is evidenced by the obtained
experimental data on the distribution profile of labeled
atoms (O18 isotope) and the dependences of the current
during crystal growth and the degree of crystallinity on
time.
Based on the developed concepts, practical
recommendations have been developed for improving the
functional properties of oxide capacitors by modifying the
dielectric formation technology. It is shown that the
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stabilization of the highest oxidation state of the metal in
them, aimed at increasing the homogeneity of the structure
of amorphous oxides, can significantly reduce the leakage
current at both voltage polarities and increase the resistance
of properties to long-term electrothermal loading.
In order to characterize metal oxide materials on the
subject of determine the degree of their nonhomogeneity, a
number of methods have been proposed based on nondestructive measurement of parameters and characteristics
that are informative in the considered aspect. As such, the
following are defined and substantiated: the value and
behavior of static conductivity in strong electric fields [8],
the cutoff frequency of the multiplet hopping conductivity
on alternating current [8,9], the rate of current growth with
time at a negative potential on the base metal [10], the
magnitude and nature of the frequency dependence of the
dielectric loss tangent in the infrasound region, spectral
density of low-frequency excess noise [11].
4. Conclusions
The results of the study show that in the analysis of the
physical nature and functional application of the electronic
properties of non-crystalline oxides of d-elements of
variable valence, one should take into account the
nanohomogeneity of their structure.
References
[1] A.L. Pergament, G.B. Stefanovich, A.A. Velichko, S.D.
Khanin. Electronic Switching and Metal-Insulator
Transitions in Compounds of Transition Metals. Condenced
Matter at the Leading Edge (Nova Science Publishes,
2006).
[2] L.L. Odynets, V.M. Orlov. Anodic oxide films.
(Leningrad.: Nauka, 1991).
[3] T.V. Bocharova, G.O. Karapityan, A.M. Mironov, K.G.
Karapityan. Physics of nanoscale structures. Formation of
nanoscale regions in glassy materials (Saint Petersburg:
Polytechnic University Press, 2008).
[4] S.D. Khanin, A.L. Ivanovskii. Phys. Stat. Sol. (b). 174
(1992) 449.
[5] S.D. Khanin. Physics of disordered and nanostructured
metal oxides and chalcogenides (Saint Petersburg: A.I.
Herzen RGPU Press, 2011).
[6] G.M. Gusinsky, L.G. Karpukhina, V.M. Muzhdaba, V.O.
Naidenov, G.F. Tomilenko, S.D. Khanin. Solid State
Physics. 29 (1987) 3253.
[7] S.D. Khanin. Materials Science Forum. 185-188 (1994)
573.
[8] S.D. Khanin. Materials Science Forum. 185-188 (1994)
563.
[9] H. Böttger, VV Bryksin. Hopping Conduction in Solids
(VCH, 1985).
[10] S.D. Khanin. Relaxation charge injenction and charge
transport (The Dielectric Soc.Ann.Meeting: Canterberry,
1991).
[11] S.D. Khanin. Problems of Electrophysics of Metal Oxide
Capacitor Dielectrics Reviews in Electronic Engineering.
(Moscow, 1990).

138

Sixth Asian School-Conference on Physics and
Technology of Nanostructured Materials
Vladivostok, Russia, 25 – 29 April, 2022

III.o.12

Effect of Si(001)2×1 surface wetting by Cu monolayers on
granulation process and ferromagnetic properties of
nanofilms consisting of Cu, Co and/or Fe layers
N.I. Plusnin*,1,2, E.V. Blinkova2
1 Institute
2

of Automation and Control Processes FEB RAS , 5 Radio St., Vladivostok 690041, Russia
Academy of Telecommunications, Tikhoretsky pr., 3, St. Petersburg, 194064

*e-mail: plusnin@iacp.dvo.ru
Abstract. Nanofilms and multilayers of Fe, Cu and Co were studied by the methods of LEED, AES, EELS, AFM and MOKE when
growing on a clean surface of Si(001)2×1 and on wetting layers of Cu (Cu-WL) on Si (001) after their deposition and annealing. Studies
have shown that pseudolayer growth of nanofilms occurs on a clean Si(001)2×1 surface. However, the presence of Cu-WL increases
the agglomeration and ferromagnetism of these nanofilms.

1. Introduction
In recent years, the focus has been on the development
of multilayer metal-semiconductor nanostructures for
nanoelectronics and spintronics devices. The interest in
studying layered nanostructures based on multi-layers of
transition metals, such as Fe, Co, Cu, is due to the fact that
they can differ significantly from their bulk counterparts in
crystal structure, electronic and magnetic properties.
2. Experiment
Fe nanofilms, as well as multi layers of Cu/Fe/Cu/Co
and Cu/Co/Cu/Fe were deposited at room temperature of
the substrate and reduced vapor temperature. Samples of A,
B and C - type were obtained, which were deposited on a
pure Si(001)2×1 substrate, on a Cu/Si(001) interlayer and
before and after annealing at 250 °C. The temperature in
the sources during the deposition of Cu (1-5 ML), Fe (1025 ML) and Co (10 ML) had a reduced (as in [1-5]) value
and was 900, 1250 and 1130 °C, respectively. The
thickness of the Cu interlayer corresponded to the thickness
of the copper wetting layer (Cu-WL) on Si (001) [5] and
was within 1-2 ML.
3. Results and discussions
LEED and AES studies of at the initial stage of growth
(WL stage) have shown that in all cases the rate of
attenuation of reflexes in the images of LEED (complete
attenuation after 1 ML) and the rate of disappearance of the
interband satellite of the Auger peak L23VV of the Si
substrate corresponds to a pseudo-layered or multi-point
growth mechanism. At the same time, in the case of a
ferromagnetic metal (Co, Fe), the appearance of a new
interband satellite of the L23VV peak at 2 ML and the
preservation of its structure with subsequent growth after 3
ML indicates Si segregation. With that, the shift of the
plasma satellite of the L23VV peak after 3 ML indicates the
enrichment of the film composition with metal.
In the B - and C-type samples, relative to the A-type
samples, and in the A-type sample, relative to the
theoretical layer-by-layer growth model, a slower growth
of the Co or Fe Auger peak was observed. However, in the
A-type sample, a slower attenuation of the Si Auger peak
was also observed. This shows agglomeration of films
during growth in B - and C-type samples and mixing of Co
or Fe layers with Si from the substrate in an A-type sample.

This conclusion was also confirmed by the EELS study,
which showed a faster formation of volume plasmon loss
peaks in B - and C-type samples compared to A-type
samples.
AFM data confirmed agglomeration in B - and C-type
samples: they showed that the average relief height was
higher than that in A-type samples and that with a total
metal thickness of 2.0-3.0 nm, the average relief height in
B - and C-type samples reached 3.5-4.5 nm. At the same
time, the lateral grain size in the B - and C-type samples
was also higher, but them number was smaller. Assuming
that the grain morphology of the entire film repeats the
morphology of the first ferromagnetic layer (Co, Fe), we
can conclude that the presence of Cu-WL leads to
agglomeration of this first layer in the form of islands. With
further growth of the layers, the influence of Cu-WL
consists in additional agglomeration, with a decrease in the
continuity of the layers and the formation of grains of
similar sizes.
Thus, our studies have shown that, in the case of growth
on a buffer layer of non-magnetic metal (NM), as for B-and
C-type samples, FM nanofilms and NM/FM2/NM/FM1
multilayers become more friable, consist of larger islands,
and have a more pronounced relief. Moreover, if NM is a
noble metal (Cu) and if it is not annealed, the nanofilms are
more strongly compressed into 3D islands. As a result, after
deposition of the NM buffer WL (NM-WL) and its
annealing, ferromagnetism (coercive force and
magnetization) in the obtained nanofilms is stronger than
without the interlayer.
The found phenomena have the following explanations.
When a metal nanofilm is deposited (on a clean silicon
surface - without a buffer layer), the growth mechanism is
the usual: WL growth, growth of metastable, then stable
bulk silicide of this metal, and growth of bulk metal [3-5].
In this case, unreacted Si is segregated both during the
growth of WL and during subsequent phase transitions.
And at the last stage of growth, segregated Si is dissolved
in the growing metal film. Therefore, without the interlayer,
the formation of silicide, segregation and dissolution of Si
in the FM film inhibits it has ferromagnetism.
In the presence of buffer NM-WL, a multi-island
growth of the FM nanolayer occurs without mixing with
silicon, but with a small agglomeration. However, when
NM-WL is annealed, NM silicide is formed, which has a
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higher wettability than NM itself. Annealing of this buffer
layer collects NM silicide near the steps of the substrate.
This leads to the fact that multi-island growth is
concentrated near the steps and the film becomes less
continuous. In both cases, growth proceeds according to the
Folmer-Weber mechanism, and the FM nanofilm gathers
more strongly in islands than when growing on a clean
surface of a silicon substrate.

a)

b)

c)

d)

e)

4. Conclusions
The role of wetting Cu layers in the formation of the
structure and ferromagnetic properties of single-layer and
multilayer nanofilms of ferromagnetic metals (Co, Fe) on
a silicon substrate is shown.
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Fig. 1. Kerr longitudinal rotation and ellipticity (yellow), as well
as AFM image (1000 × 1000 nm2) in Fe (a, b, d, e) and
Cu/Fe/Cu/Co (c, f) nanolayers grown on Cu-WL/Si(001): without
pre-annealing Cu - WL – (a, b, c, e, f) and with annealing - (d).
Thickness: Cu-WL: (a, d) -1 ML and (b, c) - 2 ML; Fe – ~ 10 ML;
Cu/Fe/Cu/Co-35÷40 ML.

Nevertheless, the growth of the next NM layer occurs
according to the Van Der Merwe mechanism, since the NM
layer wets the FM1 agglomerates well and spreads evenly
over their surface. This encourages the formation of a round
(spherical) shape of agglomerates. In this case, the substrate
surface is partially exposed between the agglomerates. The
subsequent growth of FM2 also occurs according to the
Van Der Merwe mechanism, but mainly between FM1
agglomerates. And the growth of the last NM layer again
leads to NM spreading on FM2 agglomerates and stabilizes
their round (or spherical) shape.
As for the ferromagnetic properties, the stronger the
agglomeration of the nanofilm, the higher the thickness of
the agglomerates and the more ferromagnetism is
manifested in it (see, for example, [6]). In addition, this
ferromagnetism is expressed by a rectangular hysteresis
loop, if the agglomerates of ferromagnetic metal acquire a
round or spherical shape. In the case of a multi-layer film,
the agglomerates FM1 and FM2 are adjacent through an
ultra-thin (< 5 ML) interlayer. This leads to the exchange
interaction between them and to the formation of the
smallest coercive force among these two FMs (in the case
of Fe and Co, the coercive force of Co).
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Abstract. Fe+Co/TiO2/Ti composites exhibiting ferromagnetic properties were formed by plasma-electrolytic oxidation in electrolyte
with colloidal particles of iron and cobalt hydroxides. It has been established that the main contribution to the magnetic behavior of the
samples is made by micro- and nanosized formations with an increased iron and cobalt contents, which were found at the bottom and
walls of the pores.

1. Introduction
Composites
"ferromagnetic
oxide
coating/paramagnetic metal" can be used as absorbers of
electromagnetic radiation as absorbers of electromagnetic
radiation, materials in microelectronics and design of
microwave waveguides. Recently, a direction has been
developed associated with the formation of such
composites by the method of plasma electrolytic oxidation
(PEO), using electrolytes containing colloidal particles of
iron, cobalt, or nickel hydroxides. During PEO treatment,
electrolyte components are incorporated into the MxOy
layer growing on the substrate metal. In this case, the
metals from the electrolyte are distributed unevenly over
the coating surface, concentrated in defective areas of the
surface, including pores and cracks.
In the pores, metals are concentrated in the composition
of crystallites, which, apparently, are metal particles
surrounded by oxide-hydroxide shell. The experimental
data previously obtained for such systems suggest that it is
the crystallites that make the main contribution to the
magnetic characteristics of the formed composites. In this
work, Fe+Co/TiO2/Ti composites have been formed, and
their magnetic characteristics have been studied in relation
to their composition and structure, including those at the
microlevel.
2. Experiment
Fe-, Co-containing PEO coatings have been formed on
an anode-polarized VT1-0 titanium sample at an effective
current density of 0.1 A/cm2 for 5 min in PBWFeCo
electrolyte, containing (mol/L): 0.066 Na 3PO4 + 0.034
Na2B4O7 + 0.006 Na2WO4 + 0.015 Fe2(C2O4)3 + 0.04
Сo(CH3COO)2. Surface images and data on the elemental
composition, including individual surface components
(crystallites in pores, pore bottoms and walls) were
obtained using a Hitachi S5500 high-resolution scanning
electron microscope (Japan) with a Thermo Scientific
energy-dispersive analysis attachment (USA). Magnetic
measurements were carried out on a SQUID MPMS 7
magnetometer (USA) at a temperature of 300 K. During the
measurements, the samples were placed parallel to the
direction of the magnetic field. When calculating the
magnetization, the measured magnetic moment was
normalized to the mass of the coated sample.

3. Results and discussions
The use of electrolyte-sol with dispersed particles of
iron and cobalt hydroxides allows obtaining the coatings
with ferromagnetic characteristics on titanium substrate.
The value of the coercive force at 300 K is 179 Oe. Iron and
cobalt from the electrolyte are concentrated in pores in the
composition of spherical formations with characteristic
dimensions of 70 nm, combined into agglomerates. Fig. 1
shows SEM image of crystallites in the pores of PEO
coating. The particles contain (at.%): 15.9 Fe, 25.7 Co, 37.1
Ti, 11.2 O, 7.8 P, 2.3 W, while the surface composition of
the coatings is as follows (at.%): 22.9 C, 64.2 O, 4.6 Na,
4.4 P, 0.4 Fe, 2.3 Ti, and 1.2 Co. Elevated concentration of
iron and cobalt and a lack of oxygen for the formation of
their stoichiometric oxides may indicate the presence of
reduced metals in the composition of crystallites localized
at the bottom and walls of the pores. The crystallites
apparently consist of a mixture of reduced Fe or Fe + Co
metal cores, surrounded by oxide-hydroxide shell.

Fig. 1. SEM image of crystallites in the pore of the formed
coating.

4. Conclusions
Using plasma-electrolytic treatment of titanium in an
electrolyte containing simultaneously colloidal particles of
Fe(III) and Co(II) hydroxides makes it possible to form
Fe+Co/TiO2/Ti ferromagnetic composites. The Co- and Feenriched crystallites in the pores of the coatings are
apparently responsible for the ferromagnetism of the
formed composites.
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Abstract. In this work, within the framework of the Ising model, a study was made of the influence of a magnetic field on the
concentration phase transition in a dilute ferromagnet at a temperature 𝑇 → 0. It is shown that, in a face-centered cubic lattice, a random
substitution of magnetic atoms for non-magnetic ones leads to a transition from a ferrimagnetic state to a paramagnetic state through
an intermediate phase, the Griffiths phase. In this case, the magnetic field compresses this phase due to the displacement of the
paramagnetic point of the phase transition closer to the ferromagnetic one.

2. Research methodology
The presence of a phase transition was determined from
the position of the maximum of the magnetic susceptibility
𝜒 calculated from the well-known formula (1) and the
behavior of the magnetization 𝑀 (2):
𝜒=

𝑁
[〈𝑀2 〉 − 〈𝑀〉2 ],
𝑡

(1)

N𝑚

Mma =

1
〈∑ si 〉 ,
N

(2)

site of the lattice, and 𝒄𝒊 = 𝟎 or 𝟏 if the site is occupied by
a non-magnetic or magnetic atom.
3. Results and discussions
The anomalous behavior of the magnetic susceptibility,
which manifests itself in two maxima (Figure 1), is
interpreted by us as a manifestation of two successive phase
transitions. Similar anomalies are observed both in the
magnetization [1-3], and in the susceptibility [2-4] and heat
capacity [5] of real systems. Thus, we believe that the highconcentration peak 𝒑𝒄,𝒉 corresponds to the transition from
the ferromagnetic phase to the Griffith phase, and the lowconcentration
𝒑𝒄,𝒍 from the Griffith phase to the
paramagnetic phase. In the region between 𝒑𝒄,𝒉 and 𝒑𝒄,𝒍 , a
state is observed in which the magnetization remains high
due to the existence of large ferromagnetic clusters.

i

1
∑ 𝑐𝑖 𝑐𝑗 𝑠𝑖 𝑠𝑗 + ℎ ∑ 𝑐𝑖 𝑠𝑖
2
𝑖,𝑗
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here 𝑁 is the number of nodes in the lattice; 𝑡 = (𝑘𝐵 𝑇) ⁄ 𝐽
– relative temperature; 𝑘𝐵 is the Boltzmann constant;
brackets 〈 〉 and [ ] denote averaging over 104 Monte
Carlo steps and 2 ∙ 102 different lattice configurations,
respectively. The calculation was carried out at a
temperature close to absolute zero 𝑡 = 0.01. The
Hamiltonian was determined by expression (3), where 𝐽 =
1 is the exchange integral, and ℎ = 𝐻/𝐽 is determined by
the magnetic field in the range from 0 to 5 T.
ℋ = −𝐽

0T
0.1 T
1T
2T
5T

120

Magnetic susceptibility 

1. Introduction
To date, many modern works are devoted to the study
of spin and cluster glasses, and materials with ordering
similar to the Griffith phase [1-6]. Among these systems,
double perovskites Re2CoMnO6 (Re = rare earth ions)
attract special attention due to the manifestation of
semimetallic, semiconductor, magnetic, and piezoelectric
properties [6], which are associated with the Griffith phase.
In such a phase, both long-range and short-range orders can
exist simultaneously, which will be responsible for various
types of magnetic ordering. In the classical view, the
Griffith phase is considered as a set of ferromagnetic
clusters of various shapes and sizes distributed in a
paramagnetic matrix [7].
In this paper, we report that the anomalous behavior of
the magnetic susceptibility observed by us in Monte Carlo
simulations of a diluted Ising ferromagnet indicates the
presence of the Griffith phase.

,

(3)

𝑖

𝒔𝒊 is the spin variable of the magnetic moment at the 𝒊-th

0
0,15

0,20

0,25

0,30

0,35

Concentration p

Fig. 1. Dependence of the magnetic susceptibility 𝜒 on the
concentration of magnetic atoms 𝑝 in various magnetic fields 𝐻.

It should be noted that the high-concentration peak does
not change its position with an increase in the magnetic
field. This is explained by the fact that the transition from
the ferromagnetic state to the Griffith phase is accompanied
by the rupture of an infinite cluster and the appearance of
unbound large clusters. And although there is no interaction
between them, the ferromagnetic order is preserved within
each individual cluster. At lower concentrations, such
clusters are already much smaller, and the Griffith phase in
the low-concentration region is represented mainly by the
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spin glass phase. It is known that in such a state the
magnetic field can shift the equilibrium state, which
explains the displacement of the paramagnetic point. Such
a behavior at the boundaries of the Griffith phase
corresponds to the experimental data [2].
4. Conclusions
Nonmagnetic dilution of the ferromagnetic Ising model
leads to two successive phase transitions: ferromagnet –
Griffith phase and Griffith phase – paramagnet. Two such
phase transition points can be considered as ferrimagnetic
and paramagnetic, where the paramagnetic point, as
expected, depends on the magnetic field. In this case, the
ferromagnetic point (into the Griffith phase) remains
unchanged at different fields. This confirms that the
Griffith phase in the region of high concentrations is
represented by cluster glass.
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Abstract. In this study, an attempt was made to sequentially calculate the Curie temperature of iron-containing alloys based on the
theory of random fields of exchange interaction. This method makes it possible to determine the conditions for the occurrence of
ferromagnetism in an amorphous alloy depending on the concentration of exchange-interacting ions, their Holschmidt radius, and the
type of crystal lattice of the transition metal.

1. Introduction
Despite many publications on the research topic [1-5],
there are gaps in the explanation of some magnetic
properties of amorphous metal alloys, including the
behaviour of the Curie point depending on the
concentration and type of metalloids. From general
considerations, the Curie point of an amorphous iron-based
alloy should be lower than that of a crystalline analogue
since the number of neighbours in the first and second
coordination spheres, which make the main contribution to
the field of exchange interaction in the bcc lattice, is greater
than in objects with random close packing, for which the
average coordination number is z*≈12 [6]. In this study, an
attempt was made to sequentially calculate the Curie
temperature of iron-containing alloys based on the theory
of random fields of exchange interaction [7-8].
2. The method of random fields of exchange
interaction
Following [9], we considered a system of interacting
particles randomly distributed over the volume. The
projection of the field 𝐻𝑖 on the 𝑧 axis (the axis of symmetry
in the Ising model), created at the origin by one arbitrary
particle located at a point with coordinate 𝑟𝑖 with a
magnetic moment 𝒎𝑖 , can be determined by means the law:
𝐻𝑖 = 𝜑(𝑟𝑖 , 𝒎𝑖 ).
(1)
Given the known distribution of particles over 𝑟𝑖 and
𝒎𝑖 , the distribution density of the interaction field on a
particle located at the origin of coordinates is a δ-function
of the form:
𝛿[𝐻𝑖 − ∑𝑖 𝜑(𝑟𝑖 , 𝒎𝑖 )].
(2)
Considering the probability of particle distribution over
volume and magnetic moment, the distribution density of
the random interaction field 𝐻 can be represented as
𝑊(𝐻) =

1
√𝜋 𝐵

2

exp (−

(𝐻−𝐻0 (𝛼−𝛽))
𝐵2

).

(3)

𝐻0 = 𝑛 ∫ 𝜑(𝒓) d𝑉, 𝐵2 = 2𝑛 ∫ 𝜑 2 (𝒓) d𝑉.
(4)
where value п=N/v is the “effective” number of particles
per unit volume, 𝛼 and 𝛽 are the relative number of
particles oriented "up" and "down".
Similar relationships for crystalline ferromagnets are as
follows:
𝐻0 = 𝑝 ∑ 𝜑𝑘 , 𝐵2 = 2𝑝(1 − 𝑚2 𝑝) ∑ 𝜑𝑘2 ,
(5)

where 𝑝 is the concentration of exchange-interacting
ions at the sites of the crystal lattice. Near the Curie point,
𝐵2 ≈ 2𝑝 ∑ 𝜑𝑘2 .
Thus, the main characteristics of the distribution
function 𝐻0 and 𝐵 are interconnected through the
interaction law 𝜑(𝒓). As for the exchange interaction of
two particles, its energy can be determined as follows:
𝐸𝑖𝑗 = −𝑚𝑖 𝑚𝑗 𝐽𝑖𝑗 = −𝑚 ∙ 𝑚𝐽(𝑟𝑖𝑗 ) = −𝑚 𝜑(𝑟𝑖𝑗 ).
The Curie point is determined by the relation:
𝐻0
𝐵

tanh (

𝑚𝐵
𝑘𝐵 𝑇с

) = 1.

Obviously, the relation
𝐻0

(6)
𝐻0
𝐵

must be greater than 1. And

the condition
= 1 determines the critical concentration
𝐵
𝑝𝑐 of exchange-interacting ions. In the case of a crystalline
ferromagnet and interaction between particles of only the
first coordination sphere, 𝜑𝑘 = 𝑓 = const. From here,
𝛾=

𝐻0
𝐵

=

𝑝𝑐 𝑧 𝑓
𝑓√2𝑝𝑐 𝑧

= 1,

2

𝑝= ,

(7)
(8)

𝑧

where 𝑧 is the number of nearest neighbours.
3. Magnetic phase transition in an amorphous alloy
The greatest difficulty for calculating the exchange
interaction fields in an amorphous alloy is the calculation
of the exchange integral 𝐽 between neighbouring atoms
(ions) as a function of the distance between them. Perhaps
the only exact result was obtained when calculating the
exchange interaction energy of an ionized hydrogen
molecule [10]. The exchange energy, up to sign, is
proportional to the exchange integral and has the form
𝐸0 ~

1
𝑟0

2

(1 − 𝑟0 2 ) exp(−𝑟0 ),
3
𝑎

(9)

where 𝑟0 = , 𝑐 is the radius of the first Bohr orbit, and 𝑎 is
𝑐
the distance between the nuclei.
We consider the Bette–Slater dependence of the
exchange integral 𝐽 on the ratio of the distance between ion
a to the diameter of the unfilled shell 2𝑟, which
qualitatively correctly reflects the dependence of the
exchange integral on the distance. Ferromagnetic elements
Fe, Co, and Ni have the highest value of the exchange
integral. Based on such a scheme, it is possible to explain
not only the ferromagnetism of Fe, Co, and Ni but also the
antiferromagnetism of alloys, and so forth.
We tried to approximate the Bette–Slater curve based
on formula (9). Assuming the dependence of the exchange
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integral on the ratio of the distance between ions a to the
diameter of the unfilled shell 2𝑟 in the form:
𝐽(𝑥) =

4𝑥2
)
9

𝑒 −2𝑥 (−1+

,

𝑥
𝑎

(10)

𝑎

where 𝑥 = = .
2𝑟
𝑑
Using the approach described above, consider an
amorphous alloy containing iron in an amount of 70% of
the total composition. The volume of the crystal cell in
𝑎

3

accepted units is 𝑉 = 𝑥 3 = ( 0 ) = 7.26. The volume
𝑑

4

𝑟𝑔 3

3

𝑟

occupied by two ions is 𝑁𝑉0 = 2 𝜋 ( ) = 4.93, where
𝑟𝑔 = 0.124 ∙ 10−9 𝑚 is the Holschmidt radius and 𝑟 = 74 ∙
10−12 𝑚 is the iron ion radius. The volume fraction
𝑁𝑉
4.93
occupied by ions is defined as 0 =
= 0.68. Thus, the
𝑉

7.26

effective density can be found as 𝑛 = 0.7
0.7

𝑁𝑉0
𝑉

(1 +

𝑁𝑉0

) = 0.59.
2𝑉
Using formula (4), we determine the moments of the
distribution function by integrating over volume: H0 =
444.9 𝑇, В = 230.2 𝑇.
From Eq. (6), one can determine the Curie temperature
of an amorphous alloy with an iron concentration of 70%
and a magnetic moment of iron ions, 𝑚 = 1.9μB . We
considered that the average magnetic moment of bulk iron
changes to 1.9μB when passing from a crystalline
compound to its amorphous counterpart. We find that the
Curie temperature in the case of an amorphous alloy was
Tc ≈ 513К , which is consistent with the result shown in
[11].
Therefore, the result obtained can be considered
approximate. Using the values 𝐻0 and 𝐵 obtained by us, we
can estimate the “effective number of nearest neighbours”
𝑧 of iron ions for an amorphous alloy using the ratio 𝑧 =
𝐻

22

𝐵

𝑝

( 0)

. Then, 𝑧 = 12.66, which also agrees with the result

obtained experimentally in [11].
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4. Conclusion
Thus, the method of random fields of exchange
interaction makes it possible to determine the conditions for
the occurrence of ferromagnetism in an amorphous alloy
depending on the concentration of exchange-interacting
ions, their Holschmidt radius, and the type of crystal lattice
of the transition metal.
The Curie point can significantly depend on the
magnetic moment of iron ions, which in turn, is determined
by the concentration and type of metalloids that make up
the alloy. The data known to us indicate that in alloys with
an iron ion concentration of 70%–80%, the magnetic
moment per atom ranges from 1.2 𝜇𝐵 to 1.9 𝜇𝐵 . The
effective number of the nearest neighbours at an iron ion
concentration of 70% during amorphization turns out to be
approximately 12.66, which corresponds to the
experimental data.
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Abstract. In this work we present the study of the morphologic and magnetic properties of the melt-spun Co58Ni10Fe5Si11B16 alloy,
depending on the production conditions such as the high-speed non-equilibrium of a melt-spinning process. It is shown the amorphous
states of different disorder degree may be formed by varying spinning parameters. A correlation was established between the structural
and magnetic properties at the level of the hierarchical mesoscale structure (from atomic scales to the morphologic scale of the ribbon
surface). It was found that the fractally ordered hierarchical mesoscale structure of the alloy affects the character of the magnetic
interaction: the higher the fractal dimension, the more pronounced the soft magnetic properties of the melt-spun Co58Ni10Fe5Si11B16
alloy.

1. Introduction
Amorphous metal alloys (AMA) are of great scientific
interest in the study of the physical properties of disordered
system. Soft magnetic AMA fabricated by the rapid
quenching melt have a high magnetic permeability, as a
result, one may be successfully applied for the manufacture
of magnetic heads, magnetic shields, and secondary power
supplies [1-4]. These alloys have high strength and
corrosion resistance, which is important when operating in
aggressive environments. This class of material also
includes multicomponent soft magnetic amorphous alloys
based on cobalt.
The aim of this work is to identify the structuralmorphological ordering and magnetic ordering in cobaltbased AMA produced by spinning the melt on a cooling
roller at different speed condition. It is interesting to trace
the correlations of production conditions, surface
morphology, and physical properties. Since, on the one
hand, disordered media are characterized by the collective
behavior of defects, which form a hierarchical system
having a fractal structure in the configuration space [5],
and, on the other hand, it is well known that magnetic
properties are structure-sensitive [4-7].
2. Experiment
In this work, we investigate the melt-spun
Co58Ni10Fe5Si11B16 alloy fabricated by melt-spinning
technique on a cooling roller in the equipment MeltSpinner
SC. Several samples of this alloy were produced,
parameterized by the melt-spinning conditions. The
technological and geometric parameters of the samples are
given in Table I. As can see from the Table I, in this sample
series, the cooling roller speed is the most interesting
parameter that affects the non-equilibrium of the meltspinning process. The analysis of atomic ordering was
performed by X-ray diffraction (using Bruker D8 Advance
diffractometer, Fe-Kα-radiation). The morphology analysis
was carried out by use of HRTEM images produced by the
transmission electron microscopy (FEI TITAN 300). Using
the specialized software "Complex for spectral analysis of
the electron-optical imaging" [8], the Fraunhofer
diffraction patterns were obtained based on FFT algorithm.

Then, the power spectra were calculated as a result of the
angular convolution of the diffraction pattern. Moreover,
the images were parameterized by fractal dimension using
the fracton analysis of structural ordering [5]. The
hysteresis loops were measured by an automated
vibromagnetometer for all Samples.
Table I. Parameters of Samples.
Sample

V(m/s)

P1 (mbar)

P2 (mbar)

t (m)

A

22,0±0,1

50±5

200±5

21,1±4,5

B

25,1±0,1

50±5

250±5

22,9±1

C

28,3±0,1

50±5

350±5

22,8±1

D

31,4±0,1

50±5

350±5

19,3±0,5

E

37,7±0,1

60±5

400±5

16,1±1

where V is the linear speed of cooling roller, P1 is the
pressure in the chamber, P2 is the pressure in the crucible,
t is the ribbon thickness.
3. Results and discussions
X-ray diffraction analysis revealed that the rapidly
quenched Co58Ni10Fe5Si11B16 alloy remains X-ray
amorphous at all production conditions [9], and the X-ray
diffraction
patterns
practically
coincide
when
superimposed. The diffraction patterns present a single
diffuse peak at angles of 2θ = (57  59)º, which
corresponds to the short-range order period of
(0.2030.197) nm, while there are no crystal peaks. The
study of the fractograms obtained by antiplane deformation
of the Co58Ni10Fe5Si11B16 ribbon had identified a
hierarchical structure in the range over from 20 nm to (1–
2) µm looking the coral-like and cellular structures [9]. It is
shown that the coral-like structure, as well as the
solidification process, begins from the contact ribbon
surface. Figure 1 shows a fragment of a HRTEM image of
the hierarchical mesoscale structure for the Sample A, to
which the fracton analysis was applied.
In this work the parameters sensitive to high-speed
nonequilibrium are the fractal dimension (D f) and the
coercive force (Hc), Fig. 2. According to the kinetics of
fractal dimension, two classes of a hierarchical
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subordination were distinguished with fractal dimensions
greater and less than 2, Fig. 2. In both cases, a fractal
percolation cluster is formed near the percolation threshold.

Fig. 1. TEM subimage of the melt-spun Co58Ni10Fe5Si11B16 alloy
(Sample A). The inset shows the Fraunhofer diffraction pattern.

However, in the first case, the deterministic component
prevails in the subordination character; as a result, a spatial
connected cluster is formed [10], which provides a
minimum coercive force. Whereas in the second case, the
subordination character is dominated by the stochastic
component, which leads to the formation of a frustrated
fractal cluster [10], which significantly reduces the
magnetic interaction, as a result the coercive force of these
Samples increases.
The sharp change of coercive force from the minimum
value to the maximum, Fig. 2, is caused by a change in the
ordering of the hierarchical mesoscale structure from
nanocrystalline state, in which fractaltally ordered
nanocrystals dissolve in an amorphous matrix [4],
generating connected cluster, to a homogeneous glassy
state, in which both structural and magnetic percolation
cluster are strongly stochastic [6], which are represented as
an infinite number of non-intersecting fragments [10].

Fig. 2. Dependences of the fractal dimension and of the coercive
force of the Co58Ni10Fe5Si11B16 alloy on the cooling roller speed.

Based on the obtained results, it can be assumed that the
fractally ordered hierarchical mesoscale structure of ribbon
effects on the magnetic splitting. As a result, the
hierarchical mesoscale structure of morphological
inhomogeneities, which is characterized by fractal
dimension as a quantitative measure of the order-disorder
induced by high-speed nonequilibrium, determines the
spatial distribution of the magnetic percolation cluster,

starting from the short-range order scale (atomic scale) to
hierarchical (nano)cluster structure. Due to dualism, both
hierarchical structures are fractal, but not identical.
Therewith, the melt-spun Co58Ni10Fe5Si11B16 alloy is the
more magnetically soft, the higher the fractal dimension.
Thus, the obtained fractal characteristics of the hierarchical
mesodefect system of rapidly quenched Co58Ni10Fe5Si11B16
alloy agree with their magnetic parameters.
4. Conclusions
In this work, a systematic analysis of the structural and
magnetic properties of the melt-spun Co58Ni10Fe5Si11B16
alloy, made at different spinning conditions, has been
carried out. High-speed nonequilibrium leads to the
amorphization of the Co58Ni10Fe5Si11B16 alloy at all
conditions; however, the disordering character in these
alloys is significantly different. It is shown that the amount
of order-disorder in an amorphous medium can be
characterized by fractal dimension. The maximum of the
fractal dimension is caused by the fractal ordering of the
hierarchical structure of morphological inhomogeneities
look a spatial connected cluster, which provides a minimum
coercive force. Thus, the study of the functional properties
of melt-spun alloys using fractal analysis increases the
efficiency of developing technical conditions for the
formation of soft magnetic materials fabricated by the rapid
quenching melt.
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Abstract. In this article, we present the model of core/shell nanoparticle with random orientation of the axes of magnetic anisotropy
of magnetic phases. The results of calculation are presented: the total energy of the core/shell nanoparticle, which includes the energies
of crystallographic and surface anisotropy, interfacial exchange interaction, and Zeeman energy. The resulting expression for the total
energy makes it possible to study the effect of geometric parameters (phase size, its elongation, and orientation long axes) and interfacial
exchange interaction on the metastability of magnetic states core/shell nanoparticles.

1. Introduction
Wide practical use of magnetic core/shell nanoparticles
in biomedicine, electronics, catalysis and composite
materials has given rise to numerous studies on the effects
of various factors on their magnetic properties. Decreasing
the size of the core/shell nanoparticles leads to a decrease
of the coercive field, the saturation magnetisation, the
remanent saturation magnetisation 𝑀𝑟𝑠 and the blocking
temperature. Furthermore, decreasing the size of the
nanoparticles lowers the potential barriers which separate
different magnetic states. A decrease of the potential
barriers results in an increase of thermal fluctuations, which
can cause the system of core/shell nanoparticles to undergo
a transition into the superparamagnetic state. In this work,
we present the results of our theoretical study of the
dependence of the metastability magnetic states of
core/shell nanoparticles from interfacial exchange
interaction [1].
2. Model of core/shell nanoparticle
We will use the model described in detail in [2]. The
main features of this model are as follows:
1. We consider a uniformly magnetised ellipsoidal
nanoparticle (phase (1)) of volume V with
an elongation Q and minor semiaxis B containing a
uniformly magnetised ellipsoidal core (phase (2)) of
volume 𝑣 = 𝜀𝑉 and elongation q and minor semiaxis b.
The long axes of both phases are oriented along the axis
Oz (see. Fig. 1).
2. We assume the crystallographic anisotropy axes to be
parallel to the long axes of the ferromagnetic
nanoparticle and the core.
3. The spontaneous magnetisation vectors of both
(1)
(2)
phases 𝑀𝑠 and 𝑀𝑠
are
located
in
the
plane 𝑥𝑂𝑧 containing the long axes of the magnetic
phases and make the angles 𝜗 (1) and 𝜗 (2) with the
axis 𝑂𝑧, respectively.
4. An external magnetic field H is applied along the
axis Oz.
The assumption that the distribution of the magnetic
moment is uniform in the shell leads to a limitation of its
thickness. The shell thickness cannot be greater than the
width of the domain wall.

Fig. 1. Model of core/shell nanoparticle.

3. Results and discussions
The energy of a nanoparticle 𝐸 located in an external
field 𝐻 can be represented as the sums of the energy
crystallographic anisotropy 𝐸𝐴 , the energy of the
demagnetizing field 𝐸𝑚 , the energy of interfacial exchange
interaction 𝐸𝑒𝑥 , and the Zeeman energy 𝐸𝐻 :
𝐸 = 𝐸𝐴 + 𝐸𝑚 + 𝐸𝑒𝑥 + 𝐸𝐻 =
(1)
(ℳ𝑠 )2 (1)
= {−
𝒦 cos 2(𝜗 (1) − 𝛿 (1) ) −
4
(2)

(ℳ𝑠 )2 (2)
𝒦 cos 2(𝜗 (2) − 𝛿 (2) ) +
4
(1)
(2)
+ℳ𝑠 ℳ𝑠 [−𝒰1 sin 𝜗 (1) sin 𝜗 (2) + 𝒰2 cos 𝜗 (1) cos 𝜗 (2)
1 (2)
+ 𝜀 𝑘𝑁 sin 2𝛼 sin(𝜗 (1) + 𝜗 (2) ) −
2
(1)
(2)
−𝐻[(1 − 𝜀) ℳ𝑠 cos 𝜗 (1) + 𝜀 ℳ𝑠 cos 𝜗 (2) ]}𝑉
(1)
−

Here, 𝒦 (1,2) are the effective anisotropy constants,
𝛿
are the position of effective axes of the core and the
shell, 𝒰1 and 𝒰2 are interfacial interaction constants. Its are
defined by the following expressions:
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𝒦 (1)
(1)

=√

(1)

(2)

((1 − 𝜀)𝑘𝐴 + (1 − 2𝜀)𝑘𝑁 + 𝜀𝑘𝑁 cos 2𝛼)
(2)

2

+(𝜀𝑘𝑁 sin 2𝛼)

2

, (2)

III.p.05
𝑡𝑔(2𝛿

(1)

)
(2)

=−

𝜀𝑘𝑁 𝑠𝑖𝑛 2𝛼
(1 − 𝜀)𝑘𝐴(1) + (1 − 2𝜀)𝑘𝑁(1) + 𝜀𝑘𝑁(2) 𝑐𝑜𝑠 2𝛼
(2) 2

(2) 2

,

(3)

(2) (2)

𝒦 (2) = 𝜀√(𝑘𝐴 ) + (𝑘𝑁 ) + 2𝑘𝐴 𝑘𝑁 𝑐𝑜𝑠 4𝛼,
(4)
𝑡𝑔(2𝛿 (2) ) = −

(2)

(2)

(2)

(2)

𝑘𝑁 −𝑘𝐴
𝑘𝑁 +𝑘𝐴

(1)

𝒰1 = 𝜀 (

𝑡𝑔 2𝛼,

(2)

(𝑘𝑁 − 𝑘𝑁 )
2𝑠𝐴𝑖𝑛
+
),
(1)
(2)
3
𝑣 𝛿 ℳ𝑠 ℳ𝑠
(5)

𝒰2 = 𝜀 (
Here
(1,2)
𝐾1 ⁄(

in

(1)
2(𝑘𝑁

the

(1,2) 2
ℳ𝑠 )

−
3

(2)
𝑘𝑁 )

−

equations

2𝑠𝐴𝑖𝑛
(1)

(2)

𝑣 𝛿 ℳ𝑠

ℳ𝑠

–

(5)

(2)

).
(1,2)

𝑘𝐴

=

(1,2)
𝑘𝑁

,
are dimensionless constants of
crystallographic anisotropy and shape anisotropy core (2)
(1,2)
and shell (1). 𝐾1
are first phase anisotropy constants, 𝑠
is surface area of the separating phase, 𝛿 is transition area
width having the order of the lattice constant, 𝐴𝑖𝑛 is
interfacial exchange interaction constant. Note that the
shape anisotropy constant 𝑘𝑁 = 2𝜋 (1 − 3𝑁𝑧 )is expressed
in terms of the demagnetizing coefficient along the long
axis. It expressed in terms of the demagnetizing factor
along
the
long
axis
𝑁𝑧 =
[𝑞𝑙𝑛(𝑞 + √𝑞 2 − 1) − √𝑞 2 − 1]⁄(𝑞 2 − 1)3⁄2 . It depends
only on the elongation of the ellipsoid q.
The magnetic states can depend on the surface
anisotropy. As was shown in [1], adding to the energies
listed above the energy of surface anisotropy is equivalent
(1,2)
(1,2)
(1,2) 2
to replacing 𝑘𝑁 to 𝑘𝑁 + 2𝜋𝑘𝑆 𝑏(1,2)
𝜉(𝑞(1,2) ).
Energy minimization (1) with respect to 𝜗 (1) and
(2)
𝜗 together with the minimum conditions
𝜕𝐸
𝜕𝐸
𝜕2𝐸
=
0,
=
0;
2 >0
𝜕𝜗 (1)
𝜕𝜗 (2)
𝜕𝜗 (1)
2
𝜕2𝐸 𝜕2𝐸
𝜕2𝐸
) >0
(6)
2
2−(
𝜕𝜗 (1) 𝜕𝜗 (2)
𝜕𝜗 (1) 𝜕𝜗 (2)

Fig. 2. Diagrams {𝑏, 𝑞} of magnetic states of nanoparticles
𝐹𝑒3 𝑂4 − 𝐹𝑒2.44 𝑇𝑖0.56 𝑂4 for different angles 𝛼 between the long
axes of the cores and nanoparticle.
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leads to a system of equations that allows one to determine
the ground and metastable states of the magnetic moments
of the nanoparticle phases.
4. Result
We used the diagram {𝑏, 𝑞}, each point of which is
associated with a nanoparticle (with given values 𝐵 and 𝑄)
containing a core with semi-minor axis 𝑏 and elongation 𝑞
(see Fig. 2). The dot nanoparticles are fell into the dark
region can be in one of the four basic or metastable states
listed above. The light area corresponds to nanoparticles in
basic equilibrium states.
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Tuning of magnetic behavior of Cu/Co barcode nanowires
for 3D-memory applications
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Abstract. In this paper, we consider the magnetic properties of segmented Cu/Co nanowires grown in track membranes with cylindrical
channels by electrochemical deposition. The study of switching processes resulting from the magnetization reversal of such
heterostructures using computer simulation methods will simplify the search for the most appropriate parameters of substances that
can be used as the basis for 3D memory elements. The study of the magnetic characteristics of nanowires can improve the energy
efficiency and effectiveness of the electronic devices in which they are used.

1. Introduction
Since the publication of Kelly et al. [1], the
development of composite materials has become a topic of
interest. Due to the emergence of composite nanomaterials
in recent years, and due to their interesting structure and
numerous physical properties, this has promoted the
research of multifunctional macroscopic engineering
materials and made progress in growth of nanocomposites.
materials [2]. Now, it is hardly a surprising fact that the
multilayer and sandwich nanostructures have gained
considerable attention, both in industrial and scientific
communities, owing to their excellent properties. Recently,
a lot of researchers have pointed out the significance of
multilayer magnetic/nonmagnetic nanostructures, and it
became a topic of research for theoretical and experimental
studies. Due to the noteworthy magnetic exchange
interaction and giant magnetic resistance phenomena
observed in such nanostructures (i.e., NWs) they have
many desirable properties.
applications in magnetic barcoding systems, electrical
switching devices, magnetic sensors, dense storage
medium, and giant magnetoresistance (GMR) hard drives.
Numerous synthesis methods were used for the
formation of heterostructured NWs for device applications
[4-9]. After the synthesis of barcode metallic NWs by Pen
et al. [10], electrodeposited multi-segmented NWs were
used.
Studies of such systems are carried out to analyze the
interaction of nanowires in such disordered systems, which
can be chaotic or completely exclude interactions in the
array.
Segmented nanowires are distinguished by unusual
types of interaction [3]. The magnetic flux in them,
depending on the length of the segments, is divided into
interactions between adjacent segments in a wire, between
poles in one segment, and between segments in neighboring
nanowires. Therefore, in the case of a random distribution
of the distance between nanowires, the magnitudes of these
interactions will change strongly, which can lead to unusual
magnetic effects.
2. Experiment
Track membranes were made from polymer films by
bombarding their surface with high-energy accelerated ions

which create the latent tracks. During subsequently etching
the through pores could be formed. During this process, it
is possible to accurately control the pore diameters, from
50 nm to 5 microns, depending on the etching time. These
membranes with through pores (of cylindrical shape) could
be used as a templates for the growth of one-dimensional
nanostructures (nanowires) by electrochemical deposition.
Using the electrodeposition method (with the single
bath which contained Co and Cu ions), segmented (layered)
Co/Cu nanowires could be obtained in the pores of track
membranes. The elemental composition of the segments
was controlled by the deposition potential (0.5 V for copper
and 1,5 V for cobalt), while the length of the segments was
controlled by the passed charge. For furhter microscopic
investigation (SEM) of polymer membrane a conductive
copper layer about 20 nm thick was deposited on the
surface of membrane in a molecular beam deposition
facility to obtain higher quality images. SEM images of
nanowires were obtained after removing of host polymer
matrix. The list of samples studied is presented in Table I.
Table I. Parameters of Samples.
Sample

Pore
diameter(nm)

Nanowire
length(µm)

Segment
length(nm)

Cu20_Co200

100

2.2

20 Cu, 200 Co

Cu50_Co200

100

2.5

50 Cu, 200 Co

Cu100_Co200

100

2.5

100 Cu, 200 Co

Cu200_Co200

100

2.5

200 Cu, 200 Co

The magnetic properties of all samples were studied on
a LakeShore VSM 7410 vibrating magnetometer in the
useful range from -7 kOe to 7 kOe.
Micromagnetic modeling in the MuMAX3 package was
used to analyze the micromagnetic structure. The geometry
of the nanostructures was set by processing SEM images
using the Fiji software package, where each pore was taken
as containing a ferromagnetic nanowire and translated over
a distance of 2 μm. The cell size in the simulation was
assumed to be close to the value of the exchange constant
for Co and amounted to 5 nm. The magnetic parameters
were set as for bulk Co with a 10% correction for the
polycrystalline structure and the possible presence of
impurities in the composition of the nanowires. To achieve
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reliable model, simulated results were compared to
experimental ones.
3. Results and discussions
As SEM investigation showed, the porous matrix does
not have long-range order, and the interpore distance varies
from 50 nm to 500 nm. It should also be noted that porous
agglomerates consisting of combinations of pores of
various shapes.
The results of micromagnetic modeling for the
Cu20_Co200 sample along the long axis of the nanowire
are shown in Figure 1. The spin configuration of nanowires
in an external magnetic field along the main axis of
nanowires equal to 2500 Oe and -2500 Oe are shown in the
Figures 1(a) and 1(b), respectively. Figures 1(c) and 1(d)
shows the spin configuration of the sample at zero external
field in longitudinal and transverse sections, respectively.
As one can see, vortex state is preferable configuration for
such nanosystems, and the switching occurs by the vortex
core switching and coherent rotation of the rest of the
vortex after the external field. In the remnant state,
skyrmion-like winding of the vortex is presented.
(a)

(b)

(c)

(d)
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Fig. 1. Spin configuration of the Cu20_Co200 sample in an
external field corresponding to 2500Oe(a), -2500Oe(b) and 0Oe
in longitudinal(c) and transverse(d) sections.

The magnetic hysteresis loops obtained in the results of
micromagnetic
modeling
were
compared
with
experimental data and showed a good correspondence
between the developed model and the studied samples.
4. Conclusions
As a result of the work, one-dimensional ferromagnetic
nanostructures prepared by electrodeposition into porous
track membranes of different diameters were investigated.
Studies of the structural properties have shown that track
pores have a uniform diameter distribution, but due to the
chaotic nature of pore formation, their agglomerates are
often found, which upon electrodeposition will contain
structures that differ from cylindrical nanowires. On the
basis of experimental data, a micromagnetic model was
constructed, which was used to analyze the domain
structure and magnetization reversal processes occurring in
the system.
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Magnetic anisotropy and Dzyaloshinskii-Moriya interaction
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Abstract. In this research, we investigated an ultrathin epitaxial heavy metal1(HM1)/ferromagnetic (FM)/heavy metal2(HM2) films.
The main magnetic parameters such as thickness of transition from perpendicular magnetic anisotropy (PMA) to in-plane magnetic
anisotropy (IMA), value of dead magnetic layer on the Co/Ta interface and thicknesses dependence of coercivity were studied Existence
of Dzyaloshinskii-Moriya interaction and chiral dumping effect were showed.

1. Introduction
Development of Spintronics demand a search of new
nanostructure materials with opportunity to use one in
controllable magnetic processes for creation skyrmionium
racetrack memory, logic devices etc. Trilayer magnetic
structures HM1/FM/HM2 are perspective for development
of spintronics devices. directions. Ultrathin epitaxial
magnetic films (~1nm) have expressed anisotropy
properties, which lead to series of interface effects:
enhancement of perpendicular magnetic anisotropy (PMA),
interfacial DMI (iDMI), spin-Hall effect etc. [1]. These
effects are used for formation, stabilization and controlling
spin textures
2. Experiment
In our work we prepared a series of thin Pd(111)/Co/Ta
films with different value of Co thickness at the room
temperature, using ultrahigh vacuum system (Omicron
Nanotechnology) which consisted of a molecular beam
epitaxy chamber and an analysis chamber interconnected
with each other. We used previously chemically and
temperature cleaned monocrystalline Si(111) as substrates
with Cu (2nm) buffer layer to prevent a silicide formation
and avoid of mismatch Si and Pd crystallography structure.
Using parameters: Pd thickness – 2nm, Ta flux – 260mA,
time of Ta sputtering – 10 min. magnetic parameters were
studied by hysteresis loops measured with vibrating sample
magnetometer (7410 VSM, LakeShore). Hysteresis loops
M(H) were measured in two external field directions: inplane and out-of-plane. We studied the main magnetic
parameters such as magnetic moment, saturation
magnetization, anisotropy field, coercivity and energy of
magnetic anisotropy depending on ferromagnetic Co
thickness.
3. Results and discussions
As a result, we determine the value of Co thickness for
transition perpendicular magnetic anisotropy to in-plane
magnetic anisotropy (~1,5nm) and the value of magnetic
dead layer of Co/Ta interface (~0,48nm). (Fig.1) The value
of polarized Pd/Co interface we took based on the previous
data [2].
Domain structure visualization was carried out with
Kerr microscopy (Evico Magnetics). To investigation of
iDMI, we studied the velocity curves for samples with
PMA. Curves describe the domain wall propagation at the
combination of an in-plane and out-of-plane magnetic field
by creep law. Non-zero value of Hmin (~ 300 Oe) indicates

of DMI existence, and asymmetrical shape relative the
minimum shows the chiral damping contribution (Fig.2).

Fig. 1. Determination of dead layer in Co/Ta interface

Fig. 2. Domain walls velocity curves.

4. Conclusions
In this study, we found that the behavior of all studied
magnetic parameters is consistent with theoretical
concepts. We determine values of transition IMA to PMA
(~1,5nm) and dead layer of Co/Ta interface for Pd/Co/Ta
magnetic films (~0,48nm). Also, our results show on
existence of DMI and damping contribution.
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Abstract. For calculation properties for artificial dipole ice on a hexagonal lattice we apply the Hybrid Multispin Monte Carlo method.
The method is based on combining a random selection of a set of spins (cluster) using the Monte Carlo with a complete enumeration
of all states of the selected cluster. The method works only for Ising models with a restricted radius of interaction.

1. Introduction
To calculate the properties of a system of interacting
magnetic moments (spins) at a given temperature in
thermodynamic equilibrium, it is necessary to know the
partition function, i.e. it is necessary to have information
about all possible states of the system, such as internal
energy, magnetic moment, etc. However, in practice, the
exact calculation of the partition function is possible only
in very rare cases, only for a limited number of models.
This is due to the exponentially large state space. In
addition, there are practically no ideal systems in nature, in
addition, the law of interaction of particles and the
geometry of the system can be very complex. Computing a
complete group of events from a portion of independent
samples from a probability distribution is an important
computational problem. There are various approaches to
the calculation of statistical thermodynamics, each with its
own advantages and disadvantages. In this paper, we
applied the Hybrid Monte Carlo method of our own design
[1], in which, instead of a single spin flip, we use a
complete enumeration of all spin states within a small
cluster that interact only with boundary spins.
2. Formalism and model
"Artificial spin ice" (ASI) is an artificial analogue of
natural spin ice - geometrically frustrated magnetic
pyrochlores that mimic the ordering of water proton spins,
and also a convenient basis for developing, testing and
verifying the accuracy of theoretical models of many
interacting bodies and new statistical methods.
We use point Ising dipoles located on the edges of a
two-dimensional hexagonal lattice with periodic boundary
conditions. The magnetic moment of the dipole i is defined
as 𝒎𝑖 and is directed along the edges, see details in [1,2].
Аn example of a dipole hexagonal lattice is shown in Fig.
1.
For the operation of the Hybrid Monte Carlo method,
we limited the radius of the dipole-dipole interaction to
three coordination spheres according to the results [3]. Each
cluster spin has 14 nearest neighbors, see Fig. 2.
It is also necessary to determine the clusters and
boundaries to which each hexagon belongs. The hexagon
itself acts as a cluster, and the nearest neighbors of the
hexagon spins are the boundary that interacts with the
cluster and separates it from all other spins.

Fig. 1. An example of hexagonal lattice with Ising-like point
dipoles (spins). Cluster spins are marked in red (small circle) and
border spins in blue color (big circle), which are used as
subsystems in the Hybrid Monte Carlo method.

Fig. 2. The cluster spin and interacting dipole–dipole neighbors
up to the third coordination sphere.

The cluster is shown by red arrows in Fig. 1 and consists of
six spins. The cluster boundary is shown by blue arrows
and consists of 24 nearest neighboring spins. In total, the
cluster and the boundary block contain 30 spins, the states
of which can be easily enumerated by a complete
enumeration. In the future, this block will be used for the
operation of the Hybrid Monte Carlo method.
To calculate the energy, it is necessary to determine the
neighbors for each spin. Due to the fact that the boundary
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conditions are periodic, all elements in the system have the
same number of neighbors (Fig. 2).
The energy of dipole–dipole interaction between ASI
spins in system is defined as

𝐸 = 𝐷𝑎3 ∑𝑖<𝑗

(𝒎𝑖 𝒎𝑗 )
3

|𝒓𝑖𝑗 |

−3

(𝒎𝑖 𝒓𝑖𝑗 )(𝒎𝑗 𝒓𝑖𝑗 )
5

|𝒓𝑖𝑗 |

,

(1)

where 𝐷 = 𝜇 2 /𝑎3 is the dipole coupling constant, 𝑎 =
√3/2 is the lattice parameter (Fig. 1), and 𝒓𝑖𝑗 is the radius
vector between spins i and j.
3. Results
For systems with different numbers N of spins, we
calculated the specific heat capacity C(T) per spin in the
absence of an external magnetic field and the magnetic
susceptibility χ(T) per spin at |H| → 0 depending on
temperature
1 〈𝐸 2 〉−〈𝐸〉2
,
𝑘𝑏 𝑇 2

𝐶(𝑇) = 𝑁

𝜒(𝑇)||𝐻|→0 =

1 〈|𝑀|2 〉−〈|𝑀|〉2
,
𝑁
𝑘𝑏 𝑇

(2)
(3)

where 〈𝐸〉 and 〈|𝑀|〉 the average thermodynamic
quantities, 𝑘𝑏 – Boltzmann coefficient, T - temperature.
By using our method, we obtain the specific heat (Fig.
3) and magnetic susceptibility at |𝐻| → 0 (Fig. 4) for the
hexagonal spin ice consisting of different number of spins.

Fig. 4. The temperature behavior of the magnetic susceptibility at
|H|→0 for different number of spins on the hexagonal lattice,
calculated by the Hybrid Monte Carlo method.

The temperature behavior of the heat capacity has two
peaks. An increase in one of the heat capacity peaks with
an increase in the size of the system may indicate the
presence of a phase transition. The temperature behavior of
the magnetic susceptibility at |𝐻| → 0 of hexagonal spin
ice has no features, and the height of the peak does not
change with an increase in the size of the system.
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Abstract. In our paper, we calculated the thermodynamics in frame short-range interaction model on the pentagonal Cairo lattice. We
used a hybrid multispin Monte Carlo method for lattices with N=80, N=500 and 980 dipoles.

1. Introduction
Systems of artificial spin ice with a variable, not fixed,
variable coordination number [1,2] are of particular
interest. It is usually assumed that a change in the lattice
parameters can significantly affect the degree of
degeneracy of the energy levels and, accordingly, the lowtemperature properties of spin ice. Exact calculation of the
properties even for a classical Ising spin glass on a 2D
lattice with the interaction of neighbors of the nearest
environment is a computationally difficult problem and is
of fundamental and practical interest.
2. Formalism and model
The Cairo lattice is sometimes called the "pentagonal
lattice" [3] or "Cairo pentagonal lattice" [4-6]. In this paper,
we consider the thermodynamics of samples of a finite
number of Ising-like point dipoles on the Cairo lattice,
since the sizes of nanoislands were below the critical
single-domain threshold, and the shape anisotropy selects
the direction for the magnetic moment. The dipoles were
placed at the centers of the lattice faces (see Fig. 1). The
lattice parameters were a=472, b=344, c=376 nm.

Fig. 1. An example of Cairo lattice with Ising-like point dipoles
(spins) and relevant parameters a, b, and c.

To implement the hybrid multispin Monte Carlo
method [7], which makes it possible to calculate the
necessary properties, a cluster was chosen, the size of
which, together with the boundary, was 29 dipoles (Fig. 2).

Fig. 2. Cluster spins are marked in red (small circle) and border
spins in blue color (big rectangle), which are used as subsystems
in the Hybrid Monte Carlo method.

Figure 3 shows the restriction of the interaction of
dipoles to 13 neighbors.

Fig. 3. The cluster spin and interacting dipole–dipole neighbors.

The energy of the dipole-dipole interaction in the Cairo
lattice was calculated using the following well-known
formula:
𝑖𝑗

𝐸𝑑𝑖𝑝 =

(𝒎𝑖 𝒎𝑗 )
|𝒓𝑖𝑗 |

3

−3

(𝒎𝑖 𝒓𝑖𝑗 )(𝒎𝑗 𝒓𝑖𝑗 )
5

|𝒓𝑖𝑗 |

,

(1)

where m is the dipole magnetic moment; 𝒓𝑖𝑗 is radius vector
connecting i and j dipoles.
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3. Results
For systems with different numbers N of spins, we
calculated the specific heat capacity C(T) per spin in the
absence of an external magnetic field and the magnetic
susceptibility χ(T) per spin at |H| → 0 depending on
temperature
1 〈𝐸 2 〉−〈𝐸〉2
,
𝑘𝑏 𝑇 2

𝐶(𝑇) = 𝑁

1 〈|𝑀|2 〉−〈|𝑀|〉2
,
𝑘𝑏 𝑇

𝜒(𝑇)||𝐻|→0 = 𝑁

(2)
(3)

where 〈𝐸〉 and 〈|𝑀|〉 the average thermodynamic
quantities, 𝑘𝑏 – Boltzmann coefficient, T - temperature.
By using our method [7], we obtain the specific heat
(Fig. 4) and magnetic susceptibility at |𝐻| → 0 (Fig. 5) for
the pentagonal Cairo spin ice consisting of different
number of spins.

The unusual behavior of the magnetic susceptibility plot
requires further study, and it is also necessary to study the
influence of an external magnetic field.
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lattice, calculated by the Hybrid Monte Carlo method.
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Magneto-ellipsometry for optically anisotropic structures
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Abstract. This article is devoted to the data analysis of magneto-optical ellipsometry data when they are collected from structures with
uniaxial optical anisotropy. The magneto-optical parameter, being a part of an off-diagonal tensor elements of dielectric permittivity,
was deduced through Maxwell equations consideration. The way of carrying out an experiment is also dicsussed.

1. Introduction
Magneto-ellipsometry is a method used for materials
characterization due to its high sensitivity and possibility to
use in situ without destroying the sample. However the
mathematical apparatus is quite complex and requires
many measurements which prevents wide use. That is why
it is appreciated to develop the methodology of magnetoellipsometry to ease the ways of carrying out experiments
and processing the obtained data.
Very often the materials have uniaxial optical
anisotropy [1-3]. When magneto-optical properties of such
a structure are considered, in addition to existing optical
anisotropy, it is necessary to take into account induced
anisotropy [4, 5] associated with the application of an
external magnetic field, which inevitably complicates the
calculation and analysis of the total dielectric tensor:
−i zz Q 0 
  xx

0 
  = i zz Q  zz
 0
0
 zz 

(1)
where Q=Q1-iQ2 is a complex magneto-optical
parameter proportional to the magnetization lying in the
plane of the film. The tensor is written for the case of the
transverse geometry (Fig.1) when the magnetization M lies
in the plane of the sample.
2. Results and discussions
By solving Maxwell equations for the chosen geometry
we found out how the reflection coefficients change when
anisotropy is taken into account, which allowed to obtain
the magneto-optical parameter [6]:
Q=

( N 0 cos tp ) 2 − ( N z cos 0 ) 2
  N2 

2 N 0 N z sin tp cos 0 1 − 1 − z2  сos 2 tp 
N
x 
 




(2)


 (1 + tan 2  0 ) 
   − i

tan 0



As it can be seen from the obtained expression (2), to
calculate all components of the dielectric tensor, it is
sufficient to have information about
- the angle of incidence of light 0,
- the refractive index of the external medium N0,
- the refractive indices of the anisotropic structure in the
plane of the sample Ny = Nz and perpendicular to it Nx,
- ellipsometric parameter ψ0, measured without the
application of a magnetic field,

- magneto-ellipsometric parameters δψ = ψ(+H) – ψ(H), δΔ = Δ(+H) – Δ(-H), measured in the transverse
configuration of the magneto-optical Kerr effect, where ±H
is the external magnetic field on the sample.
This gives us a simple scheme for carrying out
magneto-ellipsometric measurements to obtain all
components of the dielectric tensor of a uniaxial anisotropic
material, for example, MAX-phases.

Fig. 1. Geometry of the transverse magneto-optical Kerr effect.

3. Conclusions
Thus, we considered the interface between the external
medium and the sample with optical uniaxial anisotropy,
taking into account the magneto-optical response in the
geometry of the transverse magneto-optical Kerr effect.
The magneto-optical parameter Q was analytically
calculated for the transverse geometry of the experiment.
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Abstract. CoxZn1-xFe2O4 (x=0.0–0.5) nanoparticles (NPs) were studied with transmission electron microscopy, energy dispersive
elemental mapping, vibrating sample magnetometer, and optical magnetic circular dichroism (MCD). NPs were synthesized with the
citrate precursor method. The sample A was composed of ZnFe2O4. In the samples B, C, and D, Co was distributed evenly. At higher
Co doses, iron oxide NPs and NPs with high Co concentration were observed alongside with main the main CoxZn1-xFe2O4 phase. The
samples magnetization behavior was rather complicated. Magnetization dependence on magnetic field indicated the ferromagnetic
behavior of NPs with hysteresis. At the same time, the saturation magnetization increased strongly with decreasing temperature what
is characteristic of superparamagnetic NPs. This behavior can be associated with a large size dispersion of NPs. The main contribution
in MCD is associated with the ZnFe2O4 phase at x=0.0–0.2, and the CoFe2O4 phase at x=0.3–0.5.

1. Introduction
CoFe2O4 is a hard magnetic ferrite with moderate
saturation magnetization and high coercive field [1], it has
a great demand in electronic industry [2]. At the same time
ZnFe2O4 is a soft magnetic oxide which is chemically
stable, paramagnetic in bulk and ferromagnetic in
nanocrystalline form [3], it plays an important role in many
applications like magnetic recording, magnetic storage.
The replacement of Zn2+ by Co2+ in zinc ferrite causes
changes in lattice parameter and expands range of
applications of these materials. Cobalt-zinc ferrites are
useful in high frequency applications due to their high value
of electrical resistivity and low dielectric losses [4].
Resistivity and dielectric properties of cobalt
substituted zinc ferrite nanoparticle (NPs) of the series
CoxZn1-xFe2O4 prepared by citrate precursor technique
were described in the article [3], and this work is devoted
to their magnetic and magneto-optical properties of
these NPs.
2. Experiment
CoxZn1-xFe2O4 NPs (x = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5,
samples A-F, correspondingly) were prepared by technique
described in [1]. At first, stoichiometric amount of
Zn(NO3)2·6H2O, Co(NO3)2·6H2O, and Fe(NO3)3·9H2O
were dissolved in 125 mL distilled water. Then 5g of citric
acid was added into the solution containing metal nitrates
and kept for stirring at 80 ̊ C to get a homogeneous solid
solution. After that, the samples were pre-sintered at 700 ̊ C
for 3 h, followed by cooling to room temperature. The
resultant samples were pelletized by adding 2% polyvinyl
alcohol as a binder. Final sintering was done at 800 ̊ C for
3 h.
The morphology, microstructure and local elemental
composition of the nanoparticles were investigated using
transmission electron microscope (TEM) JEM-2100 (JEOL
Ltd.) operating at the accelerating voltage of 200 kV. The
microscope was equipped with an energy dispersive
spectrometer (EDS), Oxford Instruments, which was used
to control the elemental composition of the samples.

Selected-area electron diffraction (SAED) was used to
determine the structure of NPs.
The field dependences of the magnetization of the
samples were studied using a vibrating sample
magnetometer VSM 8604 (LakeShore Cryotronics, USA).
MCD was measured in the normal geometry. The
modulation of the light wave polarization state from the
right-hand to the left-hand circular polarization relatively
to the magnetic field direction was used for the MCD
measurements. The MCD value was measured as the
difference between the sample optical density for the right
and left polarized light waves.
3. Results and discussions

Fig. 1. Bright-field
nanoparticles.

TEM

image of

the Co0.4Zn0.6Fe2O4

TEM image of Co0.4Zn0.6Fe2O4 nanoparticles is shown
in fig. 1. The images for the rest of the samples look pretty
much the same. Irregular nanoparticles have a size of 5–
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200 nm. According to analysis of SAED patterns, the main
crystal phase in all samples was ZnFe2O4
(Fd-3m,
a=8.441 Å, PDF 4+ card #00-022-1012). HRTEM images
also correspond to ZnFe2O4.
The analysis of EDS data showed that the sample A was
composed of ZnFe2O4, In the samples B, C, and D, Co
distributed evenly. At higher Co doses, iron oxide NPs and
NPs with high Co concentration were observed alongside
with main
CoxZn1-xFe2O4 phase.
The field dependences of magnetization indicated the
ferromagnetic behavior with hysteresis of all samples. At
room temperature, the coercivity of the samples was
10–20 Oe. At T = 100 K, it smoothly increased with Co
content increase up to 70 Oe for the sample D and up to 220
Oe for sample E. At the same time, the saturation
magnetization increased by 4–5 times with decreasing
temperature in samples A–D and 2.5 times in sample E
what is characteristic of superparamagnetic NPs. This
behavior of the samples magnetization can be associated
with a large size dispersion of NPs.

The field and temperature dependences of
magnetization indicated the coexistence of ferromagnetic
and superparamagnetic phases in the samples what was
associated with wide dispersion of the NPs size. MCD
spectra are predominantly associated with the CoFe2O4
phase.
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Fig. 2. MCD spectra of samples D, E and F.

Fig. 2 demonstrates the MCD spectra of samples D–F.
An increase in the signal amplitude with a Co content
increase in the samples was observed. The temperature
decrease also caused significantly amplitude increases. For
samples A and B the MCD signal slightly differs from zero.
In the sample C at room temperature a noticeable signal
appears near 400 nm. With temperature decrease it changed
the sign and increased significantly. Another peak near 750
nm also appeared and increased, as in samples D-F. At
temperature below 200 K, the feature like butterfly was
manifested near 600 nm. The sample D demonstrated
similar temperature behavior, but with a more pronounced
peak near 500 nm. MCD spectra of samples D–F were in
qualitative agreement with the spectra of CoFe2O4
nanoparticles presented in the work [5].
4. Conclusions
Morphology, magnetic and magneto-optical properties
of CoxZn1-xFe2O4 NPs prepared by citrate precursor
technique were studied. Irregular nanoparticles have a size
of 5–200 nm. No dependence of particle morphology on
their composition was found. Substitution of Zn with Co
leads to transition from the ZnFe2O4 phase to the CoxZn1xFe2O4 phase. For high Co doses, iron oxide phase and NPs
with high Co concentration were observed also
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Abstract. Modeling of the hysteresis characteristics of Fe3O4–Fe3–xTixO4 composites was performed using the "magnetic rectangles"
method. Their magnetic properties are well explained within the model of an ensemble of magnetostatically interacting chemically
inhomogeneous particles. It is shown that taking into consideration the contribution of the superparamagnetic fraction makes it possible
to agree the theoretical and experimental magnetic characteristics of the samples.

1. Introduction
Theoretical works devoted to the study of ensembles of
superparamagnetic particles often use the "non-interacting
particles" approximation and the assumption of their
chemical homogeneity. The authors [1, 2] studied Fe 3O4–
Fe3–xTixO4 composites, in which the presence of a
significant fraction of superparamagnetic particles was
found. It was shown that the magnetic properties of the
studied samples cannot be explained without taking into
consideration the chemical inhomogeneity of individual
particles and the magnetostatic interaction between them.
The same factors should be taken into consideration when
modeling the magnetic properties of the superparamagnetic
fraction.
2. Experiment
Synthesis of composites based on the FemOn–TiO2
system was carried out by magnetite precipitation in
suspension of TiO2 powder [1, 2]. 4 g of FeCl3·6H2O and
2 g of FeSO4·7H2O (molar ratio 2:1) were dissolved in
100 mL of distilled water. Samples T05L, T10L, and T20L
were obtained by dispersing TiO2 powder (0.5, 1.0, and
2.0 g, respectively) into solution, followed by hydrothermal
treatment (240°C, 50 MPa) for 4 hours. Sample T05H was
treated as well, but under different conditions (470°C,
42 MPa). Sample T20R was not subjected to temperature
treatment.
Titanium-containing
iron
oxides
(magnetite,
maghemite, hematite, etc.) are a series of solid solutions
Fe2+(Fe3+, Fe2+, Ti)~2O4, called titanomagnetites and
commonly denoted as Fe3–xTixO4. According to the
experimental data [1, 2], titanomagnetites are formed in
very small quantities under the specified conditions.
Significant content of hematite is detected, indicating
significant oxidation of the samples during processing. The
lattice period of 0.8362–0.8367 nm is intermediate between
the constants of the lattice of maghemite (0.8339 nm) and
magnetite (0.8397 nm).
Table I shows the characteristics of the studied samples
[1, 2]: Ms is the saturation magnetization and Mrs is the
saturation remanent magnetization, µ0Hc is the coercive
force and µ0Hcr is the remanence coercivity.

Table I. Hysteresis characteristics of the samples.
Sample

Ms,
(Am2/kg)

Mrs,
(Am2/kg)

µ0Hc,
(mT)

µ0Hcr,
(mT)

T05L

26.37

2.95

5.62

14.92

T10L

19.53

2.06

4.77

12.61

T20L

14.11

1.92

5.97

13.77

T05H

23.79

4.15

8.78

18.32

T20R

28.95

0.35

0.51

1.90

For the first four samples, the ratios of Mrs/Ms values are
in the range of 0.1–0.2 and Hcr/Hc in the range of 2–3. For
sample T20R, these ratios are approximately equal to 0.01
and 4, respectively. According to magnetic granulometry
data [3], it can be assumed that the first group of samples is
dominated by single- and low-domain particles, while in
sample T20R by superparamagnetic particles.
3. Theoretical modeling
For the modeled samples [1, 2], the presence of three
groups of particles was assumed: 1) the fraction of
chemically
inhomogeneous
two-phase
particles
(magnetite/maghemite – titanomagnetite), 2) the weakly
magnetic fraction (mainly hematite), and 3)
superparamagnetic particles of the first two fractions. Since
the spontaneous magnetization Is1 of the first fraction is two
orders of magnitude higher than that of the weakly
magnetic fraction (Is2), the two-phase particles make the
main contribution to the saturation remanent magnetization
of Mrs samples.
The first fraction is an ensemble of cubic two-phase
particles with an infinitely thin boundary between the
phases [4]. Each phase is a homogeneously magnetized
crystallographically
uniaxial
ferrimagnetic
(magnetite/maghemite
and
titanomagnetite).
The
characteristic size of particle а ranged from 20 to 80 nm,
and the relative thickness of the second phase  ranged from
0.05 to 0.20.
To find the magnetic states and critical fields of
remagnetization, the free energy was minimized, including
magnetocrystalline, magnetostatic, and Zeeman energies.
The magnetostatic energy was calculated considering the
constancy of surface magnetic charge densities of mutually
parallel and mutually perpendicular rectangles – the
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"magnetic rectangles" method [4, 5]. In this case, the twophase particle can be in four states: the magnetic moments
of the phases are parallel to each other (along or against the
external magnetic field H) or antiparallel to each other.
In the case of non-interacting particles in the absence of
an external field, it is possible to determine their relative
number in the m-th state:
𝑛𝑚 |𝐻=0 = 𝐴 exp(−𝐸𝑚 /(𝑘𝑇)),
(1)
where A is found from the normalization condition, in
which the sum of nm equals one.
Then the magnetization of the ensemble of two-phase
ferrimagnetic particles is [4]:
𝑀(, 𝐻) = 𝐶1 [𝐼𝑠 𝑠𝑚 (1 − 𝜀)(𝑛1 − 𝑛2 + 𝑛3 − 𝑛4 ) +
+𝐼𝑠 𝑤𝑚 𝜀(𝑛1 − 𝑛2 − 𝑛3 + 𝑛4 )].
(2)
Here C1 = N·v/V is the volume concentration of the first
fraction (N and v are the number and average volume of
two-phase particles, V is the sample volume), and Is sm and
Is wm are the effective spontaneous magnetizations of the
first and second phases, respectively.
If we assume that the random fields of magnetostatic
interaction Hi are uniformly distributed in the interval from
–Hmax to +Hmax, the calculation of the magnetization of the
fraction of two-phase particles with the same ε in the first
approximation is reduced to the case of non-interacting
particles with a shift of the critical fields by −Hmax [4].
During
modeling,
the
saturation
remanent
magnetization in the first approximation was provided by
the strongly magnetic two-phase particles and the weakly
magnetic fraction. However, it was possible to agree the
theoretical values of the saturation magnetization with the
experimental data only in the assumption of the presence of
a large number of superparamagnetic particles in the
samples.
Then for the first four samples (Table I)
𝑀𝑠 = 𝑀𝑠1 + 𝑀𝑠2 + 𝑀𝑠 𝑠𝑝 , 𝑀𝑟𝑠 = 𝑀𝑟𝑠1 + 𝑀𝑟𝑠2 ,
(3)
where Ms1 and Mrs1, Ms2 and Mrs2, Ms sp are the
magnetizations of the corresponding three fractions.
Judging by the hysteresis characteristics (Table I), the
fifth sample (T20R) contains mainly superparamagnetic
particles. Therefore, the average particle size of this sample
varied in the range of 20–30 nm (for spherical magnetite
grains, the single-domain size is 29–36 nm [6]). The
contribution of all particles to the saturation magnetization
was taken into consideration, and only the particles blocked
due to the magnetostatic interaction were included in the
remanence. In this case, the two-phase particle model was
also used for the strongly magnetic fraction.
Magnetostatic interaction results in that a particle with
the volume 𝑣 > 𝑣𝑏 (𝐻𝑖 ) can contribute to the remanent
magnetization. Here 𝑣𝑏 (𝐻𝑖 ) is the critical volume of a
particle whose magnetic moment remains stable when the
particle is exposed to the interaction field 𝐻𝑖 [7]. For
superparamagnetic interacting particles, the time-averaged
nonzero magnetic moment contributing to the remanent
magnetization is [7]:
𝑚 = 𝑣𝐼𝑠 tanh[𝑣𝑏 (𝐻𝑖 )𝐼𝑠 |𝐻 + 𝐻𝑖 |/𝑘𝑇] = 𝑣𝐼𝑠 𝑠𝑝 ,
(4)

Then for the superparamagnetic sample T20R
𝑀𝑠 = 𝑀𝑠1 𝑏 + 𝑀𝑠2 𝑏 + 𝑀𝑠 𝑛𝑏 , 𝑀𝑟𝑠 = 𝑀𝑟𝑠1 𝑏 + 𝑀𝑟𝑠2 𝑏 , (5)
where Ms1 b and Mrs1 b, Ms2 b and Mrs2 b correspond to the
blocked particles and Ms nb to the unblocked particles.
4. Results and discussions
Having calculated the critical fields of remagnetization
H0 of the strongly magnetic fraction using the two-phase
particle model and assuming that H0 = Hcr1, we estimated
the coercive force of this group of particles Hc1.
Then, using the experimental values (Table I), we fitted
Hcr2 and Hc2. Taking into consideration the shares of the
fractions, the average theoretical values of Hc and Hcr of the
samples coincided with the experimental ones.
Table II shows the calculated magnetization values,
which in total are equal to the experimental Ms and Mrs of
the samples (Table I).
Table II. Theoretical values of magnetizations.
Sample

Ms1

Ms2

Ms sp

Mrs1

Mrs2

(Am2/kg)

T05L

10.07

0.26

16.04

2.89

0.06

T10L

7.26

0.24

12.03

2.02

0.04

T20L

6.20

0.30

7.61

1.84

0.08

T05H

22.14

0.60

1.05

3.79

0.36

Ms1 b

Ms2 b

Ms nb

Mrs1 b

Mrs2 b

0.23

0.12

Sample

T20R

(Am2/kg)
23.74

0.51

4.70

5. Conclusions
The hysteresis characteristics of the simulated
composites are well explained within the model of an
ensemble of magnetostatically interacting two-phase
particles. The superparamagnetic fraction largely
determines the magnetic properties of the samples and its
consideration makes it possible to agree their theoretical
and experimental characteristics.
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where Is sp is the effective spontaneous magnetization of
two-phase superparamagnetic particles blocked due to
magnetostatic interaction, which coincides with Is = Is1, in
the saturation field, while the calculation of the saturation
remanent magnetization is tens of times smaller.
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Abstract. Magnetic nanosprings are novel magnetic materials with uncommon properties, caused by a combination of strong shape
anisotropy of a one-dimensional wire with its helical curling. The high magnetic moment of the CoFe alloy conducts strong interactions
between the coils and neighbors in the arrays, resulting in a complex micromagnetic structure. Due to their properties, such
nanostructures can be implemented as sensors of magnetic fields, actuators of nanorobots, and containers for drug delivery. We
investigated the remagnetization process, domain structure, and features of interaction fields induced by modulation of the thickness
of the coil of nanosprings, embedded in the porous alumina matrix.

1. Introduction
One-dimensional nanostructures such as nanotubes and
nanowires, because of their strong differences in the
magnetic behavior compared to bulk magnetic materials
and thin magnetic films are the point of high interest for
modern material science and for application. The high
aspect ratio of these nanostructures usually induced a
strong uniaxial magnetic anisotropy in the direction of the
long axis, with strong interactions between neighbors in the
arrays [1].
With
the
development
of
one-dimensional
nanostructure synthesis techniques, a facile method was
developed to prepare helical-shaped nanostructures [2].
Although we have observed the dynamics of magnetization
reversal behavior about nanospring and nanowire array
with micromagnetic simulation [3], nanospring is still
considered as one-dimensional nanostructures as well, and
can show a completely different magnetic behavior due to
their complex helical shape. In this study, we investigated
the changes of magnetic properties in dependence on the
three dimensional nanostructures like controlling the coil
thickness. The possibility of controlling the motion of such
nanostructures by external magnetic fields [4] provides
many potential applications in nanorobotics [5] and
biomedicine [6]. The low remanent magnetic moment of
nanosprings can be useful for the design of agents for target
delivery of drugs, since low remanence will prevent the
formation of agglomerates due to the absence of strong
magnetic poles.
2. Experiment
Nanosprings were synthesized by electrodeposition in a
commercial porous alumina template (Whatman, Anodisc)
with 200 nm diameter of the pores under galvanostatic
conditions. The electrolyte contained cobalt sulfate
(CoSO4·7H2O), iron sulfate (FeSO4·7H2O) and was
modified with vanadium oxide sulfate (VOSO4·H2O) and
ascorbic acid (C6H8O6) to define the helical shape of the
nanospring. The diameter of the coil was controlled by the
current density of the electrodeposition.
Surface morphology was studied by scanning electron
microscopy (SEM, ThermalScientific SCIOS 2). For
visualization the nanosprings were etched out of AAO

template using H3PO4 (6 wt%) and H2CrO4 (1.8 wt%)
solution and NaOH. Elemental composition was studied
using energy-dispersive X-ray spectroscopy (EDX, EDAX
TEAM).

Fig. 1. SEM image of nanosprings without alumina template.

The magnetic properties of the CoFe nanosprings were
carried out by vibration magnetometry (LakeShore VSM
7410). First-order reversal curve (FORC) diagram method
was used to study the complex distribution of interaction
and coercive fields in the nanosprings array. The domain
structure was investigated using magnetic force
microscopy (MFM, NT-MDT NTEGRA Aura).
For visualization the magnetic structures and defining
the magnetostatic interactions the micromagnetic package
MuMax3 was used. To achieve trustworthy model,
experimental data (hysteresis loops and MFM images)
were compared with simulation results.
3. Results and discussion
Investigation of geometric parameters using SEM
showed that the nanosprings are 200 nm in diameter and
approximately 14 µm in length. The coil thickness varied
from 38 to 95 nm. EDX analysis showed that all samples
consisted of the Fe49Co51 alloy.
Hysteresis measurements showed that all samples have
a slight anisotropy of magnetic properties in the
longitudinal direction, which can be explained by shape
anisotropy of the nanospring. Samples with the smallest
coil thickness have strong differences from the thicker
samples, which can be explained by changes in the
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magnetization reversal processes occurring in the structures
with changing the diameter of the coil.
The FORC diagram showed that irreversible switching
occurs mostly in the external fields, perpendicular to the
main axis of the nanosprings, which is uncommon for onedimensional nanostructures. The results obtained by the
FORC diagram method are presented in Table 1 (Hu –
interaction fields, Hc – coercive force, (ꓕ) and (||) indicate
the perpendicular and longitudinal directions of the
external magnetic field relative to the helix axis,
respectively). As one can see, the coercive force of the
samples with the smallest diameter of the coil is six times
larger than the median of the rest of the samples. This can
be explained by a possible single domain configuration and
the presence of high amounts of impurities and defects in
the samples.
Table I. The results of the FORC diagram measurement.
Sample Hc(||), (Oe)

Hc(ꓕ), (Oe) Hu(||), (Oe) Hu(ꓕ), (Oe)

decrease dramatically. The same behavior is observed for
interaction fields Hu in the longitudinal direction.
Considering the behavior of the samples under the
transverse application of the field, a peak is observed for Hu
and Hc at a diameter of about 62 nm. Different thicknesses
of the coils of the nanosprings result in changing of the
magnetic properties of the array due to the change of the
magnetic processes occurring in them. The behavior of
samples with a larger coil thickness is closer to that of
nanotubes (samples 4, 5). In turn, in thinner nanosprings,
the magnetic interaction between neighboring coils is
observed. The cardinal differences in the magnetic
properties of the sample with the smallest coil thickness can
be explained by a change in the magnetization reversal
process.
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Micromagnetic simulation has shown that the
magnetization of nanosprings occurs differently and
depends on the direction of the external magnetic field. If
the field is applied in the longitudinal direction of the main
axis of the nanosprings, then the magnetic moment
smoothly rotates along with the field. In the transverse
direction of the field, switching is due to the formation and
annihilation of domain walls. The remnant states obtained
in both directions of the field are shown in Fig. 3.

(a)

(b)

Fig. 2. Simulated domain structure in the remanent state of
sample with 38 nm thickness of the coil after saturation in (a)
longitudinal and (b) transverse direction of the external magnetic
field.

4. Conclusions
In this work, we have studied the magnetic properties of
nanosprings with different coil thicknesses.
We are showing that with an increase of the coil
thickness from 36 nm to 50 nm, the coercive force H c and
its distribution in the field applied along the nanospring axis
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Structure and magnetic properties of Nd-(Fe,Co)-B hard
magnetic powders with and without Cu doping
V.Yu. Samardak, V.N.Kharitonov, A.A. Belov, O.O. Shichalin, E.K. Papynov, A.S. Samardak,
A.V. Ognev
Institute of High Technologies and Advanced Materials, Far Eastern Federal University, Vladivostok 690922, Russia
*e-mail: vadimsamardak@gmail.com
Abstract. Hard magnetic Nd-(Fe,Co)-B powders prepared by ball milling from melt-spun ribbons are investigated. The effect of doping
by 1 wt% Cu on magnetic properties is shown. Furthermore, the thermal stability of the Nd-(Fe,Co)-B powder with Cu doping is
studied. The structure and morphology of the powders are observed. The contribution of the Nd2(Fe, Co)14B and α-(Fe,Co) phases to
magnetic properties is determined using temperature dependences of AC susceptibility in the range of 17 to 847 °C. The reversal
magnetization and energy product of the Nd-(Fe,Co)-B powders with and without Cu doping are investigated and discussed.

1. Introduction
The development of modern technologies for robotics,
automobile transport, small aircraft, electric transport,
clean energy, and other areas requires strong and compact
permanent magnets, which are used in electric drives and
generators [1]. Composites from polymer materials with
magnetic powders (magnetoplastics) are also used in
numerous applications, including electromagnetic drives
for micropumps [2]. Intensive research has focused on new
methods for synthesis and optimal microstructure
formation since the discovery of superior Nd 2Fe14B hard
magnetic alloys [3].
Bonded Nd-Fe-B magnets or magnetic elastomers
require magnetic powders. These powders can be obtained
by milling ingots of melt-spun Nd-Fe-B ribbons or via
hydrogen dispersion-desorption-recombination (HDDR)
alloys treated. The fabrication of magnetic powders is the
most important technological task that requires
understanding the processes of structure transformation
during milling and developing methods to stabilize the
magnetic properties. During fast consolidation of
nanostructured powders using the Spark Plasma Sintering
(SPS) technique, the magnetic properties of Nd2Fe14B can
change. Transition or rare-earth metal additives (Tb, DyCo,
Cu + DyCo, and Al + DyCo) can be added to avoid the
reduction of the parameters
The aim of this work is to investigate the influence of
the Cu additive on the structure and magnetic properties of
powders, which was obtained from the melt-spun of
ribbons of the Nd-(Fe,Co)-B alloy. Copper was
incorporated by mechanical synthesis during powder
milling. The influence of a relatively high concentration of
Cu (1 wt%) on the structure, reversal magnetization, and
energy product of Nd-(Fe,Со)-B neodymium magnets were
investigated.

powders without additives and with 1 wt% Cu
incorporation were annealed at 750 °C for 10 minutes for
thermal stability investigation. Such heat treatment is
traditionally used for the compaction of nanocrystalline
powders via the hot-pressing technique.
3. Results and discussions
The XRD of the initial powder of Nd-(Fe,Co)-B alloy
and its milled form, as well as after doping with 1 wt% of
Cu, are shown in Figure 1. The composition of the powder
phase and the lattice parameters of the phases are presented
in Table 1. The main phase of the powders is the tetragonal
phase Nd2Fe14B (2-14-1) with the spatial symmetry group
P42/mnm. Miller indices of the phase are shown in Figure
1a. The lines of the (2-14-1) phase are very broad, which
allows for an estimate of the coherent scattering regions
(CSRs) size of about 30 nm. The grain deformation of the
initial powder is 0.1%, and after milling it increases several
times.
The XRD diffractograms of the initial powder of the Nd
alloy (Fe, Co) -B before and after annealing qualitatively
coincide. However, the XRD diffractograms of milled
powders before and after annealing are significantly
different. Intensive lines of NdO oxide and α-phase Fe-Co
phases appear in XRD diffractograms for milled powders
after annealing. This explains the decrease in Hc for the
powders.
Table I. XRD results for powders before and after milling.

2. Experiment
Hard magnetic powders were obtained by ball milling
of the commercial rapidly quenched Nd-(Fe,Co)-B alloy
(product No. 04821610, Jovi International, China) using a
Tencan XQM-0.4A planetary ball mill (China), regime:
700 rpm in one 6-hour cycle in an inert gas atmosphere
(argon) and acetone. Powder samples with Cu
incorporation were synthesized by adding 1 wt% of Cu
powder in the initial alloy before ball milling. Furthermore,
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Nd(Fe,Co)B
powders

XRD

Phases
volume
(%)

Parameter

CSR Deformation
(nm)
(%)

Initial
powder
Powder
after
milling

2-14-1
-Fe

99
~1

a (Å)
8.789
2.847

c(Å)
12.197
-

26
-

2-14-1
-Fe

99
~1

8.790
2.847

12.199
-

32
-

Powder
after
2-14-1
milling
-Fe
with
1
wt% Cu

99
~1

8.790
2.847

12.199
-

30
-

Initial
powder
Powder
after
milling
Powder
after
milling
with 1 wt%
Cu
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(a)

(b)

(c)

Element

Wt%

At%

BK*
NdL
FeK
CoK
CuK

00.00
26.61
66.66
05.18
01.54

00.00
12.38
80.09
05.90
01.63

(d)

Fig. 1. SEM images of the morphology of the Nd- (Fe, Co) -B alloy
particles in the initial state (a), after being milled without copper
(b) and morphology (c) and results of the EDX analysis (d) of the
Nd- (Fe, Co) -B alloy with the 1 wt% Cu additive.

Figure 1a shows SEM images of the initial powder of
Nd-(Fe,Co)-B alloy. The powder particles are plate-shaped
with sharp edges. The thickness of the particles is about 20
μm with an average in-plane size of about 370 μm. Figures
1b and c show SEM images of the powder of the Nd(Fe,Co)-B alloy after milling. These powders contain
agglomerates, as well as individual particles of different
sizes and irregular shapes. The average grain size is 2 μm.
Figure 1d shows the data of the EDX results for the powder
alloy Nd-(Fe,Co)-B with the 1 wt% Cu additive. The
content of Nd, Fe, and Co does not change for all samples.
The composition of individual particles of the Nd-(Fe,Co)B powder alloy differs significantly from the average
composition of the large area.
120
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4. Conclusions
In the study, it was found that the initial fast quenched
Nd-(Fe,Co)-B alloy powder has a composition of
approximately 28 Nd, 66 Fe, 5 Co, 1 B (wt%). The main
phase of the alloy is the Nd2Fe14B structure. The high
powder coercivity up to 9.82 kOe is due to the presence of
nanocrystalline grains of about 30-60 nm inside the powder
particles with an average size of about 370 µm. The particle
size of the powder is reduced to an average size of
approximately 2 μm after milling. The coercivity for the
milled powders decreases slightly but remains at a fairly
high level (8.96 and 9.20 kOe). The addition of 1 wt% of
Cu leads to an increase in coercivity and energy ratio
compared to the powder without Cu.
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[3] New material for permanent magnets on a base of Nd and
Fe (invited) / M. Sagawa, S. Fujimura, N. Togawa, H.
Yamamoto, Y. Matsuura // J. Appl. Phys. - 1984. - V. 55. P. 2083–2087.

Figure 2 shows the magnetic hysteresis loops for Nd(Fe,Co)-B alloy powders measured by a vibrating
magnetometer. Each figure shows the values of the
maximum specific magnetization σ17 measured in a
magnetizing field with a strength of 17 kOe, the coercive
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Magnetic properties of [Pd/Co/CoO]n superlattices
V.S. Shatilov*, G.S. Suslin, E.V. Tarasov, K.L. Karimov, A.V. Ognev, A.G. Kozlov and
A.S. Samardak
Institute of High Technologies and Advanced Materials, Far Eastern Federal University, 690922, 10 Ajax bay, Vladivostok,
Russia
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Abstract. Results of research on the magnetic properties of multilayered ferromagnetic epitaxial films with oxidized top interfaces of
the ferromagnetic layer are shown. Experimental data demonstrate the presence of PMA in [Pd/Co/CoO]n films, as well as an increase
in the coercivity and magnetic moments from the number of layers.

2. Experiment
The Omicron ultrahigh-vacuum complex was used to
obtain multilayer films [Pd/Co/CoO]n. The samples were
grown by molecular-beam epitaxy at pressure ≈10-10 Torr,
A Si(111) substrates were prepared by chemical cleaning
before loading into the chamber. The samples were then
degassed by indirect heating for 13 hours and at a
temperature of 600 C°, and the substrates were annealed
bya direct current at the temperature of 1200 C° by short
pulses to clean the surface of silicon oxide and form a 7x7
surface reconstruction. After annealing, a layer of Cu (21 Å
thick) was deposited as the buffer layer. Each
ferromagnetic layer (Co) was oxidized for 3 minutes in a
dry oxygen atmosphere. The structure of a single film with
3 layers (trilayers) is presented as Pd(20Å)/Co(10Å)/CoO.
The deposition of each new layer was controlled by
recording the reflective high energy electron diffraction
pattern. Preservation of the crystalline order with an
increase in the layers of the film was observed.

The final layer of Pd (50 Å thick) was sputtered, to
prevent subsequent oxidation of the film.
The magnetic properties of the samples were studied
using a vibrating sample magnetometer (VSM).
Investigation of the domain structure was carried out by a
magneto-optical Kerr microscope (MOKE).
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1. Introduction
Thin magnetic films are valuable for studying them as a
material for new types of logical devices for storage,
reading/writing, and information processing. Precise
driving of the parameters of magnetic materials is required
for the development of such devices. The DzyaloshinskiiMoriya Interaction (DMI) and PMA are the most important
properties of such systems. Interfacial DMI appears due to
symmetry breaking at the interface of ultrathin films, which
leads to asymmetric spin rotation, and in combination with
strong PMA allows one to stabilize the topological
structures as chiral domain walls and skyrmions.
The experiment was based on the Co/Pd(111) epitaxial
system since it is characterized by good thermal stability
and strong PMA, the origin of the former being well
described in the work of Davydenko A. V. et al [1]. Further
studies of similar systems, specifically Pd/Co/Pd(111),
demonstrated that such a symmetrical structure can lead to
the formation of DMI [2]. However, if the symmetry is
broken by oxidizing the ferromagnetic layer, the magnetic
parameters are preserved and become more stable [3].
In our samples [Pd/Co/CoO]n films, both DMI and
PMA appear. Meanwhile, with an increasing number of
film layers (n), the crystal structure is preserved. To
determine operating parameters such as layer thicknesses
and oxidation parameters - time and pressure, the magnetic
properties of single-layer samples were previously studied.
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Fig. 1. a) The hysteresis loops for [Pd/Co/CoO]n films; b)
Dependence of the coercive force on the number of layers (n); c).
Dependence of the magnetic moment on the number of layers (n).
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3. Results and discussions
Hysteresis loops taken perpendicularly to the plane of
the sample indicate the easy magnetization axis in this
orientation, which indicates the presence and preservation
of PMA on each layer. (Fig 1. a). The growth of the
coercive force and magnetic moment with an increasing
number of trilayers was shown (Fig 1. b and c.).
The domain structure of the samples was studied by
MOKE-microscopy (Fig 2). A magnetic field was applied
in the range from ±100 to ±500 Oe. The structure of the
labyrinth domains was observed in a demagnetized state.

Fig. 2. Labyrinth domain structure in the [Pd/Co/CoO]4 film.

4. Conclusions
The dependences of the coercive force and magnetic
moment on the number of layers of a [Pd/Co/CoO] n
multilayer thin film were studied. The labyrinthine domain
structure of the sample was observed. The ability to control
the coercive force and magnetic moment will potentially
allow the use of top-interface oxidation as a mechanism for
controlling magnetic parameters. In addition, the presence
of PMA in the samples reinforces the interest in further
research. Determining the characteristics makes it possible
to further use films as a material for a new type of magnetic
memory.
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Synthesis and magnetic properties of electrodeposited Ni
nanowires with a high aspect ratio
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Abstract. The synthesis of anodic aluminum oxide templates and the preparation of Ni nanowires by electrodeposition in a two-stage
anodizing mode are considered. Ni nanowires with the length from 1.5 to 4 μm are prepared. The magnetic and morphological
properties of the Ni nanowires are studied.

1. Introduction
Magnetic nanomaterials can be used for media with
high recording density, for new types of magnetoresistive
memory, and highly sensitive sensors [1]. Currently,
porous anodic aluminum oxide is used as a template to
prepare nanocrystals, nanotubes, nanofibers, quantum dots,
in filter production, in instrumentation, in biomedicine, and
optoelectronics [2]. The parameters of the templates
depend on characteristics and the type of electrolyte, and
current density during anodization. [3]. The
electrodeposition method allows one to prepare metallic
nanowires inside an Al2O3 template. Using pattern
electrodeposition methods, various one-dimensional
nanostructures are obtained, in particular: nanowires,
nanotubes, nanosprings, segmented nanowires with
different compositions and crystal structures [4]. The
application of such ferromagnetic nanostructures is not
limited by IT and sensors; they can be used for biomedical
applications, for example, to destroy cancer cells by
hyperthermia and mechanical destruction of tumors,
targeted drug delivery, magnetic resonance contrast agents,
and sources of secondary irradiation in radio treatment of
tumors [5]. We are shown the results of technology
optimization for electrodeposition of Ni nanowires (NWs).
The magnetic properties of NWs were characterized by the
first-order reversal curve (FORC) diagram method.
2. Experiment
Porous Al2O3 templates were synthesized using the
two-step anodization method [6]. The anodization was
carried out in mild potentiostatic mode at 40V in 2-3°C and
20-23 ° C oxalic acid for 3 hours for the first anodization
and 15 hours for the second anodization using the Agilent
6030A power supply. After the porous membrane was
achieved, Al was dissolved with 0.08М of CuCl2+8% HCl
in 20°C at 1h, and the barrier layer on one side of the pores
was etched with 1,0М of H3PO4 acid at 40-60m. After that,
a thick conducting layer of Cu was deposited on the top side
of the porous membrane to avoid the formation of dendrites
during the growth of the nanowires. Templates were
checked by scanning electron microscope (SEM).
ThermoScientific SCIOS2.
The nanowires were electrodeposited from a Watts
solution containing NiSO4, NiCl2, and H3BO3 into prepared
templates in galvanostatic mode at a current density of 250
mA/cm for 10 and 30 minutes. The Keithley 2460 power
source was used. The geometrical properties and elemental

composition of synthesized nanowires were investigated
and analyzed by SEM. ThermoScientific SCIOS2 with
EDX module.
Magnetic properties were studied using a LakeShore
VSM 7410 vibration magnetometer. The FORC diagram
method was used to study the distribution of coercive force
and magnetostatic interactions in the arrays of Ni
nanowires
3. Results and discussions
SEM images of the templates are shown in Figure 1.
The medium pore diameter for samples with matrices
synthesized at 2-3°C was 60-80 nm, the length is up to 50
µm with high porosity, high level of hexagonal ordering
and uniform round pores. Meanwhile, templates
synthesized at room temperature had a lesser diameter 4060 nm with broken long-range order and nonround pores.

Fig. 1. SEM image of a porous alumina on the top of (a) a porous
alumina template synthesized at 2-3°C, (b) a porous alumina
template synthesized at 20-23°C.

Ni nanowires etched out from templates are presented
in Figure 2. The diameter of the nanowires was equal to the
diameter of the pores for all samples. The length was
controlled by the time of the deposition and was
approximately 1.5 µm, with a growth rate of approximately
150 nm/s. EDX analysis confirmed that the nanowires
consist of Ni.
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5 µm

Fig. 2. Ni nanowires etched from a porous alumina template
synthesized at 2-3°C.

Nanowires have a strong uniaxial anisotropy in the
direction of the main axis of nanowires. The coercive force
𝐻𝑐 and the ratio of the residual magnetic moment to the
magnetic moment of saturation 𝑀𝑟/𝑀𝑠 were determined
from the hysteresis loops. Value of Hc~950 Oe (out of
plane) and Hc~550 Oe (in plane). Value of 𝑀𝑟/𝑀𝑠 ~0,92
(out of plane) and 𝑀𝑟/𝑀𝑠~0,29 (in plane). On the basis of
the results obtained from the values of Hc and 𝑀𝑟/𝑀𝑠, it can
be judged that the nanowires are in a single-domain state.
The FORCs diagram showed the distribution of Hc in the
range of 600 to 1300 Oe, with strong interactions between
the nanowires with Hu up to 1000 Oe. The coercive force
for a sample with an electrodeposition time of 10 minutes
(l = 1,5 µm) is 800 Oe, but for a sample with an
electrodeposition time of 30 minutes, Hc = 1000 Oe.
4. Conclusions
As a result, the optimal conditions for aluminum oxide
templates synthesizes are established. The nickel
nanowires were obtained by electrochemical deposition.
The geometry, elemental composition, and magnetic
properties of nanowires were investigated.
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Abstract. An exchange bias has been found in [Pd/Co/CoO]n epitaxial films with different oxidation depths and different repetition
numbers (n) characterized by perpendicular magnetic anisotropy. The oxidation parameters and the number of bilayers affect the
exchange bias. The Néel temperature depends on the thickness of the Co oxide and does not depend on the number of bilayers.

1. Introduction
Exchange bias is one of the phenomena associated with
the exchange anisotropy that occurs at the interface
between ferromagnetic (FM)/antiferromagnetic (AFM)
materials. It arises when nanostructures of the FM/AFM
type are cooled in the presence of a constant magnetic field
to a temperature T<TN, and TN<TC, manifests itself, as a
rule, in a shift of the magnetic hysteresis loop in the
opposite direction relative to the field applied during
cooling. This phenomenon appears in different materials
such as: microparticles, thin films, inhomogeneous
materials. However, from the point of view of practical
application, thin films are the most promising. in these
systems, the interface can be controlled and characterized
quite effectively. Due to the increased coercive force,
exchange biased materials can be used as materials for
permanent magnets and high-density magnetic memory
devices [1,3]. Of particular interest are systems of ultrathin
epitaxial films with an exchange bias directed
perpendicular to the FM/AFM interface, since they are less
susceptible to thermal noise and are well suited for a large
class of spintronic devices [2]. The use of the method of
molecular beam epitaxy (MBE) to obtain such structures
will make it possible to grow ultra-thin, extra-pure films
with sharp interfacial boundaries.
In this work, we studied the structure and magnetic
properties, including the exchange bias, in ultrathin
Pd/Co/CoO epitaxial films with different Co and
[Pd/Co/CoO]n oxidation doses, where n is the number of
repetitions. Single-crystal silicon (111) wafers were used as
the substrate. The films were obtained by molecular-beam
epitaxy on an Omicron ultra-high-vacuum complex with a
base pressure of 3 × 10-11 Torr. Data on the structure of the
samples were obtained using reflective high-energy
electron diffraction during sample deposition. The
magnetic properties of the samples were studied
experimentally using a SQUID magnetometer, PPMS, and
VSM. In the SQUID and PPMS experiments, an external
magnetic field was applied perpendicular to the plane of the
sample.
2. Results
Epitaxial Pd(2nm)/Co(1nm) films were obtained by
MBE, after that the procedure of controlled oxidation in dry
oxygen was carried out. During the oxidation process, the
thickness of CoO increased due to the decrease in the
thickness of cobalt. As a result of the analysis of the

magnetic hysteresis loops obtained at temperatures of 300,
100, (70K for multilayer systems), 50 and 4K, the values of
the exchange bias HEb (Fig. 1) were determined for samples
with different thicknesses of cobalt. It has been established
that the exchange bias depends on the degree of Co
oxidation, and it begins to appear at a temperature equal to
or below 100 K for a sample with an oxidation time of 5
minutes and increases with decreasing temperature. A
sample with a residual cobalt thickness of 0.55 nm was
chosen as the base sample for obtaining a series of samples
with different numbers of repetitions Pd/Co/CoO. The
dependences of the magnetization on the external magnetic
field studied at different temperatures for samples with n =
1, 2, 3 made it possible to establish that the exchange bias
begins to manifest itself at temperatures below 100 K, and
a decrease in temperature leads to an increase in the
exchange bias (Fig. 2). It is known that the size factor
significantly affects the magnetic properties of a substance,
for example, the transition temperature to a magnetically
ordered state. In this regard, it would be reasonable to study
the influence of the oxidation depth on the magnetic
characteristics of such structures with temperature. We
studied the temperature dependences of the magnetization
of all fabricated samples. Based on the data obtained, it was
found that the Neel temperature depends on the thickness
of cobalt oxide and does not depend on the number of
bilayers (Fig. 3).

Fig. 1. Temperature dependences of the exchange bias for
samples with different Co oxidation times.
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Fig. 2. Temperature dependences of the exchange bias for
samples with different numbers of repetitions Pd/Co/CoO.

Fig. 3. Dependence of the Néel temperature on the thickness of
CoO (d) and the number of repetitions (n).

3. Conclusions
The possibility of the existence of an exchange bias
perpendicular to the film plane in Pd/Co/CoO epitaxial
structures with different degrees of Co and [Pd/Co/CoO]n
oxidation, which are characterized by perpendicular
magnetic anisotropy, has been shown. It was found that the
exchange bias depends on the oxidation parameters and on
the number of bilayers. The Neel temperature depends on
the thickness of the Co oxide and does not depend on the
number of repetitions.
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New approaches to the use of electrochemical
deposition and etching for the synthesis of nanostructures
are considered in the present work. A brief review of the
known methods for obtaining nanostructures is given,
classified into two types: self-organized and the use of
template deposition into porous materials. Porous silicon
and porous anodic alumina are considered as the most
studied examples of self-organized structures.
Special attention is paid to the methods of deposition of
filamentous structures into nanosized pores of oxides.
Approaches to the optimization of deposition regimes
based on the combined consideration of the conditions
(charge carrier transport at the electrode/electrolyte
interface; the kinetics of electrochemical reactions at the
interface; the thermodynamics of chemical transformations
and the hydrodynamics of mass transfer in nanometer pore
channels) are presented. The features of the
electrodeposition of metals into pores based on the
application of asymmetric voltage pulses are considered in
detail. Using the Cd-S-H2O system as an example, a
method for creating CdS whisker nanocrystals in the pores
of anodic alumina in the direct current mode, based on the
analysis of thermodynamic equilibrium conditions in a
multicomponent system, is demonstrated.
The focus of the work is on new methods for the
synthesis of filamentous nanostructures in aqueous
solutions, based on the use of molten metals as an interface
that isolates the reducing metal ions from hydration. This
makes it possible to deposit nanocrystals of elements, the
deposition of which is possible only in non-aqueous
electrolytes. Given that the temperature range in which
aqueous solutions remain in a liquid state is limited by the
boiling point, the choice of metals that can be used to
implement such a process is thermodynamically justified.
On the basis of theoretical estimates, it is shown that metals
with a melting point significantly higher than the boiling
point of aqueous solutions can be used as a molten
interface. This possibility is explained on the basis of the
dependence of the melting temperature on the dimension of
film structures and structures in the form of nanosized
particles.
Experimental confirmation of the proposed theoretical
approaches is presented by the example of cathode
deposition of Ge on In nanocrystals. The main dependences
of the deposition kinetics on the sizes of In nanoparticles
and the electrolyte temperature are presented. The reasons
for the observed increased solubility of In in Ge
nanocrystals are also discussed.
In conclusion, a brief review of the areas of application
of Ge nanocrystals in lithium-ion and sodium-ion batteries
(LIB and SIB) is presented. The prerequisites for
maintaining the efficiency of LIB at low temperatures on

the basis of the high diffusion coefficient of Li in Ge are
discussed.
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Polycrystalline group-IV alloys, such as Si1-xGex, Ge1and Si1-x-yGexSny, have attractive benefits for
thermoelectric generators which can directly convert heat
energy into electricity with less environmental impact.
Grain boundaries in the polycrystalline material can
successfully reduce thermal conductivity which is essential
to operate the thermoelectric devices under temperature
difference [1]. Besides, mass differences between
component elements of the alloy contribute to modulate
phonon characteristics [2].
In terms of the synthesis of the polycrystalline groupIV alloys, it has been challenging to realize crystallization,
which typically needs high temperature annealing,
simultaneously with controlling composition, especially Sn
content which is limited by low solid solubility into Ge and
Si as 1 at.% and 0.1 at.%, respectively, under equilibrium
condition [3].
As one of the solutions to obtain the polycrystalline
group-IV alloys having high Sn content, using crystalline
Sn nanodots as nuclei is effective for the growth of
crystalline alloys at low temperature. The low temperature
growth, which is the growth far away from the equilibrium,
enables introduction of Sn more than its solubility limit [4].
Amorphous Sn layer deposited on SiO2 substrate can be
easily transformed into crystalline Sn nanodots by just
applying an annealing in vacuum. We demonstrated the
formation of polycrystalline Ge1-xSnx and Si1-xSnx alloys by
deposition of Ge and Si on the Sn nanodots at the substrate
temperature of 150 °C and 225 °C, respectively [5,6].
However, we found that Ge preferentially reacts with Sn
nanodots when Si and Ge are simultaneously deposited on
the Sn nanodots. In this case, Si remains as amorphous,
meaning the effect of nucleus for the low temperature
crystallization is not effective for Si if Ge exists. This result
suggests that Si has to be crystallized prior to Ge.
One can notice that the polycrystalline Si1-xSnx can be
formed by the Sn nanodots mediated formation process as
mentioned above. Therefore, we have proposed the 2-step
formation
process
consisting
of
poly-Si1-xSnx
crystallization and Ge alloying with the poly-Si1-xSnx which
can be considered as a virtual substrate [6]. Using the 2step formation process, whole deposited region was
successfully crystallized with alloying Si, Ge, and Sn. The
estimated Si and Sn content in the as-grown polycrystalline
Si1-x-yGexSny layer were as high as 10.8% and 3.5%,
respectively. Impact of introduction of Sn on phonon
characteristics is also planned to be discussed at the
presentation.
xSnx,
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Abstract. Bulk polycrystalline samples of LnCoO3 (Ln = La, Gd) were synthesized from nanosized crystallites. For the LaCoO3
compound in the temperature range of 2–300 K, the field and temperature dependences of the magnetic moment were measured, , and
a comparative analysis of the magnetic properties at different synthesis temperatures was carried out, with the bulk LaCoO3. Significant
differences in the magnetic properties associated with the presence of ferromagnetism in nanostructured LaCoO3 are found. An unusual
temperature dependence of the infrared absorption spectra of rare-earth cobalt oxides LaCoO3 and GdCoO3 in the temperature range
3.2–550 K has been studied experimentally and theoretically. It is shown that the observed strong softening of the optical phonon mode
is due to the electron-phonon interaction quadratic in the lattice shift and fluctuations in the multiplicity of Co3+ ions.

1. Introduction
LaCoO3 is the basic representative of a number of rare
earth cobaltites with the formula Ln3+Co3+O32-. Transitional
and rare earth (REM) elements exhibit the same valency
equal to three. In the LaCoO3 compound, the cobalt ion is
surrounded by a slightly distorted oxygen octahedron,
forming CoO6 complexes. The 3d shell of the Co3+ ion
contains six electrons that can form the HS (S=2), LS
(S=0), and IS -intermediate spin (S=1) terms. The 10Dq
crystal field is so strong that the main term is the LS singlet,
and HS and IS are excited with low excitation energies [1].
As a result, starting from 100 K and above, the population
of magnetic terms is significant, which forms the complex
and unusual electrical, magnetic, and structural properties
of LaCoO3 and other rare earth cobaltites. When La is
replaced by another rare-earth element Ln the same
phenomena are observed as in LaCoO3, but the maxima in
the temperature dependences of the anomalies of thermal
expansion and magnetic susceptibility shift to high
temperatures, which is associated with an increase in the
spin gap due to lanthanide contraction and an increase in
chemical pressure with a decrease in the ionic radius of the
rare earth element. Stabilization of the high-spin state can
lead to the appearance of ferromagnetic ordering, which
was observed experimentally on the surface of a LaCoO 3
single crystal [2], in grain boundaries [3] and in thin films
on stretchable substrates [4].
So far, very little experimental information has been
obtained both on the density of phonon states and on the
dispersion laws of phonons in rare-earth cobalt oxides.
Phonon dispersion in LaCoO3 was studied by inelastic
neutron scattering in the temperature range from 10 to 200
K in [5] and from 10 to 536 K in [6]. Estimates show that
the scale of temperature variations in phonon frequencies
near the boundary of the Brillouin zone is almost an order
of magnitude greater than the lattice contribution
associated with thermal expansion. It is allows to assume a
significant electron-phonon interaction. The study of
ferromagnetism in nanocrystalline LaCoO3 samples and
unusual temperature dependences of the infrared
absorption spectra of rare-earth cobalt oxides LaCoO3 and
GdCoO3 is the aim of this work.

2. Experiment
High-purity oxides Ln2O3 (99.99%) (Ln = La, Gd) and
Co3O4 (99.7%) in a stoichiometric amount were carefully
mixed in an agate mortar with the addition of ethanol,
annealed in air at 1373 K in an alundum crucible for 24 h
with a triple grinding cycle - calcination. After tablet
pressing and annealing at a temperature of 1373 K, the
synthesized samples were ground in ethanol in a
Pulverisette 7 premium line planetary micromill (Fritsch
GmbH, Germany, glass and balls from 96.2% ZrO2) to a
particle size of less than 100 nm. After evaporation, some
of the obtained aggregates were ground in an ultrasonic
bath for measurements on an electron microscope (SEM
with a JEOL JSM-7001F electron microscope, TEM with a
Hitachi HT7700) and optical studies. The IR spectroscopy
measurements were carried out with the vacuum Fourier
Transformation IR spectrometer Vertex 80v equipped with
an RT-DLaTGS detector. Cryogenic measurements were
carried out with a cryostat-type OptistatAC-V12 and
Temperature Controller ITC503s from Oxford Instruments
in the range 3.2–296K, a Variable Temperature Cell
147/QV High Stability Temperature Controller 4000 Series
TM from Specac Ltd were used for the temperature region
297–523 K. The other part was ground and pressed into
tablets for sintering and studying magnetic properties
(PPMS-9, Quantum Design (USA).
3. Results and discussions
Transmission electron microscope images indicate that
the particle sizes lie in the nano range (Fig. 1) . At the same
time, the absence of a clear cut indicates that these particles
are aggregates that formed from smaller particles during the
evaporation of alcohol.
The behavior of the magnetic susceptibility χ(Т) for a
nanopowder and a nanostructured sample synthesized at
1023 K is similar. In the region of helium temperatures, one
can see the beginning of the formation of a bend
characteristic of the “classical” LaCoO3 (Fig. 2, inset). At
the same time, the value of χ(Т) at Т = 2 K for nanopowder
is 15 times higher than the similar value for a bulk and
single crystal samples.
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Fig. 4. Absorption spectrum of LaCoO3 (right) and GdCoO3 (left)
at T = 3.2 and 550 K in the energy range 0.04 – 0.08 eV.

Fig. 1. Characteristic TEM images of ground LnCoO3 powders
after evaporation and grinding in an ultrasonic bath.

Fig. 2. Temperature dependences of the magnetic susceptibility
obtained in the ZFC mode in the temperature range 2–300 K for
samples LaCoO3 synthesized at different temperatures.

Recrystallization of samples as a result of synthesis at
higher temperatures (1223 K, 1373 K) leads to a change in
the course of the χ(Т) curve with the formation of a
maximum at temperatures below 50 K. The field
dependences of nanostructured samples indicate the
presence of ferromagnetic ordering (Fig. 3)

As the temperature increases, the absorption maximum
shifts to lower frequencies, which corresponds to the
experimental data obtained (Fig. 5a).

Fig. 5. (left) Experimentally obtained temperature dependence of
the breathing mode energy in LaCoO3 and GdCoO3. (right)
Calculated temperature dependence of the breathing mode
frequency of CoO6 octahedra. The calculations were performed
for the following values of the spin gap ΔS: ΔGdCoO3 = 2300 K,
ΔLaCoO3 = 150 K.

4. Conclusions
The study of nanostructured LaCoO3 magnetic
properties showed the presence of ferromagnetic ordering,
which can be associated with the stabilization of the highspin state of Co3+ ions at the grain boundaries. The study of
the temperature dependences of the infrared absorption
spectra of LaCoO3 and GdCoO3 revealed a strong softening
of the optical phonon mode, which is due to the quadratic
electron-phonon interaction in the lattice shift and
fluctuations in the multiplicity of Co3+ ions.
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Fig. 3. Part of the hysteresis loop of nanostructured LaCoO3
synthesized at 1023 K.

The high-energy part of the phonon spectrum (0.04 –
0.08 eV), in which the breathing (compression) vibronic
mode is located, is shown in Fig. 4. Well-resolved
vibrational excitations are seen in the high-energy part of
the phonon spectrum, similar to those observed in [7]. The
highest energy maximum in the absorption spectrum,
which we attribute to the excitation of the respiratory mode,
shifts to lower energies with increasing temperature. The
shift for La is noticeably stronger than for Gd (Fig. 5a), and
we attribute it to the population of the HS state of Co3+ ions
with increasing temperature. Figure 5(b) shows the
calculated temperature dependence of the position of the
maximum in the IR absorption spectrum corresponding to
the excitation of the breathing (compression) mode of
crystal lattice vibrations for two compounds.
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Features of the formation of nanoparticles and binary
nanoalloys during thermal evaporation and condensation
on an inert surface in vacuum
D.G. Gromov*,1,2, S.V. Dubkov1, S.A. Gavrilov1
1

Institute of Advanced Materials and Technologies, National Research University of Electronic Technology, 124498
Zelenograd, Russia
2 I.M. Sechenov First Moscow State Medical University, 119435 Moscow, Russia
*e-mail: gromadima@gmail.com
Abstract. The several features of the formation of nanoparticles Ag, Au and binary nanoalloys Ag-Cu, Au-Cu, Cu-Rh by thermal
evaporation, condensation and heating on an inert surface in vacuum are shown. Rapid changes in the initial Ag array take place at an
unusually low temperature of 75-100 0C, and after the array enters a metastable state. The impact of the electron beam of a transmission
electron microscope on the initial condensate is demonstrated to lead to the migration of nanoparticles and their fusion despite their
crystalline state. The difference in the formation of Ag-Cu, Au-Cu and Cu-Rh nanoalloys is also demonstrated. The considered features
of the formation of nanoparticles and nanoalloys are associated with the size effect of lowering the melting temperature.

1. Introduction
Nanoparticles of metals and alloys are actively studied
for various applications due to their observed extraordinary
properties. In particular, they can be used in biomedical
[1,2], catalytic [3,4], sensor [5,6], electronic [7,8] and other
applications. There are physical and chemical methods for
the formation of nanoparticles on a solid-phase surface.
Physical methods include thermal evaporation and
condensation on an inert surface in vacuum. This technique
makes it possible to obtain arrays of metal nanoparticles
with a controlled average size depending on the amount of
evaporated substance [наши]. In this work, we consider the
features that arise in the implementation of this technique
both in the formation of particles of elemental metals and
particles of binary alloys.

the phenomenon of heterogeneous melting of a decrease in
the melting temperature:
• the reason for the downward shift of the melting
temperature with decreasing size is the surface energy ,
whose contribution to the total energy of the object
increases with decreasing size;
• the "trigger" of the process of heterogeneous melting is
the difference between the surface energies of the liquid
and solid phases L-S. However, the magnitude of this
difference does not significantly affect the decrease in
temperature;
• a decrease in the melting heat H(Т), which becomes
smaller at lower temperatures, strongly affects the lowering
of the melting point.

2. Decreasing the melting temperature with a decrease
in the size of nanoobjects
We believe that the main reason for the formation and
behavior of metal nanoparticles is the effect of decreasing
the melting temperature, which intensifies with a decrease
in the size of nanoparticles or other nanoobjects.
It follows from the conditions of equilibrium
thermodynamics that for a system bounded by a surface,
the melting temperature decreases in accordance with the
expression

 H(T) LAL − SAS 
T = T 
+

VH(T ) 
 H(T )

(1)
where T is the phase transition temperature of a system
bounded by a surface, in particular, a nanosystem, T is the
phase transition temperature of a macrosystem,  is the
surface energy, A is the surface area, V is the volume,
H(Т) is the change in enthalpy as a result of the phase
transition at temperature T. Comparison of the calculations
of the melting temperature of gold nanoparticles depending
on their size with the known experimental data [9] shows
that this expression gives a very good agreement [10].
A comprehensive analysis of model calculations based
on this expression allows to reveal a number of features of

Fig. 1. Dependence of the average lateral size of nanoparticles on
temperature of in-situ heating during atomic force microscope
measurement.

3. Instability of a metal condensate formed on an
unheated substrate
Interesting results were obtained in the study of the
evolution of an array of silver nanoparticles on the surface
of SiO2 by atomic force microscopy during in-situ heating
up to 200 0C [11]. The initial silver condensate is an array
of disks and is unstable. Even a slight change in
temperature by 20-30 0С leads to coarsening of particles,
change in their number per unit surface and change in their
shape, which becomes closer to spherical. Rapid changes in
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the array take place at an unusually low temperature of 75100 0C, as can be seen in Fig.1. As a result of these changes,
the array enters a metastable state, which persists at least up
to 200 0C.
We observed a similar instability for the gold
condensate. In particular, the impact of the electron beam
of a transmission electron microscope on the initial
condensate leads to the migration of nanoparticles and their
fusion, as can be seen in Fig. 2. It should be noted that the
nanoparticles are in a crystalline form, but at the same time,
when merged, they change shape, acquiring a more
spherical shape.
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Fig. 2. TEM time-lapse storyboard of the process of combining
two silver nanoparticles on an amorphous carbon surface.

4. Formation of nanoparticles of binary alloys
Among binary nanoalloys, systems of the Ag-Cu
eutectic type, a continuous series of Au-Cu solid solutions,
and with the decomposition of a solid solution in the CuRh solid phase were studied. The results of studies of the
Au-Cu system show that solid solution nanoparticles are
easily formed during deposition and low heating with a
smoothly controlled composition and crystal lattice
parameter ranging from pure copper to pure gold [12].
Interestingly, in the Cu-Rh system, the decomposition of
the solid solution in the solid phase was not observed, and
the formation of a nanoalloy with a continuous solid
solution series was also observed [13]. This contradicts the
Cu-Rh phase diagram and thus is a typical size effect. At
the same time, in the Ag-Cu system, the formed
nanoparticles were always composite: a part from a
solution enriched with copper and a part from a solution
enriched with silver [14].
5. Conclusions
We attribute the unusual behavior of nanoparticles on
the surface of a solid to the size effect of lowering the
melting point of the material. This, among other things,
determines that for nanoalloys there is a serious deviation
from the phase diagram of the bulk material. Ultimately,
this allows us to form nanoparticles and nanoalloys of a
specific composition and structure.
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Mesoporous Na2Ti3O7 materials with a coral-like
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Due to valuable physical and chemical properties, the
scope of using materials based on titanium oxides is almost
unlimited. They have found wide application in such areas
as paint and varnish branches, micro/nanoelectronics (since
recently), photocatalysis, food and hygiene products,
biomedical technologies, etc. Demand for them has also
arisen in the energy sector: solar cells, hydrogen
production, and batteries. Regarding the latter much
attention has recently been paid to the development of nextgeneration systems and technologies, such as sodium-ion
batteries. This dictates the need to search for new materials
with improved characteristics, as well as ways to obtain
them that meet the requirements of scalability. One of the
ways to solve these problems can be the creation of
nanomaterials that often have a complex of
physicochemical properties that radically differ from the
characteristics of their counterparts in the micro- or
macroscopic state. At the same time, it is important to
control the texture (specific surface area, porosity),
morphology, and topology of such materials. Functional
materials with hierarchical micro/nano architecture,
constructed by unique aggregates of constituent elements
and possessing a porous structure have great prospects. In
view of the above, among other methods, the hydrothermal
technique seems to be suitable because of it is allowed to
control of a wide range synthesis conditions and
parameters.
In the present study, a method for preparation of
mesoporous nanostructured sodium trititanate (Na2Ti3O7)
with a hierarchical architecture was developed.
Mesoporous Na2Ti3O7 microparticles consist of nanotubes
were obtained through hydrothermal treatment of TiO2 P25
(99.7%, Sigma-Aldrich) in a highly alkaline medium (10 M
NaOH solution) at a temperature of 130 °C for 36 hours. To
characterize the product, a number of scientific techniques
were involved, including scanning and transmission
electron microscopy, low-temperature nitrogen adsorptiondesorption, X-ray diffraction, X-ray photoelectron
spectroscopy, energy-dispersive X-ray analysis, UV-vis
diffuse reflection spectroscopy, electrochemical impedance
spectroscopy, etc.
The results showed that the material exhibits a complex
hierarchically-organized two-layer architecture. At the first
level of hierarchy, the material is represented by particles,
similar to corals having a roughness surface with a diameter
of one to ten microns. An in-depth analysis shows that these
microparticles consist of elements of a smaller scale –
ultrathin one-dimensional nanotubes with a diameter of 6–
9 nm. The wall thickness of nanotubes is 3–4 nm.
According to the adsorption measurements, the BET
specific surface area for the sample is about 300 m 2/g and
the BJH pore volume reaches 0.5–0.6 cm3/g. Next, the

formation of a mesoporous structure with a narrow pore
size distribution of near 5–6 nm is proved. The specific
surface area and porosity are important characteristics of
functional materials, which determine the possibilities and
areas of their practical application.
The phase composition of the synthesized product is
represented by Na2Ti3O7, crystallizing in the monoclinic
system (sp. gr. P21/m) with an impurity of anatase titanium
dioxide. The obtained data correlate with the results of
energy-dispersive X-ray microanalysis and X-ray
photoelectron spectroscopy.
According to the UV-Vis spectroscopy, the material
absorbs UV rays and has a high reflectance in the region λ
> 400 nm, which is typical for Na2Ti3O7. The band gap of
the sample calculated by Tauc method for indirect allowed
transitions (taking into account the Kubelka–Munk model)
is 3.37 eV, which agrees with the results of theoretical
calculations (3.28 eV) and experimental measurements
(3.4–3.85 eV) by other authors. Electrochemical
impedance spectroscopy data show that the resulting corallike
hierarchical
Na2Ti3O7
nanotube-constricted
architecture has a sufficiently high electrical conductivity
of at least 4.97·10–3 S/cm.
This work was financially supported by the Russian
Science Foundation (grant № 22-23-00912). Electronmicroscopic studies and energy-dispersive X-ray analysis
were carried out using the core facilities available at the
A.V. Zhirmunsky National Scientific Center of Marine
Biology FEB RAS and Institute of Chemistry FEB RAS
(researches within the budget theme No. 0205-2021-0004
of the state assignment).
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On the issue of obtaining heterostructures based on
copper molybdates by solid-phase synthesis
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Abstract. In this work, we study the possibility of obtaining heterostructures based on copper molybdates of various compositions by
solid-phase synthesis from oxide precursors. It is shown that this method can be effectively used for the controlled synthesis of
heterostructures that include both copper molybdates of various compositions and initial oxide precursors. A number of the most
promising heterostructures have been identified, the properties of which have not yet been described and which can be synthesized by
the proposed method.

1. Introduction
Copper molybdates are promising materials, often
exhibiting catalytic and photocatalytic properties. The most
studied representative of this class of compounds is
CuMoO4. It is known that it can act as an effective catalyst
for soot afterburning [1,2], be used for oxidation [3,4] or
reduction [4] of various organic compounds, and exhibit the
properties of an electrocatalyst in the oxygen evolution
reaction [5] or CO2 reduction [6]. The properties of other
copper molybdates, Cu3Mo2O9 and Cu6Mo5O18, have also
been studied. The first of them is proposed to be used either
as a catalyst for afterburning carbon monoxide or soot [2],
or as a photocatalyst [7–9], or for lithium storage and
supercapacitor performance [10]; the second - as an
effective electrode for electrochemical water splitting [11].
The above list of works covers almost all stable phases of
copper molybdates formed from copper and molybdenum
oxides in higher oxidation states in air and presented in the
corresponding phase diagram [12].
To increase the activity of copper molybdates, as a rule,
a standard approach is used to obtain heterostructures based
on them. In this case, zinc oxide (CuMoO4/ZnO
nanocomposites [13]) or its molybdate (CuMoO4/ZnMoO4
nanoflowers [14]), or, for example, titanium dioxide
(CuMoO4/TiO2 [15]), can be used as the second element of
heterostructures.
However, recently [16], using the example of strontium
bismuthates, another promising way was proposed for
obtaining heterostructures with increased photocatalytic
activity. It consists in obtaining heterostructures from two
strontium bismuthates of different compositions, located
next to each other in the phase diagram. This is achieved by
choosing a nonstoichiometric ratio of precursors for further
solid-phase synthesis. With this approach, the resulting
components of the heterostructure are sufficiently close in
chemical composition and properties, which ensures the
permeability of the interface for photocarriers and
manifests itself in an increase in photocatalytic activity.
Also, the indisputable advantage of this approach is the
simplicity of its implementation.
In this work, an attempt is made to extrapolate the
method proposed in [16] for obtaining heterostructures to
copper molybdates.
2. Experiment
For solid-phase synthesis, commercial powders of
copper oxides CuO and molybdenum MoO3 were used

without additional processing. The precursors were mixed
in molar ratios of CuO:MoO3 from 1:9 to 9:1 with a step of
10 mol.% and homogenized in a planetary mill. After that,
the mixtures of powders were annealed in air at
temperatures of 675-800 0C for 4 hours.
The phase composition of the synthesized samples was
analyzed by XRD. For this, a Bruker D8 Advance X-ray
diffractometer with Cu-Kα radiation at a voltage of 40 kV
and a current of 15 mA was used. The shooting range was
10-56 0, the accumulation time was 0.1 s, the step was
0.006 0 (2Θ). The X-ray patterns were recorded with a
Vantec linear detector. Phase analysis was carried out in the
Eva program, semi-quantitative analysis was carried out in
the Qual-X program.
3. Results and discussions
The phase composition of all objects of study is
presented in Table I. It can be seen that the phase
composition of the obtained samples of heterostructures
based on copper molybdates is mainly determined by the
ratio of copper and molybdenum in the precursors. The
annealing temperature generally has a smaller effect on the
phase composition of the final samples.
However, the cases in which the molar ratio of metals
in the precursors is close to equal should be considered
separately. Thus, at a molar ratio of metals of 5:5, upon
annealing at 675 0C, the formation of copper molybdate
CuMoO4 and a significant amount of excess, unreacted
molybdenum oxide MoO3 are observed. With an increase
in the synthesis temperature to 700 0C, the picture changes
dramatically: copper and molybdenum oxides react
completely, without residue, while more actively forming
copper molybdate Cu3Mo2O9 (its fraction reaches 63%) and
slightly less actively - copper molybdate CuMoO4 (37%).
With a further increase in the synthesis temperature to 750
0
С, it is accompanied by an increase in the proportion of
Cu3Mo2O9 up to 84%.
Also, the influence of the annealing temperature on the
ratio between the components of the heterostructure is
observed at a molar copper and molybdenum ratio of 4:6.
Thus, at an annealing temperature of 675 0C, the
heterostructure consists of 64% molybdenum oxide and
36% CuMoO4. At 700 0C, the ratio of components is
opposite: the sample consists of 74% CuMoO4 and only
26% of MoO3. Unfortunately, a further increase in the
synthesis temperature is accompanied by sample melting.
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Table I. Phase composition and content of components of
heterostructures based on copper molybdates depending on the
ratio of precursors and annealing temperature.
The
CuO :
MoO3
molar
ratio

CuMoO4/MoO3, and Cu3Mo2O9/CuMoO4 — the properties
of which have not been described previously.
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Phase (content, %)

References

Temp.,
0C

675

700

725

9:1

CuO/55
Cu3Mo2O9/45

CuO/58
Cu3Mo2O9/42

CuO/58
Cu3Mo2O9/42

8:2

Cu3Mo2O9/69
CuO/31

Cu3Mo2O9/71
CuO/29

Cu3Mo2O9/69
CuO/31

7:3

Cu3Mo2O9/85
CuO/15

Cu3Mo2O9/86
CuO/14

Cu3Mo2O9/84
CuO/16

6:4

Cu3Mo2O9/95
CuO/5

Cu3Mo2O9/97
CuO/3

Cu3Mo2O9/96
CuO/4

5:5

CuMoO4/59
MoO3/41

Cu3Mo2O9/63
CuMoO4/37

Cu3Mo2O9/63
CuMoO4/37

4:6

MoO3/64
CuMoO4/36

CuMoO4/74
MoO3/26

Melted

3:7

MoO3/61
CuMoO4/39

MoO3/82
CuMoO4/18

Melted

2:8

MoO3/90
CuMoO4/10

MoO3/88
CuMoO4/12

Melted

1:9

MoO3/92
CuMoO4/8

MoO3/90
CuMoO4/10

Melted

Temp.,
0C

750

775

800

9:1

CuO/54
Cu3Mo2O9/46

CuO/57
Cu3Mo2O9/43

CuO/57
Cu3Mo2O9/43

8:2

Cu3Mo2O9/63
CuO/37

Cu3Mo2O9/67
CuO/33

Cu3Mo2O9/67
CuO/33

7:3

Cu3Mo2O9/85
CuO/15

Cu3Mo2O9/85
CuO/15

Cu3Mo2O9/84
CuO/16

6:4

Cu3Mo2O9/95
CuO/5

Cu3Mo2O9/94
CuO/6

Cu3Mo2O9/95
CuO/5

5:5

Cu3Mo2O9/84
CuMoO4/16

Melted

Melted

4:6

Melted

Melted

Melted

3:7

Melted

Melted

Melted

2:8

Melted

Melted

Melted

1:9

Melted

Melted

Melted
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4. Conclusions
The studies performed have shown that, by varying the
parameters of solid-phase synthesis (the ratio of
components and the annealing temperature), one can
effectively control the composition of heterostructures
based on copper molybdates and the ratio of components in
them. The application of this approach makes it possible to
obtain three types of heterostructures — Cu3Mo2O9/CuO,
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Abstract. Metallic biomaterials are widely used for clinical purposes due to their excellent mechanical properties and good strength.
Inspired by the functional surface of natural biological systems, many new designs and concepts have recently emerged to create
multifunctional surfaces with great potential for biomedical applications. In present study, bioactive coatings were formed on Mg alloy
by plasma electrolytic oxidation (PEO). Morphological features and composition of formed layers were studied by SEM and EDS. It
was revealed that PEO-coatings have Ca and P, as well as hydroxyapatite in their composition, which increases the biocompatibility.
Moreover, obtained coatings demonstrated high corrosion properties: corrosion current density substantially decreased compared to
bare alloy.

1. Introduction
Currently, the development of technologies makes it
possible to create safe implants that are biocompatible with
the human body. The development of new materials for
bone implants requires a deep knowledge of the chemical,
physical and mechanical properties of natural bone tissue,
the qualitative and quantitative characteristics of implant
materials. Recently, the possibility of natural regeneration
has been actively studied, when the implant material
biodegrades and dissolves in body fluids, and the process
of healing of damaged tissues occurs with the replacement
of the implant with the body's own tissue. This property of
bioresorption is possessed by magnesium and magnesium
alloys. Early clinical studies, as well as in vivo and in vitro
studies show that magnesium-based implants are highly
biocompatible. It has also been reported that magnesiumbased implants can stimulate the development of calluses
at fracture sites [1].
The unique mechanical properties of Mg alloys also
make them desirable solid-state implants. Magnesium has
been tested as non-allergenic and stimulates new bone
formation in vivo and in vitro [1].
However, the high electrochemical activity of
magnesium and low wear resistance of this material can
lead to early failure of the implant, which in turn can
significantly affect to the patient's recovery [2]. As result,
magnesium needs additional protection to improve
corrosion resistance and reduce wear. One of the possible
ways to solve this problem is formation of coating on the
surface of a magnesium implant by the method of plasma
electrolytic oxidation (PEO) [3]. Note that, the possibility
of creating surface layers of a given structure and
composition by this method, the use of PEO makes it
possible to form coatings similar in composition to human
bone tissue [1,4].

MC electrochemical system (Princeton Applied Research,
USA) in accordance with the technique described in [3].
The measurements were carried out in a three-electrode
cell at a temperature of 37° C in Earl’s solution with and
without phenol red, which are solutions similar in ionic
composition to human blood plasma (Table I).
Table I. Ion concentration (mmol/L) in saline and human blood
plasma.
Ion
concentration,
mmol/L

Human blood
plasma

Earle's solution

Na+

142

143.5

Сl-

103

123.5

НСО3-

27

26.2

K+

5.0

5.4

Са2+

2.5

1.8

Mg2+

1.5

0.8

РО43-

1.0

0.9

2-

0.5
1.1

0.8
1.0

SO4
Glucose, g/L

3. Results and discussions
Potentiodynamic polarization data indicate an
improvement in the corrosion properties of the samples
after coatings formation on their surface. Based on the
analysis of the polarization curves, it can be conclude that
the corrosion current density icorr decreased after
application of PEO-coating on Mg alloy surface (Table II).
Table II. Electrochemical Parameters of Samples in Earle's
solution with and without Phenol Red.

2. Experiment
Bioactive coatings were formed on MA8 Mg alloy by
plasma electrolytic oxidation (PEO). Morphological
features and composition of formed layers were studied by
SEM and EDS.
The electrochemical parameters of the samples were
studied by potentiodynamic polarization using VersaSTAT
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Electrochemical
parameters

Ecorr
(V vs. SCE)
icorr
(A/cm2)

Earle's solution without
phenol red
Bare
magnesium
alloy

Earl's solution with
phenol red

With
PEOcoating

Bare
magnesium
alloy

With
PEOcoating

-1.75

-1.62

-1.82

-1.63

8.6×10-6

6.7×10-6

1.01×10-5

6.8×10-6

IV.o.05
βa
(mV/Decade)
βc
(mV/Decade)
Rp
(Ω × cm2)

271.7

217.8

232.2

200.20

270.88

188.35

197.94

180.95

6.78×103

6.53×103

4.59×103

6.0×103

Note that there is differences between corrosion current
density values for Earle's solution with and without phenol
red (Fig. 1).
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Fig. 1. Polarization curves for samples with different types of
surface treatment.

During chemical reactions, a layer is formed at the
interface, which slightly decrease the electrochemical
corrosion. This probably the result of alkalization of the
adjacent substrate surface due to the interaction of
magnesium ions released at the beginning of corrosion and
phenol red in Earle's solution.
It was revealed that PEO-coatings have Ca and P, as
well as hydroxyapatite in their composition, which
increases the biocompatibility. Moreover, obtained
coatings demonstrated high corrosion properties: corrosion
current density substantially decreased compared to bare
alloy.
4. Conclusions
Coatings, containing Ca/P, were obtained on Mg alloy
by plasma electrolytic oxidation. Obtained coatings have
high corrosion resistance compared to bare alloy.
Moreover, differences in the results of electrochemical
studies showed that the phenol red in Earl's solution affects
the course of reactions on the surface of the studied
samples. Further research will take this fact into account.
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Nanothermite materials are the most promising energy
compositions, which in the near future can play a major role
in the development of pyrotechnics, which has been
stagnating over the past decades, and open up
fundamentally new areas of their application. The main
fundamental problem is related to the construction of
nanothermite materials according to the “bottom-up”
principle, from the scale of a single particle to the final
object. And here new effects will appear, for example,
when initiating reactions or material combustion, the
influence of the substrate (the so-called thermal
management) and macro-dimensional restrictions or 3D
design (when restrictions are imposed in one or several
directions, i.e. the formation of one-dimensional
nanothermites (fibers, threads, columns, etc.) or twodimensional (thin films and coatings) objects).
Traditionally, thermal management is understood as the
design of microelectronic devices and devices in order to
maximize heat dissipation and minimize local heating.
Within the framework of this project, it is planned to
develop and solve the inverse problem related to the
understanding and controllable tune of heat dissipation in
the course of a self-propagating reaction in multilayer
energy (including thermite) materials

the substrate material, and the composition of energy
materials have been comprehensively studied.
The results of experimental studies of the effect of
thermal storage or barriers at the "energy material substrate" interface on the propagation velocity of the wave
combustion front have been obtained (Storyboards of AlCuOx multilayer structures combustion process is presented
on Fig. 2).

Fig. 2. Storyboards of Al-CuOx multilayer structures combustion
process.

The developed integrated energy microsystems with
controlled properties can later be used as local heat sources
for joining of various surfaces, incl. heterogeneous. Further
development of this direction will make it possible to create
integral miniature safety actuators, initiators of secondary
reactions, gas generators and getters.
Acknowledgements
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Fig. 1. SEM image of Al-CuOx multilayer structures crosssections with 75 nm bilayer thickness.

Within the framework of this work, the features of the
formation of Al-CuOx multilayer thermite materials by the
magnetron sputtering method were studied (SEM image of
a multilayer structure is shown in Fig. 1). The dependences
of the deposition rate and the composition of materials on
the composition of the atmosphere and the sputtering power
have been determined.
The dependences of the propagation velocity of the
wave combustion front and the overall thermal effect of the
reaction in Al-CuOx multilayer materials on the size effect,
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Abstract. In this work, a coating containing layered double hydroxide (LDH) in the form of lamellar formations was obtained, and
impregnated with a corrosion inhibitor. The electrochemical behavior of coatings, their phase and elemental composition, and
morphology were investigated. The LDH structure makes it possible to improve the corrosion protection of magnesium alloy in a
corrosive environment.

1. Introduction
Magnesium and its alloys are lightweight materials
having density about 1.8 g/cm3, which is lower than
aluminum (about 2.7 g/cm3), titanium (about 4.5 g/cm3) and
steel (about 7.8 g/cm3). Magnesium alloys attracted
significant interest of researchers owing to good specific
strength, lightness, high damping capacity and good
recyclability [1, 2].
Magnesium alloys do not have a protective oxide layer
on their surface, in contrast to stainless steel, aluminum and
titanium alloys. Intensive corrosion of Mg alloys appears in
the marine atmosphere [2, 3]. Plasma electrolytic oxidation
(PEO) is one of the well-known methods of applying
protective coatings to metals and their alloys. This method
is based on the polarization of the material in electrolyte
solutions at voltages that cause flow of microdischarges on
the surface of treated metals and their alloys [4].
For better protection of alloys and metals against
corrosion the “smart coatings” are used. This type of
coating has the property of self-healing due to gradual
release of the corrosion inhibitors when damaged. In this
paper, we consider the design and application of layered
double hydroxides (LDH) for the protection of the MA8
magnesium alloy.
2. Experiment
The following coatings were obtained on the MA8
magnesium alloy: PEO-coating, PEO-coating containing
LDH, and PEO-coating containing LDH and impregnated
with an inhibitor.
PEO treatment [4] was carried out for 10 min in a
bipolar mode (anodic phase: 30–300 V, cathode phase: –30
V) in an electrolyte containing 15 g/L Na2SiO3∙5H2O and 5
g/L NaF.
The sample with PEO-coating was treated to synthesize
LDH [5] in a solution containing 50 g/L EDTA-Na, 40 g/L
NaOH, and 5 g/L Al (aluminum were previously dissolved
in sodium hydroxide). The samples were placed in the
solution and kept for 48 h at 60℃.
The inhibitor treatment was carried out by immersion of
sample in a solution containing 0.1 M sodium oleate for 24
h.
To control the weight of the samples, a Shimadzu
AUW120D analytical balance was used. The coating
thickness was measured using a VT-201 eddy current
coating thickness gauge. SEM images and element

distribution maps were obtained using a Zeiss EVO 40
electron microscope. X-ray diffraction analysis was
performed on a Bruker D8 Advance diffractometer.
Electrochemical measurements were carried out using a
VersaSTAT MC electrochemical station (Princeton
Applied Research, USA) in a 3.5 wt. % NaCl solution in a
three-electrode cell with the Ag/AgCl electrode as a
reference electrode.
3. Results and discussions
The thickness of the obtained coatings for all samples
was 15 ± 2 µm. The surface area was 10.4 cm2. The weight
gain for the sample containing the LDH was 0.8 mg, and
for the sample impregnated with the inhibitor, the weight
gain was 0.4 mg. For samples with a PEO-coating
containing LDH, a change in the color was noted (the initial
PEO-coating was white, the PEO-coating with LDH was
yellow). The color of coatings did not change during
treatment with an inhibitor.
According to the XRD data and EDX maps of the
elements distribution, one can unequivocally judge the
formation of the layered double hydroxide phase
(Mg0.667Al0.333)(OH)2(CO3)0.167(H2O)0.5.
The
element
composition on the sample surface is as follows (at. %): O
– 50.6; C – 22.0; Mg – 19.5; Si – 4.8; Al – 2.1; Na – 1.0.
The SEM image (Figure 1) of the sample containing
LDH shows a lamellar structure, which corresponds to the
LDH phase, in the space between solid areas.

Fig. 1. SEM image of a PEO-coating containing LDH.
The analysis of the obtained impedance spectra and
potentiodynamic curves indicates the positive effect of
LDH in the corrosion protection of magnesium alloy. The
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electrochemical performance of Mg alloy sample with and
without protective coatings are presented in Table I. The
impedance modulus at 0.1 Hz, |Z|0.1Hz, increases from the
uncoated sample to sample with a PEO-LDH coating
impregnated with corrosion inhibitor.
Corrosion current density, Ic, decreased and corrosion
potential, Ec, increased after the treatment with an inhibitor.
Table I. Characteristics of obtained coatings.
Sample
MA8
MA8PEO
MA8PEOLDH
MA8PEOLDHoleat

|Z|0.1Hz,
Ω∙cm2
6,7∙102

Ic, A/cm2

Ec, V

Rp, Ω∙cm2

1,7∙10-5

-1,512

8,7∙102

8,4∙103

4,1∙10-7

-1,411

7,4∙104

1,7∙104

3,5∙10-7

-1,422

1,4∙105

2,1∙105

2,6∙10-7

-1,389

6,4∙104

4. Conclusions
1. Layered double hydroxide was formed on the PEOcoating containing MgO and Mg2SiO4.
2. The obtained LDHs have a positive effect on the
stability of the coating obtained by the PEO method in the
corrosive environment. The impedance modulus measured
at lowest frequency (0.1 Hz) increased, and the corrosion
current density decreased after “smart coating” formation
on MA8 Mg alloy.
3. Inhibitor treatment also improves the corrosion
resistance of the protective coating.
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Abstract. The core-shell magnetic nanoparticles, Fe3O4@C, were synthesized and surface aptamer-functionalized to use them as
destroyers of living cancer Ehrlich's ascitic carcinoma cells. The morphology and features of the structural and magnetic properties of
the obtained hybrid nanoparticles are studied.

1. Introduction
The unique properties of magnetite nanoparticles (NPs)
have been used in various technical applications. Two
relatively recent applications of magnetic NPs – water
purification due to the adsorption of pollutants by the
surface of NPs and magneto-mechanical destroy of cancer
cells created many research challenges. The ease of
magnetic separation of the adsorbed material and a high
adsorption capacity are significant advantages of using
magnetite NPs in the first case [1], and the NPs
biocompatibility with living organisms is an attractive
circumstance for using magnetite NPs in the second case
[2].
It is known that the ability of magnetite NPs to adsorb
substancies of various nature is due to both the presence of
hydroxyl groups on their surface and to coordinatively
unsaturated Fe3+ and Fe2+ ions. Depending on the nature
and structure of the adsorbate molecules, they are easily
retained on the active centers of the magnetite surface due
to electrostatic, donor-acceptor, hydrophobic interactions
and/or the formation of hydrogen bonds. And in the process
of covalent immobilization, strong covalent bonds are
formed between the modifier and the oxide surface. For
these reasons, magnetite NPs are very convenient objects
for covering them with various shells, creating core-shell
structures, and functionalizing their surface.
The ability to attach certain molecules to themselves,
and the high magnetic moment which makes it possible to
control magnetite NPs behavior by a gradient magnetic
field, create prerequisites to use these particles as
candidates for the mechano-magnetic destruction of living
cells.
In the present work, we studied the structural and
magnetic properties of the core-shell Fe3O4@C NPs,
functionalized their surface for attaching aptamers to them,
and investigated the possibility of using them for the
magneto-mechanical destruction of Ehrlich ascitic
carcinoma cell cultures.
2. Experiment
Magnetite Fe3O4 NPs (0.2 g) obtained with the thermal
decomposition reaction of the iron-oleate were mixed with
glucose (1 g) in distilled water (30 ml) by sonication for 15
min. Then solution was placed in an autoclave for 12 h at

200°C. After cooling to room temperature, the black
products were separated by an external magnetic field and
washed several times with water and ethanol. Next, the NPs
Fe3O4@C were dried at 60°C for 6 hours.
The synthesized NPs were examined with X-ray
diffraction (XRD), transmission electron microscope
(TEM), Fourie rtransform infrared spectroscopy (FTIR),
vibrating sample magnetometer (VSM), magnetic circular
dichroism spectroscopy (MCD).
To use the obtained Fe3O4@C NPs in experiments with
living cells, a stage-by-stage functionalization of their
surface was carried out.
To form –COOH functional groups, carbon-coated
magnetite NPs were treated with a solution of nitric acid (1
normal) at 60°C for 3 hours with stirring under temperature
control. The reaction product was washed several times
with deionized water and once with ethanol.
Then 1 mg of NPs were placed in 1.5 ml a buffer solution
(PBS) (filtered solution of Ca2+ and Mg2+, pH=7.4)
containing:
1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (1 mg) N-hydroxysuccinimide (1 mg ) for 30
minutes. This solution should activate the carboxyl group,
which is capable to form an amide bond with the amino
group of the biomolecule as a receptor molecule. At this
stage, the so-called carboxylated NPs were obtained.
Immobilization of Fe3O4@C nanoparticles with the
aptamer was carried out by placing them in a PBS
containing the aptamer (with the amino group AmPrcom5)
in the concentration of the aptamer in the buffer solution
was 10 mM
Finally, after incubation at room temperature, the
aptamer-functionalized nanoparticles were washed with
deionized water and mixed with cancer cells, Ehrlich's
ascitic carcinoma. The samples were placed in an
alternating magnetic field Hmax= 100 Oe for 20 min.
Photographs were taken with a Levenhuk M1400 PLUS
microscope camera at 10x magnification 2 hours after
exposure to a magnetic field. To visualize the destruction
of the cells, they were originally tinted by trypan blue, so
in the photo the whole cells are clearly visible as thin blue
shells, and the destroyed cells are visible as a blue spots,
due to the mixing of the dye from the shell with the internal
contents of the cell during destruction. A typical picture
observed through a microscope is shown in Fig. 1
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Fig. 1. The typical picture observed under a microscope for
counting living and destroyed cells.

3. Results and discussions
Figure 2 shows the Fe3O4 NPs morphology: welldispersed spherical NPs of about 15 nm in diameter are
seen. XRD patterns showed that the magnetic core of both
Fe3O4 and Fe3O4@C NPs have a spinel-ferrite crystal
structure with the parameters of the most intense peaks
corresponding to the Fe3O4 phase (PDF Card # 04-0054319). The high values of saturation magnetization – 79
emu/g, in the magnetite NPs and 64 emu/g in the carboncoated NPs, measured in H=15 kOe, close to the saturation
magnetization of bulk magnetite (84 emu/g), also confirm
this fact.

Fig. 2. TEM image of the initial Fe3O4 NPs.

The FT-IR spectra showed the appearance of new bands
during the transition: magnetite Fe3O4, core-shell Fe3O4@C
and core-shell NPs after treatment in nitric acid Fe3O4@C–
COOH, which indicates appearance of chemical bonds. In
the spectrum of pure Fe3O4 NPs, an intense band at 580 cm1
is due to Fe-O stretching vibrations. This band is observed
in the spectra of all samples. In the carbon-coated particles,
C-O and O-R bonds appear at 1050 cm-1, the CH2-O-CH2
group was indicated by the appearance of a wide band in
the region of 1150-1100 cm-1. In the nanoparticles treated
in acid, the carboxyl group is clearly identified by the 1475
cm-1 band and CH2COOH by the 1475 cm-1 band. A slightly
noticeable band at 798 cm-1 is characteristic of pendulum
oscillations of the NH3 group. Thus, IR spectra confirmed
the coating of nanoparticles with carbon and its further
carboxylation for bio-functionalization of the surface.
The percentage of dead ascitic cells in the test samples
was statistically assessed by 5 independent samplings from
the samples. Fig. 3 shows the average results of cell death.
To confirm the joint antitumor effect of magnetite NPs
immobilization with aptamers and magnetic field action on
the mortality of the model cancer cells - Ehrlich's ascites
carcinoma, four cases were considered: 1) a control sample
of cells; 2) cells with aptamer-functionalized NPs without
magnetic field application; 3) cells with aptamerfunctionalized NPs after exposure to a magnetic field and
4) a mixture of cells with NPs without aptamers after
exposure to a magnetic field.

Fig. 3. The results of statistical processing of the count of living
and destroyed cells - 1) control cells; 2) cells with aptamerfunctionalized Fe3O4@C NPs without field application; 3) cells
with aptamer-functionalized Fe3O4@C NPs after exposure to a
magnetic field and 4) cells with NPs without aptamers after
exposure to a magnetic field.

The analysis of the results suggests that the use of
magnetic NPs increases the number of the destroyed cancer
cells. An increase in mortality during the interaction of
aptamers- functionalized NPs with cells without exposure
to an external magnetic field indicates their successful
attachment to cells. And exposure to an alternating gradient
field leads to the destruction of even more cell membranes
under the influence of the chaotic movement of magnetic
NPs in magnetic field.
4. Conclusions
In this study, core-shell magnetic nanoparticles,
Fe3O4@C, were synthesized and then aptamerfunctionalized to use them as destroyers of living cancer
Ehrlich's ascitic carcinoma cells. XRD data showed the
magnetic core of the particles to have the magnetite Fe3O4
crystal structure, transmission electron microscopy showed
predominantly round shape NPs with the average size of 15
± 2 nm in the initial Fe3O4 powder sample. The FT-IR
spectra confirmed the appearance of the chemical bonds
between the carbon shell and magnetic core of NPs as well
between the carbon and carboxylated groops. The magnetic
measurements revealed high saturation magnetization close
to value of the bulk magnetite crystal.
Thus, the results described above allow us to conclude
that the bio-functionalization of the surface of Fe3O4@C
particles is successful and that these particles can be used
for magneto-mechanical destruction of cancer cells.
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Technology for the fabrication of thermoelectric legs by
screen printing
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Abstract. In this work, technology for the formation of legs of n- and p-type thermoelements by screen printing using aqueous alkaline
sodium silicate solution as binders was developed. Thermoelectric properties of thick films were investigated. Technology has been
developed for obtaining branches with an optimized composition by introducing a highly conductive carbon additive C45 into the
suspension. Based on the research results, a thick-film flexible TEG was simulated in order to optimize the design parameters.

1. Introduction
Today, the development of flexible thermoelectric
generators (TEG) is of particular interest, since the use of
such TEGs can become both a serious addition and an
alternative to batteries used today in portable
microelectronics. The main advantage of flexible TEGs
compared to classical ones is the ability to take the
necessary shape within certain limits, which makes it
possible to use such devices on heat exchangers with a
developed surface, for example, to convert the heat of a
living organism, including the human body, which emits on
average from 100 to 400 Watts of thermal energy
depending on physical activity. Such generators can be
useful in the field of energy-saving technologies, in
addition, it is worth noting their environmental friendliness
in relation to the batteries used today.
The most promising technology for the formation of
flexible TEGs is the technology of flexible thick-film
TEGs, namely the method of screen printing from
suspensions, the advantages of which are relative
cheapness, simplicity, and the ability to produce TEGs of
unlimited sizes.
At present, the technology of thick-film flexible
thermoelectric generators formed from suspensions hasn’t
been developed in the world as a whole. In addition, a
significant problem of this technology is the low electrical
conductivity of the resulting thermoelectric material. Thus,
the purpose of this work is to develop a technology for
fabricating a flexible thermoelectric generator by screen
printing.
2. Experiment
Experimental samples were made using lowtemperature thermoelectric materials: Bi2Te2.8Se0.2 (ntype) and Bi0.5Sb1.5Te3 (p-type). To obtain a
thermoelectric suspension, the thermoelectric material was
crushed to a powder state and mixed with a binder (an
aqueous alkaline solution of sodium silicate). The samples
were formed by screen printing through a stainless steel
mask with a geometric window size of 5x10x0.6 mm3, after
which they were dried at room temperature for 24 hours.
To study the electrophysical and thermoelectric properties
of the obtained samples, electrical contacts were formed by
the method of electrochemical deposition. Ni and Cu were
used as deposited materials, Ni was used as a diffusion
barrier layer.

Before the investigation of electrophysical and
thermoelectric parameters, the fabricated samples were
subjected to two-stage annealing: 4 hours at 110℃ and 15
minutes at 200℃. To investigate the thermoelectric
characteristics of the fabricated samples, 2 measurements
were carried out; in the first case, the temperature
dependence of the Seebeck coefficient was investigated at
a temperature difference (∆T) at the ends of the sample
from 2 to 40 K. In the second case, the measurements were
carried out in the temperature range from room temperature
to 350 K with temperature difference ∆T=40. The study of
electrophysical properties was carried out in the
temperature range from room temperature to 200℃ with a
heating rate of 5℃/min.
Samples with a modernized composition of the
suspension were also made by introducing a highly
conductive carbon additive C45. Studies of electrophysical
and thermoelectric parameters have been carried out.
3. Results and discussions
Table 1 shows results obtained for thick film samples
fabricated from suspensions.
Table I. Parameters of Thermoelectric legs.
Conductivity
type

α
(mV/K)

κ
(W/mK)

Conductivity,
(Ohm-1
cm-1)

n

225

0.94

14.28

p

250

0.94

20.00

The obtained values for the samples made from
suspensions on the basis of aqueous alkaline sodium
silicate solution are lower than for the synthesized material.
However, the developed technique for the formation of
thermoelectric legs can be used for fabricating portable
thermoelectric generators.
4. Conclusions
This paper presents a technology for the formation of
thermoelement legs by screen printing from suspensions
using an aqueous alkaline solution of sodium silicate. This
binder is a widely used material, safe for human beings, and
relatively cheap. Experimental samples were made using
low-temperature thermoelectric materials: Bi2Te2.8Se0.2
(n-type) and Bi0.5Sb1.5Te3 (p-type). The electrical
contacts were formed by electrochemical deposition. The
electrical conductivity of the obtained legs was 20.00 and
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14.00 Ohm-1⋅cm-1 for p- and n-type, respectively, and the
Seebeck coefficient was more than 225 μV/K for both types
of conductivity.
Technology has been developed for obtaining
thermoelectric legs with an optimized composition by
introducing a highly conductive carbon additive C45 into
the suspension.
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Electrodeposited functional Bi films for shielding
applications against ionizing radiation
D.I. Tishkevich
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*e-mail: dashachushkova@gmail.com
Abstract. Bismuth is a promising material for radiation shielding applications. The problem of dense films obtaining is a key factor
that needs improvement. In this regard two electrodeposition regimes were proposed for the formation of Bi films with microstructural
characteriastics and density values meeting the requirements for radiation shielding materials. Scanning electron microscopy, X-ray
energy dispersive analysis and Archimedes’ principle were used for the Bi samples characterization. The optimal electrodeposition
conditions in galvanostatic and pulse regimes were suggested for the Bi films formation with the best microstructure parameters and
relative density.

1. Introduction
Modern micro- and nanoelectronics is due to the rapid
development of functional devices which are used in
various fields. In this regard, one of the important
requirements is the ways to increase their stability of
functioning not only under normal, but also under extreme
conditions (temperature, humidity, exposure to ionizing
radiation (IR), etc.). So, for example, electronic devices
used in aviation, aerospace, nuclear industry operate in
critical conditions, being exposed to radiation effects of
natural and artificial origin (electrons, gamma radiation,
heavy charged particles, etc.). Often, failures of onboard
control systems, navigation, communication, information
processing, etc. in real conditions are determined by the
emerging radiation effects in the electronic components
during irradiation. As a rule, components with radiation
resistant properties or shielding methods are used to
improve the reliability of operation and to eliminate failures
[1].
The danger of IR also exists in medicine. Many
diagnostic installations work using IR (X-rays, gamma,
electrons, etc.). However, there is equipment that uses IR
to treat cancer, such as radiation therapy or radiotherapy.
These two classes are united by one thing – the need to
protect not only the elements of devices that are particularly
sensitive to radiation, but also medical personnel and
patients. is important not only to accurately determine the
radiation dose that the patient will receive during treatment,
but also to protect the body parts that are not affected by
tumor formations shielding methods.
Lead is the most common material used for radiation
shielding. However, despite the fact that it is inexpensive,
one should not forget about its main disadvantage – high
toxicity. Its application creates significant difficulties for
the environmental situation in the production and disposal
of radiation protection products. In February 2003 the
European Union developed a directive (RoHS), which aims
to limit the use of hazardous substances, which should
ensure the protection of human health and the environment
[2]. On the list of hazardous substances, lead was placed
first, which is why RoHS is often referred to as the "leadfree directive". Thus, the scientific community around the
world does not stop work aimed at finding new lead-free
materials that could find worldwide use in many areas of
human life. An alternative to lead can be bismuth, which is

located nearby in the periodic table and has the same high
density values. Bismuth is non-toxic and has a low cost, and
the wide technological possibilities of its production make
it very relevant to use as a material for radiation protection.
In this work, studies of the influence of the Bi
electrodeposition conditions on the films microstructural
parameters are presented. It is shown that the use of Bibased films as a material for radiation shields is promising.
2. Experiment
Bi films were electrodeposited onto Cu substrate
(thickness 70 µm). The copper substrates were treated in a
Viennese lime mixture, consisting of CaO and MgO
(1v:1v). Then, the degreased surface of the copper
substrates was polished in the ammonium persulfate
solution (120 g/L (NH4)2S2O8 + 20 g/L H2SO4) within 30
s for the removal of an oxide film from the Cu surface. Bi
electrochemical deposition was carried out from the
perchlorate electrolyte with following solution
compositions: Bi2O3 – 40 g/l, concentrated 65% HClO4 –
400 ml/l, distilled H2O – up to 1 l, temperature – (20-25)
°C, mixing with 400 rpm speed. All chemicals used were
commercial reagents with analytical purity. Samples were
prepared at two regimes: galvanostatic and pulse. Bi
samples obtained in galvanostatic regime were
electrodeposited at 10-25 mA/cm2 current density, in pulse
regime – 15 mA/cm2. The pulse duration was varied in the
following ranges: short pulse – 20 μs, medium pulse – 20
ms, long pulse – 1 s. The duration of the pulses during such
electrodeposition was equal to the pauses duration. The
thickness of Bi films for all samples was 20±2 µm. Bismuth
rods with 8 mm diameter, containing 97.5% Bi and up to
2.5% PbO2, were used as anodes. The Bi electrodeposition
was performed using a potentiostat/galvanostat P45-X.
Bi films surface morphology and chemical composition
study was realized with the scanning electron microscope
(SEM) Carl Ziess EVO10 at an accelerating voltage of 20
kV in conjaction with Oxford energy-dispersive X-ray
(EDX) detector. A relative density was calculated on the
basis of Archimedes’ principle.
3. Results and discussions
Figure 1 presents the SEM images of the Bi films
obtained in galvanostatic regime. It has been seen that the
everage grain size increases and the morphology changes
with the current density value rising from 10 to 25 mA/cm 2.
Bismuth grains obtained in galvanostatic regime have a
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granular sharp shape. The layered granular structure is
especially noticeable during deposition at a current density
of 20-25 mA/cm2. The films have a rough structure. Thus,
when the current density doubles from 10 to 20 mA/cm 2,
the average grain size increases almost 2.5 times from 1-3
µm to 4-7 µm. The grains have a clear texture which is
characteristic for electrodeposited Bi films [4]. Explanation
for the occurrence of texturing may be the presence of an
accommodative enlargement of grains (subgrains) of the
main texture component. The enlargement occurs due to
their coalescence. Further, due to the coalescence of the
neighboring Bi grains of the main and other texture
components and with the disappearance of the boundaries
separating them, the electrodeposited film is formed. This
mechanism may explain the formation of the texture of a
coarse-grained film, in which large grains consist of
subgrain blocks (Fig. 1 С and D). The EDX results confirm
the absence of impurities in the Bi films (Fig. 1D). The
calculations of the relative density showed that the densest
Bi films are obtained during electrodeposition at a current
density of 10 mA/cm2. The relative density increases from
96.8 to 98.6% with the current density rising. However, the
deposition rate at the 10 mA/cm2 is significantly lower than
at 25 mA/cm2 due to the limitation by kinetic processes
during the synthesis. From the practical point of view the
most optimal conditions for obtaining dense films is a
current density of 15 mA/cm2 when Bi films with a grain
size of 4-7 μm and a relative density of 97.9% are formed.
A

B

C

D

F

F

Fig. 1 SEM images of the Bi films surface electrodeposited from
perchlorate electrolyte in galvanostatic regime at 10 (A), 15 (B),
20 (C) and 25 (D) mA/cm2 current density. Inserts – inlarge SEM
image of Bi film (A), SEM image of the Bi film cross-section (B),
EDX spectra of the Bi film (D).

A current density of 15 mA/cm2 was chosen to study the
effect of pulsed deposition on the microstructure of Bi films
and three main modes were studied: short pulse, medium
pulse, and long pulse (Fig. 2). The effective deposition time
was calculated based on the value of the current density, the
pulse and pause durations. The thickness of the Bi films
was also equal to 20±2 μm. The SEM results show that with
a decrease in the pulse duration from 1 s to 20 μs, a
significant change in the average grain size and
microstructure of the films is observed. Bi films have low
roughness and fine-grained microstructure.

A

B

C

D

F

F

Fig. 2. SEM images of the Bi films cross section (A) and surface
electrodeposited at 15 A/cm2 current density and following pulse
regimes: long pulse (B), medium pulse (C), short pulse (D).
Inserts – EDX spectra of the Bi film (B), enlarge SEM images of
Bi films (С and D).

Bi films with an average grain size of 0.4-2 μm are
obtained during electrodeposition with a pulse duration of
1 s. The average grain size becomes 300-700 nm when the
pulse value decreases to a short range (20 μs). Attention is
drawn to the fact that the relative density of the Bi films
increases from 97.9-99.1% with the pulse duration
decreasing from 1 s to 20 μs.
Thus, it has been shown that by varying the
electrodeposition regimes it is possible to obtain Bi films
with a controlled microstructure and relative density, which
is most important for the manufacture of radiation shields
where the density is a key parameter.
4. Conclusions
Bi films with thickness of 20±2 µm were obtained via
electrochemical deposition. It has been shown that Bi films
obtained in galvanostatic regime have grains with granular
sharp shape. The relative density calculations revealed that
the densest Bi films are obtained during electrodeposition
at a current density of 10 mA/cm2. The relative density
increases from 96.8 to 98.6% with the current density
rising. It has been demonstrated that in pulse regime with a
decrease in the pulse duration from 1 s to 20 μs, a
significant change in the average grain size and
microstructure of the films is observed. Thus, during
electrodeposition with pulse duration of 1 s Bi films with
an average grain size of 0.4-2 μm are obtained. The average
grain size becomes 300-700 nm when the pulse value
decreases to a short range (20 μs). From the practical point
of view the most optimal conditions for obtaining dense
films as follows: galvanostatic regime – current density of
15 mA/cm2 when Bi films with a grain size of 4-7 μm and
a relative density of 97.9% are formed; pulse regime –
current density of 15 mA/cm2 and short pulse with duration
of 20 µs when the Bi films with a grain size of 300-700 nm
and relative density of 99.1% are formed.
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Electron paramagnetic resonance of zinc ferricyanide and
their polyethylenimin-based nanocomposites
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Abstract. The zinc ferricyanide (Zn3[Fe(CN)6]2) and its nanocomposite with polyetherimide (PEI) have been studied by the EPR
method. The presence of Fe3+ clusters (dimers) in them was established. In the PEI/Zn3[Fe(CN)6]2 nanocomposite, along with dimers,
single Fe3+ ions are also present. Consequently, some Fe3+ dimers are destroyed by PEI. The crystalline fields acting on single Fe3+
ions have a significant rhombic component. When PEI/Zn3[Fe(CN)6]2 is illuminated with ultraviolet light, nitrogen containing radicals
are reversibly formed in it.

2. Experiment
Zn3[Fe(CN)6]2 was synthesized by coprecipitation
method at stoichiometric ratio of the components.
PEI/Zn3[Fe(CN)6]2 was synthesized via the same rote as
described in [6] for PEI/Zn2[Fe(CN)6] composite.
The EPR spectra of the samples were recorded on a
JES-X330 spectrometer (JEOL, Japan) in the X-range of
operating frequencies. The power of the microwave field
during the recording of the spectra was 2.00 mW, the
constant magnetic field (B) was deployed in the range of 0–
500 mT and modulated at a frequency of 100 kHz.
Temperature-dependent measurements were carried out in
a continuous flow of nitrogen gas using a standard variable
temperature unit ES-13060 DVT5 (JEOL, Japan). The
samples were illuminated directly in the cavity of the EPR
spectrometer using standard equipment for irradiating ESUSH500 with light from a mercury lamp using infrared and
ultraviolet filters.
3. Results and discussions
At room temperature, the EPR spectrum of
Zn3[Fe(CN)6]2 is dominated by a broad asymmetric
resonance with a less intense resonance in its high-field
wing (Fig. 1). The effective g-factors of these resonances,
determined from the low-field peaks of the first derivative
of their absorption lines, are ~5.1 and ~3.2, respectively. As
the temperature decreases, the peak intensity of the main
resonance increases, the effective value of its
g-factor decreases, and the smaller resonance merges with
the main one and ceases to be observed (Fig. 1).
The EPR spectrum of the PEI/Zn 3[Fe(CN)6]2
nanocomposite at all temperatures contains three
characteristic components (Fig. 2): a wide asymmetric

resonance with an effective value of g~85, which has a
significant intensity even at zero magnetic fields, a narrow
asymmetric resonance with g~4.36, and an unresolved
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Fig. 1. EPR spectra of Zn3[Fe(CN)6]2 at various temperatures.
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1. Introduction
True to its name, a single molecular magnet (SMM) is
a molecule that behaves like a nanoscale magnet. Due to
their small size, SMMs exhibit many interesting quantum
properties, such as macroscopic quantum tunneling of
magnetization, Berry phase interference, etc [1, 2]. SMMs
are promising materials for high-density data storage,
molecular spintronics, cryogenic magnetic cooling, etc
[3-5]. One of the main tools for studying SMM is the
electron paramagnetic resonance (EPR) method. This paper
presents the results of EPR studies of potential SMM of
zinc
hexacyanoferrate
(Zn3[Fe(CN)6]2)
and
its
nanocomposite with polyethylenimine (PEI).
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Fig. 2. EPR spectra of the PEI/Zn3[Fe(CN)6]2 nanocomposite at
various temperatures.

two-component resonance with g~2.26 and ~2.05. As the
temperature decreases, the peak intensity of the weak-field
component of the spectrum slightly increases, while the
peak intensities of the other two components of the
spectrum increase synchronously and significantly. The
temperature has little effect on the effective values of the gfactors of all components of the spectrum (Fig. 2).
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When the PEI/Zn3[Fe(CN)6]2 nanocomposite is
illuminated with ultraviolet light at -160 °C, new
resonances appear in the EPR spectrum (Figs. 3 and 4), the
most intense of them is characterized by the value g=2.003.
The remaining components of the spectrum do not change
significantly when the sample is illuminated with
ultraviolet (Fig. 3).

Intensity, a.u.
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Fig. 3. Changes in the EPR spectrum of the PEI/Zn3[Fe(CN)6]2
nanocomposite under ultraviolet irradiation.

The time of relaxation of the EPR spectrum to its
original form after UV illumination depends both on the
sample illumination time and on the chosen temperature for
studying the spectrum reconstruction process. For example,
after 20 minutes of irradiation at -160 °C, the spectrum at
the same temperature returns to its original form in ~10
hours, and at room temperature, relaxation is completed
after ~10 minutes. UV illumination does not change the
EPR spectrum of Zn3[Fe(CN)6]2.

A resonance similar to the main resonance of the EPR
spectrum of Zn3[Fe(CN)6]2 is also present in the EPR
spectrum of PEI/Zn3[Fe(CN)6]2, although it is observed at
much lower magnetic fields (Fig. 2). From the fact of its
significant intensity even at a zero value of the magnetic
field, it follows that it belongs to the transition between spin
sublevels, the energy interval between which in a zero
magnetic field is close to the energy of an electromagnetic
field quantum, i.e. 0.3 cm-1. An intense asymmetric signal
with g ~4.36 is characteristic of Fe3+ ions in crystalline
fields with a significant rhombic component [8]. The
symbatic change with temperature of the intensities of this
signal and the unresolved two-component signal with
g~2.26 and g~2.05 indicate that the latter also belongs to
single Fe3+ ions.
The characteristic shape of the multicomponent EPR
spectrum that appears when PEI/Zn3[Fe(CN)6]2 is
illuminated with ultraviolet light (Fig. 4) makes it possible
to attribute it to the nitrogen containing radicals.
4. Conclusions
Thus, the data of EPR studies of Zn3[Fe(CN)6]2 indicate
the presence of Fe3+ clusters (dimers) in it. In the
PEI/Zn3[Fe(CN)6]2 nanocomposite, along with them, there
are also single Fe3+ ions. Consequently, some Fe3+ dimers
are destroyed by PEI. The crystal fields acting on single
Fe3+ ions in PEI/Zn3[Fe(CN)6]2 have a significant rhombic
component. When the PEI/Zn3[Fe(CN)6]2 nanocomposite
is illuminated with ultraviolet light, nitrogen containing
radicals are reversibly formed in it. UV illumination does
not change the EPR spectrum of Zn3[Fe(CN)6]2.
Acknowledgements
The authors are grateful to N.S. Saenko for recording
some EPR spectra and D.V. Balatskiy and I.A. Malakhova
for the synthesis of Zn3[Fe(CN)6]2 and PEI/Zn3[Fe(CN)6]2.

Intensity, a.u.

References

g = 2.003

After UV
Before UV

B, mT
310

320

330

340

350

Fig. 4. Change in the fragment of the EPR spectrum of the
PEI/Zn3[Fe(CN)6]2 nanocomposite under ultraviolet irradiation.
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In SMM, paramagnetic ions are combined into clusters.
In compounds of the Zn3[Fe(CN)6]2 type, Fe3+ ions (3d5,
S=5/2, I=0), in principle, can form the simplest cluster - a
dimer [7]. Possible spin states of such dimer:
S = 5, 4, 3, 2, 1, 0. In general, the EPR spectrum of the Fe3+
dimer is complex and unpredictable. Nevertheless, the
observation of resonances with g ~5.13 and ~3.22 in the
EPR spectrum of Zn3[Fe(CN)6]2 at room temperature (Fig.
1) allows us to consider them as transitions between spin
sublevels of dimers.
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Cluster analysis of atomic structures in amorphous alloys
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Abstract. Scientific breakthroughs are built on the successful visualization of objects that are invisible to the human eye; as a result,
the physicochemical properties of amorphous and amorphous-crystalline alloys are distinct, attracting the attention of researchers in
the search for new materials. The functional properties of alloys are determined by the composition as well as the atomic structure with
a lower degree of order. However, finding an effective approach to investigation tools for studying the atomic-scale structure and
properties remains one of the remaining challenges for both theory and experiment. As a result, the need for an efficient and modern
approach to studying electron microscopy image processing and simulations has become a critical component of current research.
We present an extensive review of developed software and experimental results on amorphous and amorphous-crystalline alloy
specimen electron microscopy image processing in this paper. We also discuss the experimental results and the application of our
developed software tools for calculating atomic-scale structure.

1. Introduction
For amorphous and amorphous-crystalline alloys
possess a unique set of physicochemical properties, which
attracts the attention of researchers to the search for new
materials. The atomic structure with a reduced degree of
order, as well as the composition, largely determines the
functional properties of the alloys. The absence of longrange order in the atomic structure presupposes the
presence of many realizations of the topological and
compositional local atomic environment [5]. This causes
the presence of many stable configurations of the structure,
local minima of the total energy of the system, but which
are energetically less favorable than an ordered, crystalline
structure of the same composition. This is associated with
the degradation of properties with time and with external
influences, for example, heating. Often, small changes in
the structure lead to significant changes in the
physicochemical characteristics of the material. Electron
microscopic images of structures are used to determine
local order in both materials’ science and biological
objects. Despite many studies, the authors fail to present
universal characteristics of atomic order, as well as a
sufficiently complete theory of ordering processes in an
amorphous structure. The difficulties are caused by the
large number of variants of the disordered atomic structure,
the absence of long-range order and the impossibility of
describing the local order by crystallographic groups, and
the large number of computational resources required for
simulating macroscopic measurable volumes of material.
In this study, based on the analysis of electron microscopic
images of an amorphous structure, a method is proposed for
studying local atomic ordering with any kind of symmetry,
including non-crystallographic one. It is shown that under
thermal action, by the example of the structure of
amorphous alloys CoP, CoNiP, NiW, there is a 30% change
in the density of atomic clusters with an ordered structure
of 1–2 nm in size. It has been shown that, upon heating,
both an increase in the degree of order and a decrease
occurs.
2. Experiment
Samples of CoP, CoNiP, NiW amorphous alloys were
prepared by electrochemical deposition. We investigate
atomic structure of the samples by means of high resolution

transmission electron microscopy on FEI Titan 80-300 at
300 and 80 kV with abberation correction. Samples placed
on standart cupper grid have thickness from 2 to 10 nm.
Small thickness of the samples allows us to investigate the
local atomic structure and show different level of ordering.
Series of HRTEM images were obtained at temperatures
from 20°C to 300°C.
HRTEM image processing perfomed by GPU software
to have cross-correlation with double-core: 𝐻𝜑,𝑟0 (𝑥, 𝑦) =
ℎ(𝑥, 𝑦) ∙ ∑𝜑 ℎ(𝑥 − 𝑟0 ∙ 𝑠𝑖𝑛𝜑, 𝑦 − 𝑟0 ∙ 𝑐𝑜𝑠𝜑),
where
ℎ(𝑥, 𝑦) = 𝑠𝑖𝑛𝑐(𝜌/𝜌0 ) − ℎ0 . We select 𝑟0 =0.25 nm, 𝜌0 =
0.15nm. Parameter ℎ0 selected from following condition:
∑𝑥,𝑦 ℎ(𝑥, 𝑦) ≈ 0. [6]
3. Results and discussions
We created a software program that can compute large
amounts of information in our datasets in order to simulate
electron microscopic image studies. The developed app
calculates the distance between two points in the Euclidean
2D plane using the electron microscope image pixels as
coordinate points[1]. We now need to calculate the distance
between two points, so we use Pythagoras' Theorem, which
is nothing more than the Euclidean distance [2]. Distance,
assume point 𝑝 have Cartesian coordinates (𝑝1 , 𝑝2 ) and let
q have coordinate (𝑞1 , 𝑞2 ). Then the distance between p and
𝑞 is given by [1-4].
𝑑(𝑝, 𝑞) = √(𝑞1 − 𝑝1 )2 + (𝑞2 − 𝑝2 )2
and finds the nearest neighbor for each point in a dataset
within a radius of 𝑟=2 nm. Following the determination of
nearest neighbors for each point, the program sorts the
neighbors in ascending order and prepare the data points for
plotting an undirected 2D graph using the nearest neighbor
graph algorithm.
The algorithm is as follows:
Input: check to see if the file exists output text or create an
empty file.
Input filename read from a file if the file exists; otherwise,
return if the file does not exist.
If a file exists, read the x and y coordinates from it and
convert them to a two-dimensional vector.
Define k as well as a distance metric (typically Euclidean
distance).
Find the nearest k points to each data point in a dataset with
a given radius.
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Output: write the nearest neighbors to each data point in a
dataset into a file as shown below
Initial point: (250.167,11.167)
Distance = 11.353, position = 51, the point = (241.5,18.5)
Distance = 11.751, Position = 30, the point = (261.667,13.583)

All nearest neighbors (NN) are calculated for the
nearest neighbor search on a two-dimensional Euclidean
plane with a specific radius r. After locating the initial
coordinate point x, y, the process computes the Euclidean
distance for all coordinate points in the dataset. After
computing the distance between two points, the program
compares the calculated distances while taking the given
radius r into account for each point's computed results and
writes the output to a file the nearest points with their
coordinates, the distance between the points, and the
positions of the coordinates within the given parameter
radius. This procedure is repeated for all of the coordinate
points in a dataset.

Fig. 1. A nearest neighbor graph of 2997 points in the Euclidean
plane100- 50 interval.

Fig. 2. A nearest neighbor graph of 2997 points in the Euclidean
plane.

A directed graph defined for a set of points in a metric
space, particularly the Euclidean distance in the plane, is
known as the nearest neighbor graph. Every point in the
NNG has a vertex, and whenever q is a nearest neighbor of
p, that is, a point whose distance from p is the smallest
among all the given points other than p itself, a directed
edge from p to q is formed [4].
In our applications of these graphs, the edge
orientations are ignored, and the NNG is instead specified
as an undirected graph.

Fig. 3. HRTEM images of Amorphous alloy samples from series4
00001.dm3.

4. Conclusions
The results of this study demonstrated the accuracy of
the nearest neighbor search algorithm within a given radius
using various distance metrics. Experiments were
conducted using large datasets derived from electron
microscopy images of amorphous and amorphous –
crystalline alloy specimens. This allows us to conduct
detailed research on the properties of amorphous and
amorphous-crystalline alloys. Researchers are still looking
for ways to use modern computing software to determine
the atomic structure and physicochemical properties of
amorphous alloys.
We can provide accurate information with much less
execution time and resources by using an effective and
modern approach to study Cluster analysis of atomic
structures in amorphous alloys. More research and
innovation are required to fully comprehend the
physicochemical properties of amorphous alloys.
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Abstract. The properties of coatings formed on the MA8 magnesium alloy by the plasma electrolytic oxidation (PEO) in electrolytes
containing halloysite nanotubes were investigated. Obtained coatings reduce corrosion current density by nearly half compared to the
base PEO-layer (from 1.1×10–7 A/cm2 for base PEO layer to 5.6×10–8 A/cm2 for coatings with nanoparticles). It has been found that
the presence of halloysite nanotubes in the composition of coating has a beneficial effect on their hardness (this parameter has increased
from 4.5±0.4 GPa to 7.3±0.5 GPa).

1. Introduction
The interest of many researchers in magnesium alloys has
grown since its potential use as biodegradable material has
been founded. However, modern implantology faces the
problem of magnesium application as orthopedic medical
device material due to its low corrosion resistance and
hardly controllable biosorption [1]. The plasma electrolytic
oxidation (PEO) process figures prominently in the surface
modification of metals and combines corrosion resistance
improvement with functional properties development [2,
3]. PEO became widely disseminated due to a broad range
of adjustable process parameters and the possibility of
coatings properties management.
The ceramics formed by the PEO method can be improved
by nanoparticles incorporation. The PEO-coatings with
various nanoscaled additives demonstrate anti-corrosive,
biocompatible, and biodegradable properties, as well as
coatings
morphology
features
and
substances
encapsulation ability, which has gained special importance
in the recent decade [2-5]. Halloysite nanotubes (HNT) are
naturally formed nanoparticles that have been developed
lately as an entrapment system for loading, storage, and
controlled release of active molecules [6, 7] such as drugs,
corrosion inhibitors, proteins, etc. The low-alloy
magnesium implants with PEO-coating containing
halloysite nanotubes are of great scientific interest since
their lightness, biocompatibility,
bioresorbability,
corrosion and wear resistance along with active molecules
delivery capability.
In this paper, the formation of the protective
multifunctional coatings by the PEO method with the
halloysite nanotubes incorporation on the MA8 alloy is
investigated. The electrochemical and mechanical
properties of the obtained PEO layers are represented.
2. Experiment
Plates made of MA8 magnesium alloy (Mn 1.30; Ce
0.15; Mg bal. (wt.%)) were used as a substrate. The size of
specimens was 20 mm × 15 mm × 2 mm. The solution,
containing sodium fluoride (5 g/l) and sodium silicate (20
g/l), was chosen as a base electrolyte. In this work, we used
halloysite nanotubes (CAS № 1332-58-7; Sigma Aldrich,
USA) with a length of 1-3 μm, an outer diameter of 50-70
nm, and a lumen diameter of 15-30 nm. Nanoparticles were
dispersed in the base electrolyte in concentrations of 0, 10,

20, 30, and 40 g/l (Table I.). Concentrations of the base
electrolyte components remained unchanged. The process
of coatings formation was carried out using a plasma
electrolytic oxidation unit. Coatings morphology was
studied with optical laser profilometry and scanning
electron microscopy (SEM). The elemental composition
was determined by energy dispersive spectroscopy (EDS).
Electrochemical properties of the coatings were
investigated by electrochemical impedance spectroscopy
and potentiodynamic polarization. The study of the
mechanical properties of the coatings was carried out with
microhardness and scratch testing.
Table I. Composition of the used electrolytes.
The concentration of the electrolyte components, g/l

Samples

Na2SiO3∙5H2O

NaF

NaC12H25SO4

HNT

H0

20

5

0

0

H10

20

5

0.25

10

H20

20

5

0.25

20

H30

20

5

0.25

30

H40

20

5

0.25

40

3. Results and discussions
Halloysite nanotubes present the chemical formula of
Al2Si2O5(OH)4·nH2O and consist of remarkably stable
siloxane groups (Si-O-Si) along with aluminol groups (AlOH) [8] that supposedly dehydrate under plasma discharge
temperature and turn into the chemically stable, hard, and
wear-resistant Al2O3. Hence, halloysite nanotubes are
expected to improve the chemical stability and mechanical
properties of the coatings. Moreover, an increase of specific
surface area due to nanoparticles agglomerates’ presence
on the surface of the samples is expected.
The SEM images of surfaces show significant
differences in surfaces structure among samples. Samples
obtained in electrolytes with a high concentration of the
halloysite nanotubes have a more rugged and irregular
surface (Fig. 1). Higher concentration factors contribute to
better nanoparticles incorporation. Incorporation is
statistically more likely to happen in electrolytes enriched
with nanoparticles, thus clusters and aggregates are
especially clearly visible for H20, H30, H40 samples.
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A typical volcano-like or crater-like structure can be
observed over all samples.

Fig. 2. Polarization curves for the H0 (1), H10 (2), H20 (3), H30
(4), H40 (5) samples.

Fig. 1. SEM images of the coatings surfaces: H0 (a), H10 (b), H20
(c), H30 (d), H40 (e).

According to surface topography results, halloysite
nanoparticles agglomerates existence is verified by
increasing roughness parameters over the samples
(Table II). Agglomerates prevalence rising with halloysite
nanotubes content, as well the surface roughness. It is plain
to see, that thickness of the layers is in direct proportion to
halloysite nanotubes concentration as well, it grows with
the content of nanoparticles.
Table II. Thickness and roughness parameters of the studied
samples
Sample

Ra, µm

Rz, µm

Sa, µm

Thickness, μm

H0

1,7±0,4

9,6±2,2

3,04±0,1

51.4±1.3

H10

2,0±0,3

10,8±2,8

3,4±0,3

53.8±1.0

H20

2,5±0,6

12,2±2,9

4,6±0,1

55.0±1.5

H30

3,0±0,7

15,5±2,9

5,8±0,1

68.6±2.0

H40

3,4±0,7

16,5±3,1

6,1±0,4

78.8±1.5

The change in corrosion properties of coatings
containing halloysite nanotubes compared to the base PEOcoating is clearly evident on the represented polarization
curves (Fig. 2).
All curves of the samples containing halloysite
nanotubes (2, 3, 4), except curve 5 for the H40 sample,
represent small corrosion rates and high polarization
resistance compared to the base PEO-layer (curve 1).
Furthermore, all samples containing nanoparticles
demonstrated a decrease in the corrosion current density in
contrast to the base PEO layer. Distinguishing H10 and
H30 samples corrosion current density fall to half of the
same value for base PEO-coating.

4. Conclusions
It has been established that PEO-coatings formed on the
MA8 magnesium alloy in electrolytes containing halloysite
nanotubes have improved electrochemical characteristics
in comparison with the surface layers obtained without the
use of nanoparticles. Based on obtained results it has been
concluded that the coating formed in an electrolyte with a
20 g/l nanoparticles concentration has the highest
protective properties in the corrosive medium not only for
the first 2 hours of exposure but also after the further 24
hours of exposure. However, the highest adhesion to the
substrate was demonstrated by the H30 sample coating. The
incorporation of nanoparticles led to an increase in the
microhardness of the surface layers by 1.5 times, and its
highest magnitudes were observed for the H10 and H20
samples. Formed coatings are perspective for biomedical
applications, especially in implantology due to their
biocompatibility and corrosion resistance.
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Abstract. Porous WOx films were synthesized in 0,1 М NH4NO3: ethylene glycol: 1% H2O electrolyte. RDE system was carried out
to control the hydrodynamical conditions. It was found that tungsten RDE rotation rate influences the WO x morphology, affording to
obtain regular nanotubular structures with the pores of around 100 nm in diameter. The photocatalytic properties of such nanostructures
were investigated. It was determined that the highest value of the degradation constant is achieved when using samples obtained at a
rotation speed of 500-750 rpm. The results correlate with the morphology analysis data, where it was estimated that these tungsten
oxide films had the largest porous layer thickness with an average pore diameter of 75±5 nm.

1. Introduction
Due to the high electron mobility, the short diffusion
length of charge carriers, and nontoxicity, tungsten oxide is
a promising material for use as a photocatalyst. Since the
efficiency of a photocatalyst depends on its effective
surface area, it is promising to obtain nanostructured
tungsten oxide.
Anodic oxidation enables the synthesis of
nanostructured WOx films of various morphologies,
depending on the technological parameters of anodization.
Unfortunately, at the moment, there is practically no
information on the effect of hydrodynamic conditions on
the anodic formation of tungsten oxide. In this work, we
investigated the influence of the rotation speed of a
tungsten rotating disc electrode (RDE) on the morphology
of the resulting tungsten oxide structures and their
photocatalytic properties.
2. Experiment
The samples were formed by anodization in the
electrolyte, containing 0,1 М NH4NO3: ethylene glycol
(EG) : 1% H2O. A platinum electrode served as the cathode.
The process was carried out at a temperature of 40°C. The
platinum electrode and the tungsten anode were placed at a
fixed height. The electrode rotation rate was set in the range
0 - 1000 rpm.
The fabricated samples were subjected to the heat
treatment in a PL 20 muffle furnace (220 V, power 3 kW)
at a temperature of 500°C for 2 hours in the air. The
samples were then slowly cooled down.
The morphology of nanostructured WOx samples was
investigated by field-emission scanning electron
microscope (FESEM) Helios NanoLab 650.
The photocatalytic properties of the obtained samples
of nanostructured tungsten oxide were explored using a
xenon lamp with a power of 150 W. (Newport, mod. 6255).
Annealed samples of nanostructured anodic tungsten oxide
were immersed in an aqueous solution of methylene blue
(MB) with a concentration of 7.815 µmol/L and time
dependences of MG concentration in the presence of the
nanostructured WO3 layers were measured, and the MB
decomposition rate constants were estimated. To take into
account the effect of MB adsorption on the surface of the

samples, the samples were preliminarily kept in the MB
solution in the dark.
3. Results and discussions
Table 1 represents the geometrical and photocatalytic
properties of the samples obtained at the different tungsten
RDE rotation velocities.
Table I. Parameters of Samples.
Rotation
speed, Reynolds
rpm
number

Pore
Pore
diameter,
diameter,
“burning”
nm
, nm

MB
decomposi
tion rate
constant

0

0

17±4

-

0,0009

150

60

23±5

51±2

0,0031

500

200

40±5

76±5

0,0075

750

300

35±5

78±5

0,0061

1000

400

38±7

79±6

0,0020

By scanning electron microscopy, at rotational speeds
of 150-1000 rpm, "burning points" were detected. At low
rotation speeds of the electrode, points are localized in a
small area, but they penetrate the depth of the sample,
causing through-thickness etching. With the rotation speed
increasing, “burning points” spread over larger areas (of the
order of several tens of microns2). But “burning” becomes
more controllable and through-etching of the foil does not
occur. In the “non-burning” areas, the tungsten oxide is
porous, but pores are randomly branched. With the increase
in the rotation speed, the pores acquire a more cylindrical
shape, and their diameter increases. In the burning areas,
the pores are ordered, located normally to the substrate,
have a clear cylindrical shape. Pores are approximately
twice larger than in non-burning areas. With increasing
rotation velocity, the pore diameter increases due to the
pore wall thinning, and at 1000 rpm the structure becomes
brittle and partially fractures.
It has been established that the highest value of
degradation constants is achieved when using samples
obtained at rotation speeds of 500-750 rpm. At such
electrode rotation speeds, a large portion of the sample
surface is covered with burning points, while neither W foil
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overetching, nor WOx destruction due to thinning of the
walls of the porous oxide occurs, and the pore diameter at
the non-burning areas is the largest (around 40 nm).
4. Conclusions
Porous WOx films were synthesized in 0,1 М NH4NO3:
ethylene glycol: 1% H2O electrolyte. It was found the RDE
rotation velocity increasing support to the formation of
mildly “burning” areas, where the ordered cylindrical shape
oxide with the pore diameter of around 75 nm forms. The
investigation of the MB decomposition in the presence of
the nanostructured WO3 layers showed that such ordered
cylindrical WO3 structures can effectively decompose
organic contaminations.
Acknowledgements
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Abstract. Nanostructured NiFe film was obtained via pulsed electrodeposition and annealed at a temperature from 100 to 400 °C in
order to study the effect of heat treatment on the surface microstructure and mechanical properties. The mechanical properties of the
NiFe films have been investigated by nanoindentation. The results showed the opposite effect of heat treatment on the mechanical
properties in the near-surface layer and in the material volume. An explanation of this phenomenon was found in the complex effect
of changing the ratio of grain volume/grain boundaries and increasing the concentration of thermally activated diffuse gold atoms from
the sublayer to the NiFe film.

1. Introduction
Soft magnetic NiFe films are used in a wide range of
applications due to the optimal balance of electric,
magnetic and mechanical properties. Permalloy has
applications in areas, such as low frequency magnetic
shielding and transformer cores, as functional magnetic
materials in magnetic field sensors (since they demonstrate
the effects of giant and amorphous magnetoresistance),
magnetic recording devices, as spintronic material and as
electromagnetic shields to protect functional electronics
from permanent magnetic fields and electromagnetic
radiations [1-3]. Ni-Fe alloys show good adhesion to
various types of the substrates, and excellent mechanical
characteristics (hardness in macro- and nanoscale, elastic
modulus, wear and crack resistance, as well as resistance to
plastic deformation) [4,5]. Thanks to this, permalloys or Nirich alloys are an attractive material for use as a functional
coating that provides both mechanical protection and
protection from the electromagnetic and magnetic fields.
Electrodeposited films are promising, due to high economic
viability of the electrodeposition process. The ability to
deposit thin films and coatings via electrodeposition on
puff-shaped substrates should also be noted among the
main advantages of the method. This is especially
important for using magnetic films as shields from
electromagnetic interference, when it is necessary to cover
parts. Internal stresses are greater, the thicker the film and
the more complex the shape of the substrate. Residual
stresses in the film and coating can lead to a decrease in the
magnetic and electrical properties and, of course,
mechanical characteristics.
In this work, we studied the effect of heat treatment on
the microstructure and mechanical properties of
nanostructured NiFe films that are deposited on a Si wafer.
Critical changes in the mechanical and magnetic properties
occur in 100 to 400 °C temperature range [6-7]. Heat
treatment at higher temperatures leads to changes in the
crystal lattice [7], for example, polymorphic
transformations. We have shown that even relatively low
temperatures can have a beneficial effect on the hardness,
Young’s modulus, and resistance to the elastoplastic
deformation. In addition, we studied differences in the
behavior of the surface layer and the internal volume of the
material and found explanations for their opposite response
to an increase in heat treatment temperature.

2. Experiment
Pulsed electrodeposition was used to form a
nanostructured NiFe film. A short pulse duration (10−3 s)
leads to the formation of a material with a small grain size.
All technological parameters are given in [8]. Heat
treatment was carried out at temperatures of 100, 200, 300,
and 400 °C in air. The samples were heated at a rate of
100 °C/h, and then kept at maximum temperature for 1 h
and naturally cooled to room temperature. The
measurement of the micromechanical parameters and
surface microstructure investigation were studied using the
nanoindenter Hysitron 750 Ubi by penetration of the
Berkovich diamond pyramid with continuous registration
of the deformation curves (indentation load (P) vs.
indentation depth (h)). The materials were loaded
according to the scheme “10-10” (10 s of loading, 10 s of
unloading). At least 25 measurements were carried out for
each value of the maximal indentation depth and for each
sample. Each deformation curve included 2–4 thousand
measurements. The maximal values of the indentation
depth were 10 nm (for the near-surface layer investigation)
and 50 nm (for the investigation of the material in bulk).
The penetration of the indenter to a depth of more than 10%
of the film thickness might not correctly reflect the
mechanical properties, since the influence of the substrate
increases during increasing the indentation depth.
3. Results and discussions
The coalescence process is completed when the heat
treatment temperature reaches 200 °C. Figure 1e shows
distinct individual grains that are not clustered. The most
probable grain size is 13 nm. The dispersion width
increases with an increasing grain size, as can be seen in
Figure 1f. With a further increase in temperature to 300 °C,
the second stage of coalescence begins, which will be
completed between 300 and 400 °C. The formation of
multigrain clusters is also characteristic of the second stage
of coalescence, as well as of the first. The presence of a
large number of smooth sections around the clusters
suggests that the second stage of grain association is close
to completion. Smooth areas with a homogeneous surface
are likely to become grains, the boundaries of which will
be at the place of clusters. The grain size approaches
200 nm for the sample that was subjected to heat treatment
at 300 °C (we mean grains inside the clusters, since it is
difficult to determine the boundaries of large smooth
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grains). An increase in the temperature to 400 °C leads to a
significant increase in the most probable size of grains to
580 nm. Obviously, the coalescence is complete and the
surface looks uniform in this sample. The evolution of the
grain microstructure, including two stage of the grain
coalescence, are presented schematically in Figure 1.
The mechanical tests were carried out at two depths—
10 nm (black squares) and 50 nm (red circles). Thus, we
tried to compare the behavior of the surface and volume of
a NiFe film under the influence of heat treatment (figure 2).
The results of nanoindentation show that heat treatment has
an opposite effect on the surface layer and the internal
volume of the material. Analysis of graphs in Figure 3a,b
allows for us to conclude that the hardness and Young’s
modulus of the as-prepared sample on the surface and in the
bulk are quite close H10nm = 8.64 ± 0.43 GPa, H50nm = 7.51
± 0.32 GPa and E10nm = 183.6 ± 7.0 GPa, E50nm = 196.8 ±
5.4 GPa. An increase in heat treatment temperature leads to
a nonlinear increase in Young’s modulus to 256.1 ± 8.3
GPa (for 400 °C) and hardness to 11.1 ± 0.98 GPa on the
surface (black squares) and a simultaneous decrease in
these parameters in the film volume (red circles), E50nm =
165.1 ± 9.3 GPa, and H50nm = 5.88 ± 0.58 GPa. The
relatively high measurement error (in some cases more than
10%) is due to a significant difference in the mechanical
response of the material when the indenter hits the
boundary or center of the grain.

Fig. 1 An increase in the most probable grain size upon heat
treatment during two stages of coalescence.
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Fig. 2. Mechanical properties of the Au/NiFe nanostructured
system with indentation depth of 10 nm and 50 nm after heat
treatment investigated using nanoindentation. (a) Dependence of
the hardness, (b) Young’s modulus.

The ratio H/E or resistance to the elastoplastic
deformation during elastoplastic deformation inside the
material (h = 50 nm) tends to nonlinearly decrease. The
ratio remains almost unchanged during heat treatment not
higher than 200 °C (H/E = 0.037–0.038), and then
decreases to 0.035. The surface layer during heat treatment
at 100 °C has an increase in deformation resistance from
0.047 to 0.051, and a decrease to 0.043 with an increase in
temperature to 400 °C.
Probably, the opposite behavior of the mechanical
properties is associated with the difference in the processes
activated by heat treatment, both in the material volume and
on the surface. We concluded that three complex processes
significantly affect the mechanical properties of the system
after analyzing the investigation results and literature [9]:
1. An increase in grain size, which is always
accompanied by a decrease in the number of grain
boundaries.
2. The formation of oxide on the surface.
3. Thermally activated diffusion of gold atoms from the
sublayer into the film.
4. Conclusions
It has been established that an increase in grain size with
a simultaneous decrease in the number of grain boundaries
leads to a decrease in the number of barriers to the
distribution of dislocations during mechanical deformation.
Consequently, the mechanical properties decrease with
increasing grain size, especially in the volume of the
material, since the surface as a whole is characterized by an
incomparably greater defectiveness, and other mechanisms
act because of this.
Heat treatment in air activates surface oxidation. The
oxidation process was studied step by step with increasing
temperature while using an analysis of deformation curves.
The thickness of the oxide layer increases from about 5 to
20 nm with an increasing temperature of heat treatment. It
was found that when the oxide thickness hox is less than
the indentation depth (hox < h), the hardness value includes
two components: hardness of oxide and NiFe. This is true
for the range from the as-prepared sample to the sample
after treatment at 200 °C. Hardness increases from 8.6 to
11.0 GPa in this range. When hox > h, (after treatment at
300 and 400 °C), the hardness value remains constant at
about 11.0 GPa, since the indentation takes place inside the
oxide layer. It was also found that surface oxidation does
not significantly affect the mechanical properties of the
internal volume of the NiFe film.
The third process, which is activated by heat treatment,
is the diffusion of Au atoms from the sublayer into the NiFe
film. Diffusing atoms are point defects, which facilitate the
propagation of deformation and soften NiFe. The gold
concentration for each temperature at the investigated
indentation depth (10 and 50 nm) was calculated using I
Fick’s law and the Arrhenius equation. Consequently, it
was found that a relative concentration of more than 0.02 is
a critical point, after passing through which a decrease in
hardness, elastic modulus, and resistance to elastoplastic
deformation begins.
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Effects of group IV–VII elements doping on TiO2
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Titanium dioxide is widely used in the chemical
industry, for example, in the production of white pigment,
medicines, cosmetics, sensors, photocatalysts, etc. Some
time ago, the object of attention was the use of titanium
dioxide as an anode material for lithium-ion batteries
(LIBs) capable of operating in the fast-charge mode and
over a wide temperature range. However, the slow
diffusion of lithium ions (10–15 cm2 s−1) and low electrical
conductivity (10–12 S cm−1) act as limiting factors for the
use of TiO2 in LIBs. A promising way to improve the
characteristics of TiO2 is modification due to cationic and
anionic substitution in the Ti4+ and O2– positions.
Within the scopes of present work, nanostructured
TiO2(anatase) doped with group IV–VII elements (such as
hafnium, zirconium, nitrogen, and fluorine) was
investigated as anode materials for LIBs. All samples were
synthesized by a template sol-gel method on a carbon fiber.
According to the scanning and transmission electron
microscopy investigations, as-synthesized TiO2-based
materials have a tubular microstructure (length: 5–300 μm;
outer diameter: 2–5 μm). Tubes have a nanostructured
surface and assembled by nanoparticles with an average
size of 10–25 nm.
According to the Raman spectroscopy studies, the
incorporation of doping elements into titania crystal
structure leads to distortion in crystal lattice, increasing the
unit cell volume, due to the difference in Zr4+ (0.72 Å), Hf4+
(0.71 Å), and Ti4+ (0.604 Å) ionic radii. At the same time,
according to the ultraviolet–visible spectroscopy and
electrochemical impedance spectroscopy, the doping of
TiO2 with nitrogen and fluorine narrows of the band gap of
anatase from 3.24 eV to 2.58 eV (Fig. 1) and increases its
electrical conductivity. In particular, the conductivity of
(Zr, N, F) co-doped TiO2 reaches 1.22·10–5 S cm–1, that is
higher than for only Zr-doped (1.19·10–6 S cm–1) and
undoped TiO2 (0.9·10–6 S cm–1). In addition, the presence
of fluorine stabilizes anatase, shifting the temperature of the
anatase–rutile phase transition.
The as-synthesized TiO2 as anode material was tested
in half-cell with a lithium counter electrode in the voltage
range of 1–3 V. After the galvanostatic charge/discharge
cycling at a current density of 33.5 mA g–1 the reversible
capacities of 60 mA g–1 (undoped TiO2), 155 mA g–1 (Hfdoped TiO2), and 140 mA g–1 (Zr-doped TiO2) were
achieved. Meanwhile, for titanium dioxide doped with
zirconium, fluorine, and nitrogen, a storage capacity of 160
mAh g–1 was found at a current load of 335 mA g–1.

Fig. 1. UV-Vis diffuse reflectance spectra for undoped, Zr-doped,
and (Z, F, N) co-doped TiO2 samples (inset represents
corresponding Kubelka–Munk plots).

Thus, it was established that the doping of titanium
dioxide with group IV–VII elements has a beneficial effect
on its performance as an anode material for LIBs. The main
reasons are as follows: i) increased volume of unit cell as a
result of titanium substitution by hafnium or zirconium; ii)
improved conductivity and decreased proportion of rutile
due to co-modification with nitrogen and fluorine.
This work was supported by funding from the Russian
Science Foundation (grant № 19-73-10017).
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Effect of a metal oxides interlayers on the properties of
silver nanoparticles in porous silicon for SERS
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Abstract. Porous silicon coated with plasmonic nanostructures of noble metals has been reported to demonstrate an activity in surface
enhanced Raman scattering (SERS) spectroscopy providing a detection of organic compounds (e.g. dyes, phospholipids, peptides,
proteins, etc.) at extremely low concentrations down to single molecules. The outstanding sensitivity and fabrication compatibility of
such SERS substrates with standard silicon technology makes them very attractive for a wide application in analysis by Raman
spectroscopy. However, there is a need of imparting additional properties to such substrates, for example, the ability of self-cleaning
for multiple use. In this work, we studied how the interlayers of different metal oxides (ZnO, ZrO2 and TiO2) between porous silicon
and silver particles affect the properties of SERS substrates.

1. Introduction
Surface enhanced Raman scattering (SERS)
spectroscopy is now on its way of transferring from
research laboratories to practical application for detecting
and characterizing various chemical compounds at
submolar concentrations to solve tasks arising in
biomedical diagnostics, forensic examination, monitoring
sanitary-epidemiological
conditions,
environmental
pollution control and so on [1]. As a rule, plasmonic
materials made up of noble metal nanoparticles, which act
as Raman photon multipliers from analyte molecules preadsorbed on their surface, provide a unique sensitivity of
SERS method. An implementation of the SERSspectroscopy strongly depends not only on key
performance indicators of SERS substrates but also on a
mercantile aspect defined by their cost. Currently available
SERS substrates well meet requirements to an
enhancement factor and a reproducibility of signal intensity
but they are still rather expensive for a routine analysis. In
this regard, some efforts have been made to overcome a
latter hurdle through the development of reusable SERS
substrates [2]. In particular, our approach is to combine a
silvered porous silicon fabricated by affordable Sicompatible process that has already proved its effectiveness
as a SERS substrate [3] and photocatalytically active metal
oxides (e.g. ZnO, ZrO2, TiO2) possessing the self-cleaning
upon ultraviolet (UV) light.
2. Experiment
Lightly doped p-Si wafer was used as an initial substrate
to fabricate macroporous silicon by electrochemical
etching in an electrolyte constituted by HF (45%) and
dimethyl sulfoxide mixed at 10:46 volume ratio. The
current density of 8 mA/cm2 was applied for 7 min. A depth
of the macropores varied between 0.7 and 1.5 µm while a
diameter was 0.5 – 1.0 µm. Highly doped n-Si wafer was
used as an initial substrate to fabricate mesoporous silicon
by electrochemical etching in an electrolyte constituted by
HF (45%), C3H7OH and H2O mixed at 1:1:3 volume ratio.

The current density of 100 mA/cm2 was applied for 85 s. A
depth of the mesopores was 5 µm while a diameter was
50 – 70 nm. Next, the porous silicon was coated with ZnO,
ZrO2 and TiO2 film of 60 nm thickness by magnetron
sputtering. SERS-active coating was formed by thermal
evaporation of Ag nanoparticles, which diameter was 5 and
25 nm. After that, some samples were subjected to an
additional electroless deposition of silver from a mixture of
AgNO3, C2H5OH, HF and water. Morphological
characterization of the samples was carried out with
scanning electron microscope (SEM) Hitachi 4800. For the
SERS measurements, the obtained substrates were kept in
a water solution of 10-5 M DTNB or 10-6 M R6G for 2 h
and then studied using 3D scanning Raman microscope
Confotec NR500 equipped with 473 nm and 633 nm lasers.
The self-cleaning feature was tested using SERS substrates
with analyte molecules immersed in a Petri dish filled with
a distilled water. Two samples were taken for each metal
oxide interlayer. One substrate was subjected to UV light
(365 nm) for 10 min. After that, the Raman analysis was
performed again to check if the substrate remains its SERS
activity.
3. Results and discussions
In the course of the work, a series of samples of mesoand macroporous silicon were prepared, coated with layers
of metal oxides of 60 nm thickness. After that the samples
were subjected to deposition of silver particles by thermal
evaporation and electroless plating from solution. During
the thermal deposition, two types of substrates were formed
with particles of 5 and 25 nm in diameter. The type of
porous silicon and oxide material did not significantly
affect the deposition kinetics and nanoparticle sizes.
Electroless deposition resulted in formation of polydisperse
particles, which diameter varied from 10 to 200 nm. Fig. 1
presents SEM images of meso- and macroporous silicon
coated with titanium oxide and silver particles. The rate of
electroless deposition on mesoporous silicon was higher,
since its surface is more developed and saturated with
dangling bonds than that of macroporous one. Samples with
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silver particles of 5 nm diameter showed no SERS activity
due to the small amount of plasmonic material and low
density of its coating. Substrates with nanoparticles of 25
nm diameter were SERS active only upon excitation with a
473 nm laser, since their plasmon resonance lies at about
470 nm. Polydisperse silver particles were active at 473 and
633 nm lasers due additional higher order plasmon
oscillation modes. Those samples were found to
demonstrate the most effective enhancement of Raman
signal from analyte molecules provided by many hot spots
between nearly connected silver particles and the largest
silver mass compared to that of evaporated silver
nanoparticles.

Fig. 1. SEM top and cross section images of (a, b) meso- and
(c, d) macroporous silicon coated with TiO2 layer and thermally
evaporated silver nanoparticles with mean diameter (a, c) 5 nm
and (b, d) 25 nm.

The substrates based on mesoporous silicon showed no
photocatalytic activity while using macroporous template
resulted in a pronounced UV facilitated cleaning when the
TiO2 interlayer was used as this can be seen in Fig. 2, d.

250 nm. This should be noted that the substrates with the
ZrO2 interlayer were revealed to induce higher SERS
activity after UV treatment if DTNB analyte is used. The
DTNB molecules are dimers containing two monomers
connected via disulfide bridge. As a rule, this bond is partly
broken in presence of silver or gold nanoparticles leading
to anchoring monomer on metal surface through -S. We
suppose an external irradiation contributes to the disruption
of the S-S bond follow by more effective analyte
adsorption.
4. Conclusions
Samples based on meso- and macroporous silicon
coated with metal oxides’ (ZnO, ZrO2, TiO2) interlayers
and silver particles with diameters 5 nm, 25 nm and 10 –
200 nm were formed. The obtained nanostructures were
tested to reveal an ability to enhance Raman signal from
molecules of R6G and DTND adsorbed on their surface.
SERS activity was typical for the substrates with silver
nanoparticles of 25 nm diameter upon 473 nm excitation
and for the polydisperse silver particles at 473 and 633 nm
lasers. The latter is caused by contribution of higher order
plasmonic modes provided polydispersity. The only
macroporous silicon-based substrates with TiO2 interlayer
showed UV facilitated cleaning, which is thanks to a larger
surface area of oxide in macropores in contrast to that on
mesoporous silicon. ZnO and ZrO2 interlayers were not
found to promote photocatalytic activity. However,
zirconia is expected to be a perspective material for the
substrates’ cleaning if shorter UV wavelength is applied.
The ZrO2 interlayer was revealed to induce higher SERS
activity after UV treatment in case of DTNB analyte. The
results of this research shows that the modification of the
SERS substrates’ composition with metal oxides opens an
opportunity to tune their properties to achieve reusability
and to adapt them for better specific analyte detection
avoiding functionalization.
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Fig. 2. SEM images of macroporous silicon/TiO2 after (a, b)
evaporation and (c) electroless deposition of silver. SERS spectra
of R6G on the control and UV irradiated samples of (c) type.

Such an effect is due to a larger surface area of
photocatalytically active oxide in macropores in contrast to
that on mesoporous silicon. Despite ZrO2 interlayer was not
found to promote photocatalytic activity it still can be
considered as a perspective material for the substrates’
cleaning. Its Eg is wider than that of TiO2 and photocatalytic
properties are expected to be possessed under excitation of
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Abstract. Electron spectroscopy methods allow performing in-situ analysis of the elemental composition of MAX-phase thin films.
Auger electron spectroscopy makes it possible to determine the chemical bonds formed during the synthesis. This paper describes the
results of using Auger electron spectroscopy for in-situ analysis of Mn2GeC and Cr2GeC.

1. Introduction
MAX-phases (Mn+1AXn, where n = 1, 2, 3) are
nanolayered, hexagonal transition metal carbides and
nitrides. M is a transition metal, A is an element of the main
subgroup of the periodic system, X is carbon or nitrogen
[1].
MAX materials exhibit many useful properties such as
high strength, high thermal and electrical conductivity,
corrosion resistance and high temperature stability. These
valuable properties of MAX-phases make them promising
materials for creating details that can be used in extreme
conditions. For example, it can be applied to the
manufacture of electrical contacts, heating elements,
protective coatings.
The Auger electron spectroscopy method makes it
possible to perform in-situ elemental analysis of MAXphases thin films to determine the formed chemical bonds.
This paper describes the application of Auger electron
spectroscopy in the synthesis of MAX-phases based on
chromium (Cr), manganese (Mn), germanium (Ge) and
carbon (C), which are widespread at the present time [1–3].
2. Experiment
We have synthesized Mn2GeC and Cr2GeC structures
by pulsed laser deposition (PLD) technology at highvacuum chamber pressure P ≤ 2.8·10-8 Torr. We measured
the Auger electron spectra using a low energy diffraction
and Auger electron analysis system (SPECS) with a
retarding field energy analyzer. The primary electron
energy was 3000 eV.
3. Results and discussions
The Auger spectra of the Mn2GeC structure contains
peaks which positions correspond to the energy of Auger
transitions in germanium, carbon and manganese atoms [4].
Figure 1 shows Auger electron spectra after deposition of
the Mn2GeC structure on Al2O3 substrate.
The shape of the carbon Auger peak is typical to
graphite rather than manganese carbide. The intensity of the
manganese Auger peaks is specific to the peaks in the
composition of the Mn5Ge3 spectrum, which is described in
[5]. These results showed the existence of different from
Mn2GeC phase in the composition of the synthesized thin
film.

Fig. 1. Auger electron spectra after deposition of the Mn2GeC
structure on Al2O3 substrate (after smoothing).

In the Auger spectra of Cr2GeC structure we identified
peaks that are characteristic to chromium, germanium and
carbon atoms.
The carbon peaks have a shape that is specific to
carbide, which may indicate the presence of chromium
carbide Cr2C.
4. Conclusions
It was found that the application of Auger electron
spectroscopy makes it possible to determine the elemental
composition of thin films and the presence of transition
metal carbides in thin polycrystalline or epitaxial films.
Which is an additional highly sensitive in-situ method for
the identification of MAX-phases in the study of the initial
processes of their formation.
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Abstract. The fabrication of polydimethylsiloxane involves a curing process at room temperature or external heat. These operations
can be inconvenient, for example, in medical applications or in ultra-precision systems requiring local cross-linking or accelerated
curing without external heating. In this paper, we consider the optimal methods for catalyzing the process of molecular crosslinking of
polydimethylsiloxane and ensuring the possibility of the locality of this procedure. It also describes the testing of a composite material
of polydimethylsiloxane with silver nanoparticles to accelerate curing by microwave method, as one of the methods. The resulting
composite materials were studied for general properties, from which it can be concluded that the bulk properties are similar to the
original polydimethylsiloxane, but the surface properties are different.

1. Introduction
Polydimethylsiloxane (PDMS) as a material has a
number of worthy properties such as biocompatibility,
optical transparency, poor wettability, flexibility, and
chemical and thermal stability. Due to this, this substance
is used in flexible electronics, microfluidic systems,
medical applications, wearable devices [1].
The
manufacturing
process
of
solid
polydimethylsiloxane is the curing of a liquid prepolymer,
which is dimethylsiloxane monomers, by forming
perpendicular networks throughout the volume of the body
as a result of a chemical reaction. In general, this process
takes up to two days or is required in external heating,
which can reduce this time to 10 minutes (at 150 °C).
However, in some situations it may be necessary to speed
up the curing process without external heating, or to allow
the material to cure in localized areas.
This area has been actively explored in recent years.
Various mechanisms for accelerating the molecular
crosslinking of a polymer are being studied using methods
such as heating with a bulb [2], exposure to microwave [3],
laser [4], and UV [5] radiation (including the Mosquito
method), magnetic induction [6], and addition of nanosilica sol [7]. In addition, the possibilities of partial (local)
crosslinking of silicone are considered [8].
We proposed to use microwave irradiation for curing.
Due to its non-polarity, pure polydimethylsiloxane is
ineffectively affected by this irradiation. To correct this, it
was proposed to introduce metal nanoparticles into the
volume of polydimethylsiloxane. In this work, the
possibility of accelerated crosslinking of a composite
material based on polydimethylsiloxane with silver
nanoparticles (NPs) was tested, and the optical,
mechanical, and adhesive properties of the fabricated
samples were studied.
2. Experiment
A composite material based on polydimethylsiloxane
was made using the sylgard 184 elastomeric kit in a ratio of
10:1 base to hardener and silver nanoparticles with a
diameter of 35-120 nm, synthesized by the reduction
method followed by crystallization. Silver NPs were
introduced in the form of an ethanol suspension to ensure

uniform distribution, in an amount that provided a
concentration of silver NPs in the final material of 0.01%.
The total weight of the uncured material was 5 g, while the
amount of ethanol was 1.577 g. Mixing was carried out for
40 seconds at 3500 rpm in a SpeedMixer (TM) DAC 150.1
FVZ mixer, during the curing process, the solvents were
also subjected to microwave irradiation at a frequency of
3450 MHz at a power of 700 V with a duration of 0-4 hours,
which is described in more detail in [9].

Fig. 1. Schematics of the physical principles underlying
electromagnetic microwave radiation assisted curing of metal
nanoparticle filled polydimethylsiloxane (PDMS) prepolymer
liquid.

To evaluate the resulting composite materials, some of
the properties shown in Table 1 were studied. The
viscoelastic modulus was obtained by dynamic mechanical
analysis (DMA) on a Q800 facility by measuring in tensile
mode with applied sinusoidal stress under high and low
strain conditions. When processing the obtained data, the
principle of time-temperature superposition (TTS) was
used. Water wettability was studied by measuring
advancing and receding contact angles to obtain
equilibrium contact angle, adhesive interaction between
glass and the fabricated elastomers studied by custommade Johnson-Kendall-Roberts (JKR) inspired adhesion
testing setup. UV/VIS (200-1100 nm) absorption spectra of
the PDMS-based materials was obtained by spectrometer
instrument Ava-Absorbance (Avantes, Netherlands).
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Table I. Table of fabricated elastomer materials and the main
measured properties. The sample label is encoded with the base
material, the additional component (if any, via /), as well as
microwave curing conditions (if any, via @).
Sample

Work of adhesion,
J/m2

Storage modulus
(low-strain), MPa

PDMS (stock)

0.44

1.68

PDMS@1hMW

0.41

1.73

PDMS@2hMW

0.35

1.84

PDMS@3hMW

0.34

1.69

PDMS@4hMW

0.28

1.84

PDMS/AgNP

1.72

1.37

PDMS/AgNP@1
hMW

>1.39*

1.61

PDMS/AgNP@2
hMW

0.88

1.52

PDMS/AgNP@3
hMW

0.8

1.47

PDMS/AgNP@4
hMW

0.91

1.64

410 nm, corresponding to the absorption peak of silver
nanoparticles.
It can be concluded that silver NPs can serve as an
internal heater for PDMS elastomers to catalyze
crosslinking by microwave irradiation. In this case, the
presence of silver in the composite material slightly affects
its optical and viscoelastic properties, but significantly
changes the surface properties.
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3. Results and discussions
As can be seen from the table, the composite materials
with silver nanoparticles have a lower viscoelastic
modulus, better adhesive properties, and slightly lower
transparency, especially in the silver absorption region.
Exposure to microwave irradiation during the curing
procedure increases the elastic modulus, reduces the
adhesion work, and does not affect the optical properties of
both the initial PDMS and the composite material based on
it.
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Fig. 2. Transmittance (absorption) optical spectra of the stock
PDMS material, the sample with 4-hours treatment and PDMS
material with AgNP.

4. Conclusions
Several
methods
for
curing
elastomeric
polydimethylsiloxane have been considered. We also tested
silver nanoparticles as a reagent for curing
polydimethylsiloxane and evaluated the properties of the
composite material compared to the original
polydimethylsiloxane.
In general, materials with silver turned out to be less
elastic and more tenacious to glass and water. The optical
absorption also slightly increased with a small peak at
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Abstract. Sol gel technology has produced effective and stable ZnS-SiO2 photocatalysts based on wet gel and xerogel of biogenic
silica from rice husk. According to electron microscopy data, the microstructure of sulfide photocatalysts does not depend on the type
of gel and is a porous SiO2 matrix, which includes faceted ZnS crystals. Both samples exhibit photocatalytic activity in the degradation
reaction of methyl orange when exposed to UV, visible and sunlight. The sample had a higher activity, during the preparation of which
SiO2 xerogel was used, the degree of degradation of methyl orange in its presence was 88 and 30% when excited by UV and sunlight,
respectively. The immobilization of zinc sulfide in the silica matrix led to the stability and photocatalytic activity of this material under
various irradiation conditions.

1. Introduction
Heterogeneous photocatalysis is considered to be one of
the most promising and innovative types of advanced
oxidative processes used for wastewater treatment from
persistent organic pollutants. Nanoparticles of metal
sulfides are of considerable interest as effective
photocatalysts. The introduction of such nanoparticles into
the silicon dioxide matrix, which has a high specific surface
area, makes it possible to protect sulfides from
photocorrosion and improve the adsorption properties of
photocatalysts [1-3]. To obtain highly active compositions
with a high specific surface area, sol-gel technology is the
most accessible, which provides high purity, uniformity
and control of the structure of synthesized materials [4].
Tetraethylortosilicate (TEOS) [1], ethyl silicate [2], 3mercaptopropyltrimethoxysilane [3] are used as siliconcontaining compounds. The possibilities of using biogenic
silica from rice production waste as a silicophilic plant have
not been practically investigated.
The aim of the work is to obtain sol-gel technology and
to investigate the photocatalytic properties of sulfide
photocatalysts with a matrix of biogenic silica from rice
husk in the degradation reaction of methyl orange.
2. Experiment
In this work, samples of zinc-containing sulfide
photocatalysts with a matrix of biogenic silica obtained
from rice husk (RH) were obtained. The synthesis of the
photocatalyst included 3 stages. At the first stage, sodium
orthosilicate was extracted from the RH. For this purpose,
alkaline hydrolysis of RH was carried out when heated to
90ºC for 1 h. Next, a concentrated hydrochloric acid
solution was added to the sodium orthosilicate solution to
pH 6 and a wet gel was obtained. To obtain xerogel, one of
the parts of the wet gel was calcined in a muffle furnace. At
the last stage, Zn(CH3COO)2∙2H2O, distilled water,
thiourea and concentrated ammonia solution were mixed.
Then a wet gel or xerogel of SiO2 was added to the resulting
mixture. The resulting suspensions were dried and calcined
in a muffle furnace. The resulting powders were designated
as ZnS-SiO2wg, ZnS-SiO2xg.

Elemental analysis of photocatalyst samples was
performed using the method of energy dispersive X-ray
fluorescence analysis on the EDX 800 HS spectrometer
(Shimadzu, Japan). To determine the functional groups in
the studied samples, IR absorption spectra in the region of
400-4000 cm-1 were recorded in potassium bromide on a
Vertex 70 Fourier spectrometer (Bruker, Germany). X-ray
phase analysis of the samples was performed on a D8
Advance diffractometer (Bruker, Germany). The
morphology and elemental composition of the catalyst
surface were studied using a high-resolution scanning
electron microscope Carl Zeiss Ultra+ (Zeiss AG,
Germany).
The photocatalytic activity of the samples was
evaluated in the degradation reaction of an organic
pollutant - methyl orange (MO) under UV, solar and visible
light irradiation. The catalytic process was carried out in a
100 ml cell. 50 ml of MO solution (pH 6.8) and a catalyst
were placed in the cell. The loading of the catalyst was 1
g/l. The solution was irradiated with constant stirring on a
magnetic stirrer (625 rpm) for 3 hours. The source of UV
irradiation was a UV lamp of 100P/F (maximum radiation
at 365 nm); the visible one was a xenon irradiator with a
nominal lamp power of 35 watts and with radiation maxima
in the region of 540-675 nm.
When irradiated with sunlight, the process was carried
out under the same conditions on sunny days between 9 and
13 hours in March.
3. Results and discussions
According to the results of X-ray fluorescence analysis,
the main element for the photocatalysts ZnS-SiO2xg и ZnSSiO2wg is silicon. Zinc and sulfur are contained in equal
amounts (Table I).
Table I. Chemical composition of sulfide photocatalysts, mass. %
Samples

Si

Na

Zn

S

Cl

ZnS-SiO2wg
ZnS-SiO2xg

35
32

13
19

28
23

8
9

16
18

According to IR spectroscopy data, the spectra of the
ZnS-SiO2xg and ZnS-SiO2wg photocatalysts are similar to
each other and contain absorption bands in the 467-473,
798- 802 and 1103-1109 cm-1 regions corresponding to
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valence and deformation vibrations of Si-O-Si siloxane
bonds. The absorption bands in the region of 3450-3508
and 1628 cm-1, characteristic of the vibrations of the O-H
bonds, indicate the presence of sorbed water molecules in
them. In the spectra of the samples there is a band in the
region of 621 cm-1, which refers to the valence vibrations
of the Me-S bond.
X-ray phase analysis of samples of sulfide
photocatalysts showed that they are in an amorphouscrystalline state. The presence of an amorphous phase is
indicated by a blurred peak in the region 2θ = ~ 22-25°. A
zinc sulfide semiconductor with a band gap of 3.67 eV has
been identified in the crystalline phase. In both cases, the
photocatalyst samples are loose irregularly shaped particles
with sizes from 1 to 30 and more microns (Fig. 1a). The
microstructure of sulfide photocatalysts synthesized using
wet gel and xerogel has no significant differences and is a
porous SiO2 matrix, which includes faceted crystals of
various shapes and sizes, presumably ZnS (Fig. 1b).

Table II. The degree of degradation of MO under various
irradiation conditions using sulfide photocatalysts, %
Irradiation conditions
Photocatalyst
Sunlight
ZnS-SiO2wg
ZnS-SiO2xg

11± 6
30±5

UV
light
35±7
88±5

Visible
light
15±9
16 ± 5

In the
dark
1
13

Samples of zinc-containing sulfide photocatalysts are
stable in aqueous solutions – the content of Zn2+ in the dye
solution after decomposition under various irradiation
conditions was 0.4 MPC for water bodies for household and
drinking purposes.
4. Conclusions
Sulfide SiO2-ZnS composite photocatalysts with a
matrix of biogenic silica sol-gel method were obtained. The
immobilization of zinc sulfide in the silica matrix led to the
stability and photocatalytic activity of this material under
various irradiation conditions. The materials have a
response when excited by sunlight in the degradation
reaction of the methyl orange dye.
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Fig. 1. SEM-image of the photocatalyst ZnS-SiO2wg.

The results of photocatalytic tests showed that the
studied samples showed photocatalytic activity under
various types of irradiation. When exposed to UV and
sunlight, the sample had a higher activity, in the process of
obtaining which SiO2 xerogel was used. Comparing the
degree of decomposition of MO when using ZnS-SiO2xg in
the dark and when irradiated with visible light, it can be
noted that this material does not exhibit photoactivity – a
decrease in the concentration of the dye occurs, apparently,
due to its sorption. The ZnS-SiO2wg sample obtained on the
basis of a wet SiO2 gel demonstrated a response when
excited by UV, visible and sunlight, while the efficiency of
MO degradation ranged from 11 to 35% (Table II).
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Abstract. In this work, we report the application of the Mössbauer spectroscopy technique to the study of Fe-containing oxide coatings
formed on titanium by plasma electrolytic oxidation (PEO). Several models were used to process the Mössbauer spectrum, and the
most suitable model was selected. The results of the Mössbauer spectrum processing showed the presence of both Fe(II) and Fe(III)
high-spin states of iron in the samples.

1. Introduction
One of the promising methods of surface engineering of
valve metals and their alloys is the technology of plasma
electrolytic (microarc) oxidation (PEO), which allows
obtaining surface oxide layers with a unique set of
properties on objects of almost any geometric shape [1].
Iron-containing oxide PEO coatings on metals can have
ferromagnetic properties and make it possible to obtain
magnetic materials, including constructional ones, for
example, ‘metal/magnetic film’ systems, which can be used
as electromagnetic screens, structures absorbing
electromagnetic radiation and etc. [2].
The magnetic properties of coatings depend on the
valence state, the nearest environment of atoms located not
only on the surface, but also in the bulk of the coatings.
Mössbauer spectroscopy is a highly informative method
to obtain qualitative and quantitative information about the
valence states and the nearest environment of iron. The
values of isomeric shifts can indicate the presence of both
Fe(II) and Fe(III) and their spin states. Due to the high
selectivity of this method, it seems possible to determine
the nature of the bonds formed during PEO coatings doping
with 3d elements, that which are responsible for ferro- and
ferrimagnetism. Similar studies have not yet been carried
out for PEO coatings. For the correct interpretation of the
Mössbaur spectra, it is necessary to choose the correct
model for their processing, which was the task of this study.
2. Experiment
Titanium plates of the grade VT1–0 of a size of
2.0×2.0×cm were used in plasma electrolytic oxidation.
Prior to anodizing, the samples were mechanically and
chemically polished in a mixture of concentrated acids
HF:HNO3 (1:3) at 60–80 oС for 2–3 s and then rinsed in
distilled water and dried in air.
PEO process was carried out in polypropylene glass of
1000 mL in volume using thyristor unit TER4-63/460H
(Russia) with unipolar pulse current.
The Fe-containing coating on titanium was formed at
effective current density 0.1 A/cm2 for 10 min in an
aqueous electrolyte containing 0.05 М Na3PO4 + 0.05 М
EDTA + 0.05 М Fe2C2O4. After PEO treatment, the PEOcoated sample was rinsed with water and air-dried at 70 oC.

To obtain Mössbauer spectra Fe-containing PEO
coating was removed from the titanium surface and
powdered. Mössbauer spectrum of Fe-containing PEO
coating (hereinafter, the Fe-containing sample) was
obtained at room temperature in transmission geometry on
a Wissel spectrometer (Germany). The 57Co isotope in a
rhodium matrix (RITVERZ JSC, Russia) was used as a
source of γ-radiation. The velocity scale was calibrated
using the spectrum of sodium nitroprusside with further
conversion to metallic iron (α-Fe).
3. Results and discussion
The Mössbauer spectrum of Fe-containing sample is a
wide asymmetric doublet. The broadening and asymmetry
of the absorption lines of the Mössbauer spectrum indicate
the presence of several different positions of the iron
environment in the sample under study, which differ from
each other in the type of symmetry.
The value of the isomeric shift of the Mössbauer
spectrum indicates the presence of the positions of the iron
nuclei in the bivalent high-spin state in the sample under
study.
For correct processing of Mössbauer spectrum, it is
necessary to determine the processing model. To do this,
three models were used, consisting of two, three or four
subspectra describing the bivalent high-spin states of iron,
Figure 1.
The types of the theoretical spectrum, the distribution
curve of the fitting error, and the χ2 values for different
processing models were compared to find the best model.
It was established that the model with two subspectra
(Figure 1, model A) was not suitable for describing the
experimental spectrum (χ2 = 2.11), the model of three
subspectra (Figure 1, model B) had a better value of χ2 =
1.68. However, the distribution of the error suggested that
introduction of one more subspectrum is required for good
description of the experimental spectrum. The foursubspectrum model (Figure 1, model C) for describing the
divalent high-spin states of iron nuclei had χ2 = 1.55, but
did not completely coincide with the experimental
spectrum. The error distribution curve showed that it was
necessary to use the subspectrum corresponding to the
high-spin trivalent state of iron nuclei (not shown).
Parameters of processing by different models of the
Mössbauer spectrum presented in Table I.
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Fig. 1. Models for processing two valence high-spin states in the
Mössbauer spectrum of Fe-containing sample and the values of
the fitting errors. The models A, B, and C consist of two, three,
and four doublets, respectively.
Table I. Parameters of processing by different models of the
Mössbauer spectrum*
Model

δ (mm/s)

Δ (mm/s)

Relative
area (%)

1.13

1.97

58

1.18

2.53

42

0.99

2.04

25

1.18

2.71

17

1.22

2.13

58

0.96

1.98

22

1.19

2.26

33

1.19

2.74

21

1.21

1.85

24

A

B

χ2
2.11

C

1.68

1.55

*Isomer shift (δ), quadrupole splitting (Δ). Values of δ are
reported relative to α-Fe. Fitting error in the values of δ, Δ
remained below 0.01 mm/s.

4. Conclusions
A comparison of three models for processing the
Mössbauer spectrum of titanium-free Fe-containing PEO
coating has enabled one to find the number of subspectra
required to describe the bivalent high-spin states of iron in
the sample. It was also figured out that addition of
subspectrum corresponding to the positions of iron in the
trivalent high-spin state was necessary to fit experimental
spectrum.
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A thin-layer hafnium oxide as auxiliary layer obtained by
atomic layer deposition onto macroporous silicon for SERS
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Abstract. This paper describes a technique for atomic layer deposition of thin-layer hafnium oxide as auxiliary layer on the external
and internal surfaces of macroporous silicon. The silver immersion deposition was used for formation of the plasmon coating for SERS.
The SERS activity of the obtained substrates was studied using the Ellman's Reagent as an analyte.

1. Introduction
Hafnium oxide (HfOx) is a material having good
mechanical, thermal and chemical stability, high dielectric
constant and high refractive index [1]. Hafnium oxide as a
high-k dielectric opens new prospects not only for microand nanoelectronics, but also provides new opportunities
for SERS spectroscopy.
At present, SERS spectroscopy solves problems not
only of increasing the intensity Raman signal and the
sensitivity, but also to improve chemically stability and
biocompatibility. Obtaining renewable and reusable SERSactive substrates is difficult but extremely necessary task
due to they will be expendable materials for SERS
spectroscopy in the future. Various methods are used for
the deposition of plasmonic metals on the surface of
ordered porous matrices to form plasmonic structures with
such properties.
The formation of an auxiliary layers by the atomic layer
deposition (ALD) method can make it possible to increase
the adsorption capacity of SERS-active substrates which
also increases their sensitivity. The ALD provides accurate
film thickness and greater area uniformity. The HfOx can
be singled out, which has a high melting point and low
thermal conductivity, which reduces the thermal effect on
the SERS-active substrate under high-power laser radiation
and ensures the morphological stability of the structure [2,
3].
2. Experiment
Electrochemical anodizing process was used to form a
system of highly ordered pores. As initial substrates p-type
monocrystalline silicon wafer of (100) orientation and
12 Ohm·cm resistivity was used.
The anodizing process was carried out in an electrolyte
containing hydrofluoric acid (45 %) and dimethyl sulfoxide
as a wetting agent mixed in a volume ratio of 10:46,
respectively, at a current density of 8 mA/cm2. Wafers were
thoroughly cleaned from the organic pollution and the
native SiO2 before anodization.
A thin layer of the HfOx was deposited on the surface
of porous silicon by the ALD method. The HfOx film was
deposited at a stage temperature of 250°C and the
temperature of the chamber walls was 130°C. The
chemisorption process was carried out using the supply of
two precursors: TEMAH Hf[N(CH2CH3)(CH3)]4 and H2O.

The pulse time for supplying the organometallic precursor
and water was 15 s and 0,02 s, respectively. After the
TEMAH precursor supply pulse, the reactor chamber was
purged with argon for 6 s. The TEMAH temperature was
70 °C. The TEMAH is an organometallic liquid and sticky
substance in order to avoid its sticking to the gas pipes the
precursor supply pipes were heated. The temperature of the
water container was 20°C, the water supply tube was heated
to 120°C.
Silver was used as plasmon metal due to its strong
plasmon properties. We used the immersion deposition of
silver on the surface of macroporous silicon from an
aqueous solution of 3 mMAgNO3 and 0,05 M HF for
25 min at room temperature to fabricate a SERS-active
substrates.
3. Results and discussions
Electrochemical anodizing method allowed to form
macroporous silicon with diameter of pores from 500 to
1500 nm and 5 µm thickness. The surface layer of wall pore
with a thickness of around 100 nm, which has a
microporous structure, was etched in an HF-based solution.
This was necessary due to the penetration of reagents
during ALD occurred deeper and it leads to the formation
of a thicker film of HfOx.
The study of the inner surface of macroporous silicon
using TEM showed that oxide penetrates deep into porous
silicon and evenly coats the pore walls. The oxide
deposition rate was preliminary estimated on planar
structures to form a layer 10 nm thick (Fig. 1).
It should be noted that the analysis of the substance
distribution at the interface between the HfOx film and the
Si substrate showed that the element atoms have a depth
distribution and their mutual penetration is observed at the
interface. This may be due to both the presence of diffusion
processes during film growth and «island» growth with an
increase in surface roughness.
On the surface of macroporous silicon coated with a
layer of the HfOx a developed structure with silver
nanoparticles and silver dendrites was formed. Silver
structures were deposited predominantly on the external
surface of the macroporous silicon. The silver dendrites
were directed both vertically upwards and along the
microporous silicon surface. The size of silver branches
reached up to 10 μm. The size of particles located on the
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surface around pores was varied from 20 nm to 1 μm were
formed (Fig.2).

DTNB at each point of the map taken on an area of
48x48 µm.
Acknowledgements
The research was supported by BRFFR and RFBR
(projects №Т21РМ-136, №20-58-04016).
References
[1] M.F. Al-Kuhaili Optical Materials 27(2004)383–387.
[2] Yang, L., Wei, Y., Song, Y., Peng, Y., Yang, Y., & Huang,
Z. Materials and Design 193(2020)108808.
[3] S. Wang, S. Zoub, S. Yang, H. Wu, J. Jia, Y. Li, Z. Zhang,
J. Jiang, M. Chu, X. Wang Sensors and Actuators B
265(2018)539–546.

a

b
Fig. 1. Images of macroporous silicon after deposition of hafnium
oxide, obtained using TEM (a) and EDX (b).

Such a developed structure of silver particles
and dendrites contributes to the appearance of a greater
number of so-called «hot spots» which is favorable for
increasing the Raman signal. Study of SERS-activity was
performed by Raman confocal microscope Confotec
NR500 (Sol Instruments, Belarus).

Fig. 2. SEM image of macroporous silicon /HfOx surface after
silver deposition.

The SERS spectra were recorded using excitation laser
radiation with a wavelength of 473 nm. Preliminary study
of SERS-activity was showed good and stability Raman
signal which has been confirmed using DTNB (Ellman's
Reagent (5,5-dithio-bis-(2-nitrobenzoic acid)) as analyte
with a concentration of 10-5 M.
4. Conclusions
In the result of this work SERS-active substrates which
consist of macroporous silicon, HfOx as auxiliary layer,
silver nanoparticles and dendrites were formed.
It is assumed that the presence of an auxiliary layer of
hafnium oxide will increase the stability of the Raman
signal during the measurement, and will allow reduce the
local heating, which this can lead to the destruction of the
analyte, which greatly complicates the analysis of its
spectrum. We obtained good spectrum corresponding to
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Anti-icing fluoropolymer-containing composite coatings on
titanium alloys
E.A. Belov*, K.V. Nadaraia, D.V. Mashtalyar, S.L. Sinebryukhov, S.V. Gnedenkov
Institute of Chemistry FEB RAS, 159 pr. 100-letiya Vladivostoka, Vladivostok 690022
*e-mail: belov_eal@mail.ru
Abstract. Composite coatings were formed on titanium alloy, obtained by a combination of the PEO method and the application of
polytetrafluoroethylene, providing an anti-icing properties. The use of a commercial suspension F-4d made it possible to obtain coating
with a smooth polymer-containing surface, which made it possible to reduce the adhesion strength of ice in comparison with the base
PEO layer by more than an order of magnitude. The use of an alcoholic suspension of superdispersed polytetrafluoroethylene made it
possible to reduce the adhesion of ice to the surface 6 times compared to the base PEO layer.

1. Introduction
Icing is one of the most serious hazards for aviation,
marine, and other heavily loaded structures in the Far North
[1,2].
Thus, preventing the formation of an ice crust on the
surface of an object is one of the important tasks in the
development of protective coatings for marine equipment
and oil platforms that will operate in the Arctic region [3].
Ice-phobic coatings in most cases are surfaces with a
developed structure and superhydrophobic properties.
However, due to the destruction of their structure, they are
not durable and in conditions of ice fog and supercooled
suspension, their morphology, which can be destroyed
under these conditions, is the main problem.
Thus, to protect structures made of metal alloys, another
direction can be used, in the form of the use of flat surfaces
and films that prevent ice fixing.
2. Experiment
VT1-0 commercially pure titanium (Ti – 98.6 wt.%,
impurities – 1.4 wt.%) was used as the substrate material
for the manufacture of samples. The dimensions of the
samples were 50×50×1 mm3. Before applying coating, the
samples were mechanically processed.
The coating was formed by plasma electrolytic
oxidation in a phosphate electrolyte (20 g/L Na 3PO4). The
process was carried out in two stages using the
potentiodynamic mode of treatment. In the first stage, the
potentiodynamic voltage increased from 80 to 300 V during
120 s. In the second stage, the voltage decreased from 300
to 240 V within 580 s. During the process, the temperature
was maintained at about 8°C.
The composite coating (СС-3Х F-4d) was formed by
dipping into an F-4d commercial aqueous suspension at an
angle of 75°, holding in the suspension, and removing it at
a rate of 60 mm/min. Then, the samples were subjected to
heat treatment at 365°C for 20 min.
The second method consisted in vertical immersion of
the samples in an alcohol suspension of superdispersed
polytetrafluoroethylene (SPTFE) for 10 s, after which they
were removed and dried in air. The coated samples (СС-3Х
– SPTFE) were heat treated in an oven at 315°C for 15 min
[4]. This procedure was repeated triple.
To determine the adhesion of ice to the surface, ice
column shear studies were carried out. An ice column with
a diameter of 30 mm and a volume of 7 ml was formed on
the sample surface at a -10°C .

The sample was then fixed and an ice column was
subjected to an increasing load parallel to the surface of the
sample.
3. Results and discussions
Table I. Results of ice adhesion strength tests for samples with
different surface treatment.
Coating type

Ice adhesion strength (kPa)

Base PEO-layer

653

СС-3Х F-4d

5

СС-3Х – SPTFE

107

The analysis of obtained results showed that the formed
smooth coating with the use of F4-d suspension has the
smallest adhesion force with an ice. The ice shear force
decreased by more than 2 orders of magnitude in
comparison with the base PEO-layer. When using SPTFE,
the adhesive force also decreased by more than 6 times
compared to the PEO-coating. Apparently, this is the result
of the less surface free energy of composite coatings in
comparison with PEO-layers.
4. Conclusions
In the course of work, the obtained composite coatings
showed a high decrease in ice adhesion to the surface in
comparison with the protective coating due to a decrease in
surface free energy and obtaining a more uniform layer.
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Radiation induced defects of zinc oxide particles star and
flower shapes
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Abstract. The results of modeling a proton beam with energies of 100 keV on zinc oxide particles star and flower shapes in the Geant4
software package are presented. A high ability to accumulate primary defects was demonstrated for star-type particles in comparison
with flower-type particles. A comparative analysis of the calculated data on the study of defects as a result of modeling with
experimental data is carried out.

1. Introduction
Studies of the radiation resistance and optical properties
of pigments in thermal control coatings based on the directgap semiconductor II-IV of the semiconductor group ZnO
have shown that the particle morphology plays an
important role in the accumulation of radiation defects [12]. Changes in the size and shape of the irradiated particles,
in addition to the occurrence of nanoeffects, with
characteristic sizes in the nanometer range, in some cases,
lead to an increase in the specific surface area of the
particles and to a change in the processes of formation of
point defects.
2. Experiment
Modeling was carried out in the GEANT4 software
package, the star-type target geometry is a set of 13
cylinders 0.25 µm in diameter, crossed with each other,
with a total swept diameter of 5 µm. The geometry of the
flower-type target was half a sphere with a radius of 3 μm
with segments of spheres included in it, forming petals with
a thickness of 0.05 μm. The particles under consideration
were packed into an ensemble sized 35×35×14 µm for star
type particles, 36×36×9 µm for flower type particles.
Irradiation was carried out relative to the normal to the
target surface by a monoenergetic proton beam with an
energy of 100 keV and a fluence of 5×10 9 cm-2. The
threshold displacement energy for the zinc atom was
chosen to be 52 eV, for oxygen − 57 eV [3].
When modeling, the processes used in the
QGSP_BIG_EMY physics set were taken into account,
including: ionization of the medium, multiple scattering,
elastic and inelastic scattering of hadrons, bremsstrahlung,
etc.
The Frenkel defect concentration calculated in
GEANT4 was determined using the modified Kinchin-Pisa
formula [4]:

type particles – 4-8 µm. The average value of the specific
surface area for star-type particles is 44.3 ± 2.9 m2g-1, for
flower-type particles – 68.4 ± 6.6 m2g-1.

Fig. 1. SEM images of ZnO star (a) and flower (b) particles.

The irradiation of the synthesized particles was carried
out by protons with an energy of 100 keV with a fluence of
5×1011 cm-2 in a vacuum 5×10-5 Pa, using a space simulator.
3. Results and discussions
Visualization of the process of passage of a proton beam
with an energy of 100 keV with a fluence 5×10 9 cm-2,
through a particle of the star and flower type, is shown in
Fig. 2 and 3, respectively.

Fig. 2. The simulation in Geant4 zinc oxide particles star shape
irradiated by protons.

Edis
(1)
2.5Ed
where E d – is the threshold displacement energy, Edis –
FP ~

is the dissipated energy in nuclear collisions.
The comparison was made with synthesized ZnO
particles of the star and flower types obtained by the
hydrothermal method [5]. The SEM micrographs
synthesized particles presented in Fig. 1. The average size
of the synthesized star-type particles was 4-7 µm, flower-

Fig. 3. The simulation in Geant4 zinc oxide particles flower shape
irradiated by protons.
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The results of numerical calculations of the effect of
radiation on a star-type particle give the proton mean free
path equal to 1.41 Å The total number of primary knockedon atoms (PKA) is 4.7×106 cm-3. Concentration of formed
primary defects (Frenkel pairs) – 1.88×1017 cm-3. For a
particle of the flower type, similar values have the
following form: mean free path – 1.65 Å; PKA – 1.3×106
cm-3; concentration of primary defects – 4.82×1016 cm-3.
The reflectance spectra of the synthesized particles
(Fig. 4) show a close match of the main absorption edge.
The diffuse reflectance (ρλ) of flower-type particles is
higher than that of star-type particles in the wavelength
range from the edge of the main absorption to the near
infrared (NIR) region. The difference between the spectra
of synthesized particles in the near infrared region of the
spectrum is due to free electrons and chemisorbed gases.

related complexes VZn-Oi and VZn-H, which is formed
during the implantation of hydrogen into the crystal lattice
of ZnO. Absorption intensity in the near infrared region of
the spectra after irradiation increases due to the Urbach tail.
4. Conclusions
It has been established that ZnO particles of the flower
type have a higher radiation resistance to the action of
protons compared to ZnO particles of the star type This is
indicated by the calculated values obtained in the
simulation, which demonstrate a higher concentration of
primary defects for star-type particles – 1.88×1017 см-3,
compared to flower-type particles – 4.82×1016 cm-3. Also,
synthesized flower-type particles demonstrate better
reflectivity, which also indicates radiation resistance. The
induced absorption spectra of the synthesized particles
demonstrate a high concentration of induced defects for
star-type particles, which directly correlates with the data
obtained from the simulation. In conclusion, we can
conclude that ZnO particles of the flower type are more
radiation-resistant to the effects of protons compared to
ZnO particles of the star type.
References

Fig. 4. Reflection spectra of synthesized particles like a flower (1)
and a star (2).

The induced absorption spectra (Fig. 5) of the
synthesized particles, after irradiation with protons, show
the main peak in the UV and visible spectral region. The
induced absorption bands in the region from 3.5 to 2 eV of
synthesized star and flower particles are similar in intensity
and have a maximum value of 60%. In the near-IR region,
there is a decrease in the induced absorption spectrum for
flower-type particles, in comparison with star-type
particles. The difference in the intensity of the absorption
bands in this region reaches 5%.
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Fig. 5. Induced absorption spectra of synthesized particles like a
flower (1) and a star (2)

The ratio of intensities between different types of
particles is associated with different concentrations of
radiation defects Zni, VZn, Oi and VO in different charge
states, which are absorbed in different parts of the
spectrum. The absorption of light quanta in the UV region
is due to centers associated with Zni, but the absorption in
the visible region of the spectrum with VZn, Oi, VO and
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Characterization of titanium dioxide nanoparticles
synthesized by hydrothermal method depending on
subsequent cleaning approaches
I.V. Egelskii*, M.A. Pugachevskii, A.P. Kuzmenko
Southwest State University, 50 Let Oktyabrya St., 94, Kursk 305040, Russia
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Abstract. Titanium dioxide nanoparticles were synthesized by the hydrothermal method at a temperature of 100 °C. The obtained
particles are characterized by IR spectroscopy, scanning electron microscopy, X-ray diffractometry, and small-angle X-ray scattering
technique. Various methods of treatment with solvents and thermal annealing were investigated to obtain nanoparticles with a given
size and a minimum residual content of carbon compounds.

1. Introduction
Recently, researchers have been intensively developing
new methods for producing titanium dioxide nanoparticles.
Due to the unique physicochemical characteristics of this
material [1], it can be used in many areas: from solar energy
to systems for purification from organic contaminants [24].
It is known that there are three polymorphic
modifications of titanium dioxide under normal conditions:
anatase, brookite, and rutile [5]. The most promising for
photocatalysis are the anatase and rutile phases. It has been
determined that when the material is heated, anatase
irreversibly transforms into a rutile form at temperatures of
450-650 °C [5, 6].
One of the perspective methods for obtaining
nanoparticles is the hydrothermal synthesis, which is
ordinary and cheap to implement, is suitable for getting a
wide range of oxide materials, and allows receiving
monodisperse nanopowders with adjusted particle size [7,
8].
It is worth noting that the final characteristics and
properties of the synthesized nanoparticles significantly
depend on the following methods of purifying the product
from the residual components of the hydrothermal reaction.
For example, changes in temperature conditions during
hydrothermal treatment, as well as the use of various
solvents, change the polymorphic modification of the
samples [9]. Annealing at different temperatures changes
the size, photocatalytic properties, and band gap of
nanoparticles [6,10].
The variety of used cleaning methods leads to the need
to accurately determine the most optimal treatment scheme
from the point of view of obtaining particles with specified
characteristics. That is why the purpose of this work is to
study the effect of purification approaches on the
dimensional characterization, elemental, and phase
composition of hydrothermally synthesized titanium
dioxide nanoparticles.

distilled water. All components were placed in an autoclave
bowl and mixing with a magnetic stirrer at 800 rpm for 15
minutes. Then there was gradual heating up to 100 °C for
30 minutes, after which the resulting substance was hold in
an autoclave with isothermal mode for 24 hours. The
resulting substrate was washed with various polar and nonpolar solvents, spinning with a magnetic stirrer. Ethanol,
isopropyl, hexane, chloroform were used as solvents,
separately and with alternate washing by each one. The
samples were drying at different washing steps at a
temperature of 100-110 ºC to obtain a dry powder. Some of
those samples were also subjected to thermal annealing in
a furnace at a temperature of 500 °C.
The chemical composition was getting characterized on
a Nicolet iSO50 infrared Fourier spectrometer. The
morphology and sizes of TiO2 particles were studied using
a JSM-6610LV scanning electron microscope. The phase
composition was determined using a GBC EMMA X-ray
diffractometer. The size and morphological compound
were analyzed using a SAXSess Anton Paar small-angle Xray diffractometer.
3. Results and discussions
According to the results of FTIR spectroscopy, spectra
were obtained at each washing step. The spectral analysis
results demonstrate the efficiency of substance washing
after autoclave for separating organic components from
titanium dioxide.
Phase analysis of the synthesized titanium dioxide
nanoparticles was carried out. According to X-ray
diffractometry results, the titanium dioxide nanoparticles
had an anatase structure.
Figure 1 shows a SEM image of a sample after washing
with ethanol, isopropyl, and hexane, followed by annealing
in an oven at 500 °C. It can be seen from the figure that the
synthesized titanium dioxide nanoparticles have a rounded
shape and a characteristic average size of 23 nm. During
thermal annealing, nanoparticles tend to form agglomerates
over 100 nm in size.

2. Experiment
Hydrothermal synthesis of titanium dioxide
nanoparticles was carried out in an autoclave reactor OLTPH Xiamen Ollital Technology with a volume of 50 ml,
with the possibility of programmable temperature and
pressure control. The precursor for TiO2 was Titanium (IV)
butoxide, which was mixing with triethanolamine and

221

IV.p.08
content of carbon (up to 4%) compounds in the synthesized
product.
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Fig. 1. Image of titanium dioxide nanoparticles after washing
with ethanol, isopropanol, and hexane, followed by annealing in
an oven at 500 °C.

Table I shows the atomic weights of carbon, oxygen,
and titanium in the samples before washing and under
certain washing conditions with solvents and annealing.
Sample N1 without washing and annealing has a 66%
atomic mass of carbon. Sample N2 washed with ethanol,
isopropanol, and after hexane without annealing contains
more than 30% carbon. When using a combination of
ethanol and isopropyl and annealing at 500 °C, the carbon
content in sample N3 drops to 7.5%. Sample N4 was
washed with ethanol, isopropyl, and hexane and then
annealed at 500 °C. It has a carbon ratio of about 5%.
Sample N5 is identical to N4, except it was filtering in
distilled water. As a result, N5 contains closer to 4% of the
carbon. Thus, combined washing with polar and non-polar
solvents in combination with thermal annealing can
significantly improve the process of purifying titanium
dioxide powder from carbon compounds.
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Table I. Atomic content (%) of elements in samples.
Element

N1

N2

N3

N4

N5

C

68.89

30.53

7.53

4.79

4.36

O

30.13

52.45

61.47

61.09

54.69

Ti

0.98

17.02

31.00

34.12

40.94

The results of studies by small-angle X-ray
diffractometry show that the synthesized titanium dioxide
nanoparticles have a size of 20 nm (according to Guinier
SAXS approach for a homogeneous sphere). We also
analyzed the distribution functions of paired distances for
the samples.
Comparison of the results of Guinier analysis and the
distribution function of paired distances indicates the
formation of agglomerates of various sizes from the
initially synthesized titanium dioxide nanoparticles.
4. Conclusions
Titanium dioxide nanoparticles with an average size of
23 nm were obtained by hydrothermal synthesis at low
temperatures up to 100 °C. Phase analysis established that
the particles have an anatase structure. Their structure
remains unchanged during subsequent temperature
treatment up to 500 °C. It was proved that combined
washing with polar and non-polar solvents in conjunction
with thermal annealing leads to a significant decrease in the
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In vitro corrosion performance of bioresorbable Mg-Ca
alloy with hydroxyapatite-containing protective coating
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Abstract. The paper presents the results of the study of protective properties of hydroxyapatite-containing coatings obtained on the
surface of bioresorbable Mg-0.8Ca magnesium alloy using plasma electrolytic oxidation (PEO). Using traditional electrochemical
methods (EIS, PDP, OCP) it was established that the PEO treatment of Mg-0.8Ca alloy leads to a significant increase in corrosion
resistance of the material. The forming of an oxide layer on a magnesium alloy contributes to a decrease in corrosion current density
(IC) more than three times. The increase in the impedance modulus measured on lowest frequency (|Z|f=0.1 Hz) for a coated material was
two times compared to an uncoated one.

1. Introduction
Features of magnesium degradation process determines
its great prospects in application as an implant material.
Unfortunately, rapid and heterogeneous corrosion as well
as an alkalization of a surrounding media obstruct the
expansion of magnesium scope [1],[2]. Improving the
corrosion resistance of bioresorbable magnesium-based
materials will make it possible to control the degradation
process of the material in the human body in order to ensure
matching the rates of implant resorption and osteogenesis.
The most common way to improve both corrosion
resistance and biocompatibility of magnesium is to form
protective coatings, containing inorganic components of a
human bone – Ca, P, Mg and their compounds, including
hydroxyapatite. According to [3], magnesium has a
positive effect on the activity of osteoblasts and osteoclasts,
and therefore on bone growth. In turn, the release of
calcium ions and phosphates from surface layer compounds
forms a saturated ionic solution at the interface. In this case
there is an ion exchange between the implant material and
the patient's bone, some of which will be deposited on the
bone matrix, forming new bone tissue.
2. Experiment
The experiments were carried out on Mg-0.8Ca alloy
samples (wt. %: 0.8 – Ca, balance – Mg) with a size of
15×30×1 mm. Standardization of samples` surface was
realized through grinding with Si-C abrasive paper with
gradual reduction of a grain size to 14-20 µm (P1000) with
following rinsing in isopropyl alcohol and drying in
desiccator. Plasma electrolytic oxidation (PEO) coating
was formed in a combined bipolar mode with current
dencity of ≤ 0.75 A cm–2. Duty cycle was equal to 1, total
oxidation time reached 120 s. The composition of the
formed coating was studied via XRD method using a
SmartLab
diffractometer (Rigaku, Japan). The
measurements were carried out in the range 2θ = 4°–90°
with a step of 0.01°. To evaluate the corrosion resistance of
formed samples, electrochemical measurements (including
potentiodynamic polarization (PDP), electrochemical
impedance spectroscopy (EIS) and monitoring of open
circuit potential (OCP) change) were realized. Experiments
were carried out using a Versa STAT MC electrochemical
system (Princeton Applied Research, USA) and the
electrolyte was minimal essential medium (MEM) solution
(a synthetic cell culture medium).

3. Results and discussions
As a result of the PEO process, ceramic-like coatings
with high heterogeneity of the surface relief were obtained
on the surface of a Mg-0.8Ca bioresorbable magnesium
alloy. XRD analysis showed that the main component of
the PEO-coating was hydroxyapatite. The other component
of protective layer was periclase. According to data
obtained by PDP and EIS, the formation of a PEO-layer
provides the material an advanced corrosion resistance. The
corrosion current density (IC) for a coated sample (IC =
2.8∙10-6 A∙cm-2) are more than 3 times lower than the ones
for an uncoated Mg-0.8Ca (IC = 9.5∙10-6 A∙cm-2). The
results of the analysis of electrochemical impedance
spectroscopy data also make it possible to confirm the
higher corrosion resistance of the sample with a PEOcoating, compared to the material without a protective
layer. The values of the impedance modulus measured at a
lowest frequency (|Z|f=0.1 Hz) during exposure in the MEM
for a sample with a PEO layer are more than 2 times higher
(|Z|f=0.1 Hz = 1.7∙104 Ω∙cm-2) than the value for uncoated Mg0.8Ca (|Z|f=0.1 Hz = 8.1∙103 Ω∙cm-2). For the coated sample
during 42 h of exposure to MEM there is an increase in the
diameter of the half-cycle on Nyquist plot. This is due to
the formation of a Ca-P film of corrosion products of the
sample (including PEO-layer and substrate material) and
components of the MEM, which leads to sealing the pores
of the PEO-layer. For comparison, uncoated material is
characterized by an increase in these parameters only
during the first 30 h of exposure, then protective properties
of the surface layer decrease noticeably, which is associated
with the intensification of the corrosion process, leading to
the destruction of the Ca-P compounds film.
4. Conclusions
The way to improve the corrosion resistance of
bioresorbable magnesium alloy Mg-0.8Ca was developed.
Formation of the hydroxyapatite-containing oxide layers
leads to a significant increase in the IC and a decrease in
|Z|f=0.1 Hz. Based on the analysis of the obtained data, the
prospects for use of calcium-phosphate PEO-coatings on a
bioresorbable magnesium alloy for the needs of implant
surgery were established.
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Effect of heat treatment on the morphology and
composition of Silicon-Germanium nanocomposite
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1. Introduction
Film structures based on SiхGe1-x are widely used in
high-temperature thermoelectric converters, which have
high stability and high efficiency in the temperature range
800-1100 °C, which provides a wide range of their
application. For example, such materials are used to utilize
heat removed during various high-temperature processes
[1]. Also, SiхGe1-x films are used in optoelectronic devices
[2].
However, given the high cost of crystalline Ge and its
gaseous precursors, compounds with a low Ge
concentration, which do not have a combination of
electrophysical and physicochemical parameters that are
optimal for thermoelectric conversion, are usually used to
obtain SixGe1-x alloys.
In [3], a new approach is proposed to the formation of
Si1-xGex films. This approach includes electrochemical
processes of the formation of porous silicon (por-Si),
electrochemical deposition of low-melting metals, and Ge.
When pores are filled with germanium at a given porosity,
por-Si allows to control of the ratio of Ge and Si in the
initial Si/Ge nanocomposite and, as a consequence, the Ge
concentration in the final Si1-xGex alloy after heat treatment
at 950°C.
This paper presents the effect of heat treatment on the
morphology and composition of Silicon-Germanium
nanocomposite.
Рor-Si has been obtained by anodizing KES-0.01 (100)
plates in a solution consisting of HF (45%), H2O, and
isopropanol taken in a volume ratio of 1:3:1. Anodizing has
been carried out at a current density of 70 mA/cm2 for 30 s.
The electrochemical deposition of indium has been carried
out from a solution of In2(SO4)3, H2O, and Na2SO4 taken in
a mass ratio of 6:300:1 at 0.5 mA/cm2 for 60 s.
Electrochemical deposition of Ge NWs has been
performed in a three-electrode cell, as described in previous
work [4]. A platinum ring has been used as a counter
electrode; a standard silver chloride electrode has been used
as the reference one. The solution has been contained 0.05
M GeO2, 0.5 M K2SO4, and 0.5 M C4H6O4. The deposition
process has been performed at a potential of -1.3 V (vs.
Ag/AgCl).
To obtain Si1-xGex films, the samples have been
annealed at different temperatures and time periods in an
argon atmosphere.
The morphology and composition of the samples have
been investigated by scanning electron microscopy (SEM),
Raman spectroscopy, and X-ray diffraction.
Analysis of the SEM images of the obtained samples
has been showing that the porous layer and Ge nanowires

are thermally stable up to 950°C for 10 min. However, at a
temperature of 950°C, the Ge nanowires located on the
surface of the porous layer begin to melt. The results of
SEM images of the morphology of the obtained samples
after annealing at a temperature of 950°C for various times
have been shown the time process of alloying of porous
silicon and Ge nanowires under these conditions is about
120 minutes. The results allow the stages of melting to be
established. First of all, the Ge nanowires located on the
surface of porous silicon begin to melt. Then the Ge
nanowires located in the pores of silicon begin to melt and
alloy with the porous silicon matrix. With longer annealing,
the structures are completely alloyed.
The results of SEM images of the morphology of the
obtained samples with a high Ge content have shown that
an increase in the amount of Ge reduces the alloying
temperature of porous silicon and Ge nanowires. Partial
alloying of Ge nanowires with porous silicon occurs
already at 750°C.
Thus, the data obtained will make it possible to establish
the features of the Si1-xGex alloy formation mechanism,
which will facilitate the creation of film structures with a
high content of Ge for use in thermoelectric devices.
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Atomic and electronic structure of the YFeO3 surface with
oxygen vacancies
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Abstract. The atomic and electronic structure of YFeO3 surfaces at the formation of oxygen vacancies are investigated by the methods
of quantum-mechanical calculations. The dependence of the formation energy of surface oxygen vacancy on its concentration and type
of surface is shown.

1. Introduction
In the last two decades, complex oxides with a
perovskite structure (ABO3) have become the subject of
intensive research worldwide. The field of application of
these materials is very wide: various types of sensors and
detectors, solar cells, photocatalysts and solid oxide fuel
cells [1-3]. The functional properties of these compounds
are mostly determined by stoichiometry and structural
changes within ABO3. It was found that the defect
formation in the crystal lattice of ABO3 leads to a
significant increase in catalytic activity, while the oxygen
non-stoichiometry of YFeO3-δ can reach δ = 0.25.
Perovskite compounds can be used as alternative
multifunctional catalysts for the neutralizing of diesel
gases.
It should be noted that vacancies on the perovskite
surface are filled with oxygen from the bulk of the crystal.
Thus, the influence of the structural characteristics of
perovskite on the mobility, surface/volume reactivity of
oxygen, and catalytic activity in carbon oxidation is of great
interest for fundamental research. In the present work
yttrium orthoferrite (YFeO3) was considered, the atomic
and electronic structure of this perovskite at the formation
of oxygen vacancies on the surface was studied using
modern computer simulation methods.

3. Results and discussions
For constructing slab, we took a primitive orthorhombic
cell of YFeO3, which contains 4 structural units (20 atoms
in total). We considered the facets of the primitive cell, thus
we obtained surfaces with indices (001), (010) and (100).
We used an asymmetric slab model with fixed lower atomic
layers. The vacuum gap in our calculations was about 14 Å.
The surface energy was calculated as a difference between
the slab energy before (Eunrel.slab) and after (Erel_slab) atomic
relaxation, reduced to a unit of surface area (S):

2. Methods and calculation parameters
Quantum Espresso software package [4], based on the
density functional theory and the pseudopotential method,
was used to perform quantum mechanical calculations. The
exchange-correlation contribution to the total energy was
described by the generalized gradient approximation
(PBE). Cutoff energy of the plane wave basis was 60
Rydberg. Uniform k-point grids were specified by
Monkhorst-Pack procedures and varied depending on the
size of the supercell. Ultrasoft pseudopotentials for yttrium,
iron, and oxygen were taken from the Quantum Espresso
pseudopotential database and were tested for a correct
description of the properties of the crystal lattices of Y and
Fe, as well as of the O2 molecule.
Perovskites ABO3 (where B = Fe) are often
antiferromagnets, the equilibrium configuration for YFeO3
corresponds to the G-type antiferromagnetic state, which is
consistent to the literature data. Hubbard correction
(DFT+U) was applied into the calculations for adequate
description of strongly localized 3d-states of Fe.

For (001) and (100) surfaces it had been shown that the
difference in surface energy between 5- and 7-layer slabs is
only 0.01 J/m2. The number of layers in the (010) slab is 9,
because in this direction, the linear size of the unit cell is
larger. For the direction [010], the atomic layers consist of
either Fe and O atoms or Y and O atoms. Our calculations
showed that the formation of a (FeO2) surface is more
favourable, the energy difference is 0.3 J/m 2. Further we
considered only this type of (010) surface.
In the simplest approximation, taking the chemical
potential of oxygen as half of the O2 molecule total energy,
the formation energy of a surface vacancy is determined as
follows:

Esurf =

Eunrel_ slab − Erel _ slab

(1)

S

The calculated values of surface energies are given in
Table I.
Table I. Surface energies of YFeO3 (001), (010) and (100)
Surface

Area, m2

Layers
number

Surface energy, J/m2

001

4.36 ∙ 10-19

5

0.97

010

3.01 ∙

10-19

9 (FeO2)

1.05

9 (YO)

1.31

100

4.11 ∙

10-19

5

1.11

E form = Eslab − Eslab+vac +

1
EO
2 2

(2)

where Eslab is the energy of the YFeO3 slab, Eslab+vac is the
energy of the slab with oxygen surface vacancy, EO2 is the
energy of an isolated O2 molecule. The obtained values are
shown in Table II.
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Table II. The energies of oxygen vacancy formation for different
types of YFeO3 surfaces
Surface

Area, m2

Eform, eV

001

4.36 ∙ 10-19

2.40

10-19

1.74

4.11 ∙ 10-19

1.79

16.44 ∙ 10-19

0.81

3.01 ∙ 10-19

3.51

10-19

3.33

17.45 ∙
100

010

12.03 ∙

For each surface, we considered two cases, which were
differed from each other by the cross-section area. In
contrast to the description of bulk oxygen vacancies, we
cannot operate in terms of oxygen non-stoichiometry;
therefore, and here and below we will speak of high and
low concentrations of surface oxygen vacancies. Figure
1Ошибка! Источник ссылки не найден. shows the
atoms forming the surface layer for (001), (100), and (010);
the second and third images in each row correspond to high
and low vacancy concentrations. To create vacancy on the
surface we removed oxygen atom with the highest position
in the direction of the slab orientation; for all surfaces it was
an oxygen atom from the Fe–O–Fe bridge. Thus, the
formation of an oxygen vacancy leads to the formation of a
Fe-Fe bond on the surface (its length varies from 2.62 to
2.82 Å)Ошибка! Источник ссылки не найден.

the (001) and (100) surfaces, the vacancy formation
energies are significantly lower; in the case of low
concentration on the (100) surface, the lowest value was
obtained, 0.81 eV.
For a more details, we analyzed the density of electronic
states (DOS) for all considered cases. The formation of an
oxygen vacancy leads to the appearance of levels in the
band gap, as well as to a partial delocalization of the 3d
states of Fe, in the case of high concentration this is more
pronounced. At the vacancy formation on the YFeO3 (010)
surface in addition to the sharp peak corresponding to the
3d states of bulk Fe atoms, there are distributed states
corresponding to the surface Fe atoms. In the case of the
(001) and (100) surfaces there is a partial splitting of the
peak corresponding to the bulk states, this occurs due to the
formation of the Fe-Fe bond when oxygen is removed from
the surface and the surface layers are included in the atomic
relaxation process.
4. Conclusions
Computer simulation methods have been used to study
changes in the atomic and electronic structure at the
formation of oxygen vacancies on different surfaces of
yttrium orthoferrite. It was found that there is a tendency to
a decrease in the formation energy with an increase in the
surface area, which corresponds to a decrease in the
vacancy concentration. The smallest value of 0.81 eV was
obtained for the (100) surface, which is approximately four
times less than the formation energy of a bulk oxygen
vacancy. An analysis of the electronic structure showed a
partial delocalization of the 3d states of Fe atoms at the
surface formation process; the formation of an oxygen
vacancy, due to the appearance of Fe-Fe bond, enhances
this effect.
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Fig. 1. Atoms of YFeO3 surface layers: a) without oxygen
vacancy; b) one vacancy per unit cell cross-section; c) one
vacancy per cell area increased by 4 times.

It was found that the formation energy of a surface
oxygen vacancy decreases with an increase of the crosssection area, i.e. a decrease in the vacancy concentration.
Due to the specific arrangement of atoms on the
YFeO3(010) surface layer, the formation energies do not
differ too much from the previously calculated values for
“bulk” oxygen vacancies (3.13-3.79 eV) [5]. However, for
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Abstract: Recently, research has revealed many interesting physicochemical properties of niobium oxide. This work is devoted to the
study of the structural and physical properties of thin films of niobium oxide obtained by reactive magnetron sputtering in an oxygen
environment. To change the phase of niobium oxide, the oxygen pressure in the vacuum chamber was changed. Auger electron
spectroscopy was used to estimate and detect oxygen in the structure. Using this method, unbound oxygen was detected in the structures.

1. Introduction
Niobium oxides have many different interesting
properties. The presence of a wide range of properties
classifies this material as universal. Based on niobium
oxides, solid-state electrolytic capacitors, transparent
conductive layers, and memristors can be created.
However, the understanding of these oxide systems is still
clearly insufficient. To date, it is known that niobium
oxides are a complex system with many phases inherent in
it, as well as polymorphism. Particularly important are the
issues of stoichiometric composition. The paper shows
studies of thin films of niobium oxide of various
stoichiometric compositions. The work is aimed at
demonstrating the properties and possible applications of
these materials.
2. Experiment
Substrates with SiO2 were used to obtain thin-film
structures of niobium oxide by reactive magnetron
sputtering in oxygen. The silicon substrates were oxidized
in a diffusion furnace in a steam atmosphere. The thickness
of SiO2 was about 0.6 µm. Next, the formation of niobium
oxide films took place on a reactive magnetron sputtering
unit. Pure niobium was used as a target. The process
parameters are given in Table I. Surface resistance
measurements of thin-film structures of niobium oxide
were carried out on a CDE ResMap setup. The oxygen
concentration in thin films was measured using AES.

This can be judged from the resistivity of the films.
According to the Auger spectra, it was found out how much
oxygen is contained in each sample obtained in percent.
The results of measuring the thickness of the samples,
resistivity and oxygen concentration are presented in Table
II. Since the oxygen concentration and, consequently, the
resistance in sample No. 4 is the highest available, it can be
assumed that this sample is stoichiometrically close to
Nb2O5. Sample №2 still has conductive properties. When
sample №3 was exposed to an electron beam, an increase
in the intensity of the Auger signal was recorded, which
indicates an increase in the oxygen concentration. Oxygen
migrated from the area affected by the beam from the depth
of the film. The exact depth could not be determined. The
surface of the sample was preliminarily cleaned to remove
natural contaminants. The dependence of the signal
intensity growth on the etching time is shown in Figure 1.
Table II. Results of measurements of thickness, resistance and
concentration O2.

Pressure O2
(Torr)

Pressure Ar
(Torr)

Time
(min)

1

1000

0

3×10-3

20

1000

3×10-4

3×10-3

35

3

1000

9×10-4

3×10-3

36

4

1000

3×10-3

3×10-3

40

2

Resistance
(ohm×cm)

Concentration O2
(%)

1

358

2,32×10-4

2

2

636

1,88×10-5

38

3

205

2,05×10-2

59

4

119

1,19×10-1

64

Intensity signal

Power (W)

h (nm)

2000
1800
1600
1400
1200
1000
800
600

Table I. Parameters of Reactive Magnetron Sputtering.
№

№

3. Results and discussions
In the course of the experiment, samples of thin-film
structures of niobium oxide were obtained using reactive
magnetron sputtering in an oxygen environment. Changes
in the O2 pressure parameter in the chamber led to different
oxygen concentrations in the film composition. As the
pressure increased, the percentage of oxygen increased.

0

10

20

30

40

Sputtering time, min
Fig. 1. Change of intensity signal over time.

Since the sample was preliminarily cleaned from
surface impurities, it can be assumed that oxygen migrates
not from the surface of the film, but from its depth.
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4. Conclusions
The results show that niobium oxide films obtained by
reactive magnetron sputtering in an oxygen medium do
indeed have interesting properties, one of which is the
presence of free oxygen unbound to niobium atoms. The
results showed that the energy impact on a thin film of
niobium oxide leads to the fact that free oxygen begins to
migrate over the volume. This gives prospects for the
creation of various devices based on such thin-film
structures, in particular, memristors.
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Abstract. In this study, we report on structural and thermoelectric properties of novel double half-Heusler compounds
Hf2FeNiSb2-xInx where (x=0.1,0.2,0.3,0.4) Polycrystalline samples were successfully synthesized by arc melting and melt spinning
techniques and consolidated by spark plasma sintering method. The studied compound were found to crystallize in a complex cubic
crystal structure, as can be judged by superstructural reflections, clearly seen on X-ray diffraction pattern. Thermal conductivity Ktot
of the samples was found to be significantly lower than that in the related half-Heusler alloy, TiCoSb. However, rather a high, as
compared to modern thermoelectric materials, value of K (4 – 6 W m-1 K-1) and good electrical properties allowed one to attain a
moderate thermoelectric figure of merit, which around ZT ~ 0.3.
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Selective adsorption capacity of Fe3O4@C nanoparticles
with respect to organic cationic dyes
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Abstract. The Fe3O4 and core-shell Fe3O4@C magnetic nanoparticles (NPs) with an average size of 15 ± 2 nm were synthesized and
characterized. Comparative study of two types of NPs revealed their different sorption capacity of cationic and anionic dyes. The
leading role of electrostatic interactions in the dyes adsorption by Fe3O4@C NPs has been revealed.

1. Introduction
In recent years, there has been an avalanche-like
increase in the number of publications on the use of the
adsorption properties of magnetic nanoparticles (NPs), in
particular, magnetite. At the same time, the variety of fields
of application is striking in its breadth - chemical,
pharmaceutical, food, agricultural, bio-medical, and many
others [1].The variety of uses of magnetite nanoparticles is
due to the ability to reliably attach various substances to
their surface. For this reason, magnetite nanoparticles are
attractive objects for creating core-shell structures and
modifying their surface in order to create various functional
properties. The creation of selective adsorption by NPs is
invaluable, in some cases to remove certain substances
from solutions, and in other cases, for example, medicine,
in order to deliver the necessary substances to certain
places. Possession at the same time a large magnetic
moment allows you to control the movement of magnetic
particles.
The carbon shell is one of the universal coatings for
NPs. It provides exceptional chemical stability and protects
the magnetic core from oxidation, prevents agglomeration
and allows additional functionalization of the carbon
surface. High adsorption capacity Fe3O4@C NPs along
with easy magnetic separation and the possibility the
multiple use noted in these works stimulates the search for
new technological solutions for further improving the
characteristics of adsorbents based on these NPs [2].
This work is devoted to a comparative study of the
adsorption capacity of cationic (Methylene blue (MB),
rhodomine C (Rh C)) and anionic (Congo red (CR), methyl
orange (MO) and eosin y (EoY)) dyes by Fe3O4 and
Fe3O4@C NPs.
2. Experiment
Magnetite Fe3O4 NPs were obtained from the thermal
decomposition reaction of iron-oleate complex. After that,
the Fe3O4 NPs were mixed with glucose in distilled water
by sonication for 15 min was placed in an autoclave for 12
h at 200°C. After cooling to room temperature, the black
products were then separated by an external magnetic field
and washed several times with water and ethanol. Next, the
NPs Fe3O4@C were dried at 60°C for 6 hours.
The synthesized NPs were examined with X-ray
diffraction (XRD), transmission electron microscope

(TEM), Fourie rtransform infrared spectroscopy (FTIR),
vibrating sample magnetometer (VSM). Changes in the
absorption spectra of the dye solutions were recorded with
the UV/VIS circular dichroism spectrometer SKD-2MUF
at the wavelength corresponding to the maxima in the
spectra of 490 nm for eosin Y, 505 nm for CR, 500 nm for
MO and 664 nm for MB. For the experiment, 3 mg of NPs
were dispersed in 1.5 ml aqueous dye solution in an
ultrasonic bath for 10 minutes. Then magnetic NPs were
separated using magnetic field and measured the optical
absorption of the remaining solution. Then the solution was
again mixed with magnetic particles, and the described
procedure repeated several times to obtain kinetic curves.
The value of the adsorption capacity of NPs at any point in
time, qt (mg/g) was calculated as follows:
𝑞𝑡 =

(𝐶0 −𝐶𝑡 )𝑉
𝑚

(1)

where C0 and Ct is the initial and concentration of the dye
at any time, V is the volume of the solution; and m
represents the weight of the adsorbing NPs introduced into
solution.
3. Results and discussions
The Fe3O4 NPs were nearly spherical crystals with an
average diameter of about 15 nm with a narrow size
distribution. The most intense X-ray peaks corresponded to
the Fe3O4 phase (PDF Card # 04-005-4319) in both case.
High values of saturation magnetization – 79 emu/g in
magnetite NPs and 64 emu/g in carbon-coated NPs,
measured at H=15 kOe, close to the saturation
magnetization of bulk magnetite (84 emu/g). The qt(t)
dependencies for different dyes are shown in Fig. 1 for the
Fe3O4.
The higher values of the adsorption capacity and the
short time to reach the equilibrium value for the CR
indicate the preferred absorption of anionic dyes by Fe3O4
NPs. The kinetic curve for CP is well described by the
pseudo-first order kinetic model, and the isotherm shape is
well described by Brunauer–Emmett–Teller (BET) theory
isotherm equation for liquid phase adsorption for Case-3 polymolecular adsorption model [3]. At the same time, up
to a dye concentration of 50 mg/L, nanoparticles adsorbed
90 % of the dye, with an increase in the dye concentration
up to 200 mg/L, particles adsorbed up to 60 % of the dye.
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Fig. 1. The effect of contact time on the dye adsorption for Fe3O4
NPs. Experimental conditions: C0=60 mg/L, m(NPs)=3 mg,
V=1.5 mL.

The adsorption capacity of the core shell Fe3O4@C of
magnetic NPs has changed dramatically, NPs have
expressed complete indifference to anionic dyes.
Experiments carried out on three anionic dyes: CR, MO and
EoY showed the same results - no adsorption. The ability
to adsorb cationic dyes while improving. Figure 2 shows
the kinetic curves of the adsorption of cationic dyes. The
time to reach the equilibrium state for RhC is 60 min, and
for MB approximately 200 min. In this case, the
concentration dependences of the equilibrium value of the
adsorption capacity are described by the Langmuir
equation, showing the formation of a homogeneous
adsorbed monolayer, while the adsorbed molecules do not
interact with each other.

4. Conclusions
In this study, Fe3O4 and core-shell Fe3O4@C magnetic
NPs with an average size of 15 ± 2 nm were synthesized
and characterized. Magnetic measurements revealed a high
saturation magnetization close to that of the bulk magnetite
crystal. A comparative study of the adsorption capacity of
cationic and anionic dyes revealed the manifestation of
selective sorption of the particles under study. The Fe3O4
NPs showed predominant adsorption of anionic dyes. The
kinetic data are well described by the pseudo first order
kinetic model, and the shape of the isotherm by the BET
equation for liquid phase polymolecular adsorption. The
Fe3O4@C NPs showed selective sorption of only cationic
dyes. The experimental data in this case are approximated
by the Langmuir model of adsorption processes, which
indicates the predominance of homogeneous and
monolayer adsorption in the cases under consideration.
Electrostatic interactions play the main role in the dye
adsorption by Fe3O4@C NPs.
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Fig. 2. The effect of contact time on the dye adsorption for
Fe3O4@C NPs. Experimental conditions: C0=30 mg/L,
m(NPs)=3 mg, V=1.5 mL.

The presented results show that the selective adsorption
of certain substances can be obtained by modifying the NP
surface. In our case, the coating of particles with carbon led
to the selective sorption of cationic dyes. Note that the
sorption process is influenced by many factors, pH, ionic
strength of an aqueous solution, temperature, and can also
significantly affect the efficiency of dye adsorption on NPs
by involving various adsorption mechanisms, including
electrostatic interactions, hydrogen bonds, Van der Waals
forces. The pronounced adsorption ability to absorb
cationic dyes and completely not adsorb anionic dyes by
carbon-coated NPs confirms the negatively charged surface
of Fe3O4@C NPs and the significant role of electrostatic
interaction in our case.
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1. Introduction
Silicates are a well-known class of chemical
compounds that are widely used in various sectors of the
national economy. Such a wide range of applications of
silicon-containing substances is explained by their
chemical inertness, thermal stability, and porosity.
The paint and varnish industry are a promising area for
the application of silicon-containing compounds. In
polymer and coating technology, it has been shown that the
addition of SiO2 or wollastonite to polymer matrices has
improved many properties and provided new functions for
coatings [1, 2].
2. Experiment
In order to find out the respective effect of SiO2 and
calcium hydrosilicate (CH) on the physicochemical
characteristics of the coating, different paints were
compiled according to different types of fillers and their
ratio (Table 1). A bacterial organic extract from
Pseudoalteromonas piscicida 2202 with antifouling and
anticorrosion properties served as an antifouling agent.

increases by more than 1.5 times. Complete replacement of
CaCO3 leads to an increase in water absorption by 20–30 %
and an increase in the rate of degradation of the coating by
2 times when using SiO2 and by 8 times when using CH.
Thus, the partial replacement of CaCO3 by SiO2-rh and CH
favorably affects the hardness of coatings without affecting
their sensitivity to erosion.
Figure 1 shows a panel with areas painted with different
coatings after 4 and 9 months of immersion in seawater.
Even after 9 months of exposure, only non-adhesive algal
slime remains on the surface of the painted areas, while on
the surface that is not pained, a layer of macrofouling is
formed, consisting of bryophytes and single balanuses. It
should be noted that the area of Coating 2 with CH as a
filler is more susceptible to fouling than areas 1, 3 and 4
with CaCO3 and SiO2-rh as fillers.

Table I. The composition (g) of different paint under study.
Component
Binder

Pigments
Antifoulants
Filler

Solvent

Acrylic
copolymer
Rosin
ZnO
Extract (ml)
CaCO,
SiO2-rh
CH
Xylene (ml)

№1
15
20
20
10
10

Coating
№2
15
20
20
10

№3
15

Fig. 1. Fouling of immersed panels with various paints (1 and 4
with CaCO3, 2 with CH, 3 with SiO2-rh) after 4 months (a) and 9
months (b) field tests.

20
20
10

10
100

100

10
100

Paints were applied to polycarbonate plates with an
automatic applicator to determine the physico-chemical
properties and by brush to PVC plates to evaluate the
antifouling effectivity in field tests. Painted samples were
exposed to seawater on a test bench located in Dam Bay
(Vietnam) at a depth of 1.5 m for 9 months. The average
temperature and salinity of seawater during the
experiments were 28 °C and 32 %o, respectively.
3. Results and discussions
The replacement of widely used calcium carbonate with
additives of SiO2-rh and calcium hydrosilicate (CH), which
make up from 30 to 50 % of the total volume of the filler,
has little effect on the water-absorbing properties of the
resulting coatings. In this case, the hardness of the coatings

4. Conclusions
The use of silicate by-products as fillers in antifouling
has maintained a balance between antifouling and
mechanical strength of the developed coatings. The results
of the study showed that the barrier characteristics of
coatings can be substantially enhanced by incorporating
particles of inorganic filler SiO2-rh and CH by reducing
heterogeneity and limiting the diffusion path for water.
Incorporating these details into self-polishing coatings also
offers environmentally friendly solutions by enhancing the
integrity and durability of coatings. Improved antifouling
performance has been shown in coatings with SiO2-rh in
combination with a bacterial antifouling extract.
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1. Introduction
In order to provide protection against long-term
corrosion, aluminum parts are coated with various
protection methods: anodizing, painting, and others.
Another modern method of corrosion protection is plasma
electrolytic oxidation (PEO) [1]. There are also theories
that combining some protection methods into a single
composite coating can improve properties. One such
composite coating is the combination of a paint applied to
a PEO-coating. This paper presents a study of
electrochemical properties and corrosion resistance of a
composite coating obtained by spray painting of the PEO
coated sample using the paint with the addition of different
concentrations of superdispersed polytetrafluoroethylene
(SPTFE) [2, 3].
2. Experiment
In this work, a multicomponent electrolyte was used to
form the PEO coating as a protective sublayer.
On the formed PEO coating, 5 types of paint and
varnish solutions were applied by spraying. Jotun SeaForce
30 was chosen for modification. SPTFE was added to this
paint in different concentrations from 0 to 20 mass. % of
the total solution. The resulting coatings are shown in
Figure 1.

Fig. 1. Formed protective coatings: a - PEO coating, b - CC
without SPTFE, c - CC with 5 % SPTFE, d - CC with 10 %
SPTFE, e - CC with 15 % SPTFE, f - CC with 20 % SPTFE.

Together with electrochemical studies of CC salt spray
tests were carried out in a salt spray chamber to assess the
protective properties of composite coatings under identical
operating conditions. The follwing spray mode was used:
5 % NaC1 solution was sprayed for 15 min every 45 min of
exposure. The temperature was kept within 27±2°C. The
duration of the test is 10 days with an interim analysis every
4 days of the exposition. After the end of the test all samples
were weighed to calculate the weight loss.

3. Results and discussions
The application of a paint coating on a PEO coating led
to an increase in the coating thickness up to 120±12 μm. An
additional dependence of the coating thickness on the
content of SPTFE in the paint was obtained with the same
method and number of application layers: an increase in the
concentration of SPTFE leads to a slight decrease in the
thickness of the composite coating.
Analyzis of the samples after the salt spray test led to
conclusion that all composite coatings passed the test and
do not have any defects on the surface. In turn, an oxide
film appeared on the aluminum alloy, and the PEO coating
darkens with increasing testing time, which indicates
internal oxidation due to the porosity of this coating.
After the samples were rinsed with deionized water and
air dried for 120 min, they were reweighed. The mass
measurement before and after the salt spray test showed
that bare aluminum alloy and PEO-coated samples
increased their mass due to oxidation by 0.14 % and
0.07 %, respectively. Composite coatings behaved
differently in this experiment: all coatings lose mass. It
should be noted that the addition of 10 % SPTFE resulted
in the smallest weight loss of 0.04 %. For composite
coatings without addition and with 5 % SPTFE, the weight
change was the same - 0.05%. And an increase in the
concentration of SPTFE to 15 and 20 % leads to an increase
in weight loss to 0.07 and 0.11 %, respectively. From the
obtained data on weight loss, it follows that the optimal
value of the concentration of SPTFE is 10 %, and a further
increase leads to a change in the properties of the composite
coating.
4. Conclusions
A PEO coating has been developed that can serve as a
substitute for a primer layer for the formation of composite
coatings by applying a paint coating on PEO layers. The
formed composite coatings were tested, according to
standards, in a salt spray chamber. As a result of the study
the
optimum
concentration
of
superdispersed
polytetrafluoroethylene to a paint was determined and
equal to 10 %. The lower concentration value leads to
minor changes relative to the original paint. An increase in
concentration of more than 10 % leads to a deterioration in
the properties of the composite coating.
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1. Introduction
Active progress in the development of microelectronics
leads to a reduction in the size of electronic devices while
increasing performance and expanding capabilities. At the
same time, energy requirements most often do not decrease,
which, taking into account the decrease in the available
volume for batteries, requires the development of new
approaches to their formation.
One of the most capacious materials for forming the
electrochemical capacitance of supercapacitors is
ruthenium oxide, which has a theoretical capacitance of
1358 F/g. However, for supercapacitors, an important
indicator is also the power, determined by the total area of
the electrodes. Here, carbon nanoparticles were used as a
matrix with a large surface area, constituting an electrically
conductive matrix for ruthenium oxide particles. To fully
unlock the potential of the entire system, an electrolyte is
needed that can provide sufficient ionic conductivity,
neutrality to electrode materials, and good wettability. In
this work, the influence of an 1 M KOH, 1 M LiCl and 1 M
H2SO4 electrolytes on the electrophysical properties of
RuO-carbon nanomaterials based supercapacitors was
studied.
2. Experiment
Supercapacitor composite electrodes were created by
electrophoretic deposition on the basis of nickel foil.
Ruthenium oxide (concentration range 0.05-0.3 mg/ml) and
comercially avalible carbon material Super C45 (fixed
concentration 0.2 mg/ml) have been proposed as the main
electrode components. The suspension with this materials
was prepared using a mixture of isopropyl alcohol-acetone
in a 1:1 ratio. Dispersion of the resulting solution was
carried out using a submersible disperser with stabilized by
water cooling system temperature in the range of 15 ± 3 °
C. Nickel substrates (50×20 mm and 0,05 mm thick) before
deposition of electrode layer were cleaned by two step
process: in acetone:isopropyl alcohol:H2O = 1:1:1 solution
and in an aqueous solution HNO3:H2O = 1:4. The final
stage of cleaning the substrates was washing in deionized
water and drying in isopropyl alcohol vapor.
Composite electrode material was deposited in an
electrophoretic cell. One electrode (nickel cathode) was
partially masked by a rigid sitall mask. As anode was used
gold electode. The electric field strength during deposition
process varied from 50 to 150 V / cm, deposition was
carried out in 1 cycle or 3 cycles of 60 s each with
suspension renewal. To determine the sediment on the
cathode mass, the samples were weighed before and after
the electrophoretic deposition process. After deposition, Lshaped electrodes were cut from the initial substrates. A

schematic representation of the electrophoretic deposition
process is shown in Figure 1.

Fig. 1. Schematic representation of the electrodes preparation
process.

As an electrolytes, one representative of each type was
taken – acidic (1 M H2SO4), alkaline (1 M KOH) and
neutral (1 M LiCl).
Registration of cyclic sweeps and charge-discharge
curves of electrochemical energy storage devices
prototypes was carried out using an Elins-45X potentiostat.
Cyclic sweeps were recorded at rates of 10 and 100 mV / s
in the cell voltage range from 0 to 1000 mV. The chargedischarge was also carried out in the voltage range from 0
to 1000 mV in the galvanostatic mode, while the current
strength was selected in the range from 5 to 100 mA so that
the discharge duration was at least 10 seconds.
3. Results and discussions
Characteristics of the electrolyte, such as type and size
of ions; ion concentration and solvent; interaction between
an ion and a solvent; and the interaction between electrolyte
and electrode materials, all have a critical influence on
capacitance and pseudo capacitance. The dependences of
the electrophysical characteristics of supercapacitors based
on a composite ruthenium oxide – Super C45 material were
studied. The effect of structure wettability, penetration
depth, and electrolyte composition on the supercapacitor
impedance, device power, and capacity drop with
increasing charge-discharge rate is determined.
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Composite triazole-containing PEO-coatings as the
effective way of corrosion protection of AMg3 aluminum
alloy
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Abstract. This paper discusses the possibility of formation an effective composite PEO-coating containing corrosion inhibitors, 1,2,4triazole and benzotriazole in various concentrations, to protect the AMg3 aluminum alloy against corrosion. The morphology of the
obtained coatings was investigated by SEM; their protective properties was assessed by the electrochemical impedance spectroscopy
(EIS).

1. Introduction
Aluminum is a structural material with such important
properties as lightweight, strength, ductility, etc. It found
application in many industries. However, during
exploitation, aluminum can contact with the aggressive
environment, which results in corrosion degradation.
One of the ways to prevent aluminum corrosion is the
formation of protective coatings on it`s surface. Plasma
electrolytic oxidation (PEO) is one of the easiest and
optimal methods to protect the surface of valve metals
(including aluminum and its alloys). In some cases the
duration of the corrosion protection of PEO-coatings may
be insufficient due to high heterogeneity (including
porosity) of obtained surface layers. Corrosion inhibitors
are widely used for modification of coatings in order to
provide autonomous self-healing properties and prolong
the provision of protective ability. The most studied
metallic corrosion inhibitors are phosphates, nitrites,
molybdates, tungstates, vanadates, borates, rare earth salts
and the organic corrosion inhibitors including different
types of triazoles [1]. Thus, authors of the article [2]
describe an efficiency of a composite coating applied by a
sol-gel method, with benzotriazole. It was established that
this corrosion inhibitor, in the protective layer, capable of
starting the process of healing damage of the coating on
AA7075 alloy.
This study is focused on formation of composite
coatings on AMg3 alloy with the introduction of inhibitors
of the triazole group of various concentrations in the
previously formed base PEO-layer with purpose to improve
the protective properties of the material.
2. Experiment
The experiments were carried out on samples made of
AMg3 aluminum alloy with size of 20×30×2 mm. The
surface preparation of the samples was realized through wet
grinding with SiC paper with a gradual decrease in abrasive
grain size from 28-40 to 14-20 μm, followed by washing in
isopropyl alcohol and drying in a desiccator. PEO was
carried out in a tartrate-fluoride electrolyte in a
galvanostatic mode for 40 s. The current density was equal
to 1.79 A∙cm-2 and the duty cycle was equal to 1. To ensure
the best filling of coating microtubes with inhibitor, the
formed samples were subjected to vacuum impregnation in
aqueous solutions of 1,2,4-triazole and benzotriazole at
various concentrations (0.05 M and 0.1 M), with the
following exposure to inhibitor solutions for 1 h under

constant stirring, and then dried in a desiccator at a
temperature of 40 °C for 24 h.
The protective properties of the formed coatings was
assessed using the electrochemical methods, including
electrochemical impedance spectroscopy (EIS) and open
circuit potential (OCP) measurements. Experiments were
carried out in a three-electrode cell with a silver chloride
(Ag/AgCl) electrode as a reference electrode and platinum
mesh as a counter electrode using the VersaSTAT MC
potentiostat/galvanostat electrochemical system (Princeton
Applied Research, USA). 3 wt. % NaCl solution was used
as an electrolyte.
For surface morphology analysis, Sigma (Carl Zeiss,
Germany) scanning electronic microscope (SEM) was
used.
3. Results and discussions
As a result of the study the composite inhibitorcontaining coatings with a self-healing ability were
obtained on the AMg3 aluminum alloy. Coatings consisted
of a PEO-layer with a self-organized microtubular structure
and inhibitors of the triazole group.
Table 1 shows the results of EIS study for an uncoated
aluminum alloy AMg3 (A), a PEO-coated sample (B), and
samples with inhibitor-containing layers (С–F) after the
exposure for 1 h in a 3 wt. % NaCl solution.
Table I. The coating specification and electrochemical
parameters of samples according to the results of EIS test
Samples
name

Coating type

|𝑍|f=0.1 𝐻z , Ω∙cm-2

A

AMg3 uncoated

2.56∙104

B

PEO

4.65∙106

C

PEO 1,2,4-tr 0.05 M

6.61∙107

D

PEO 1,2,4-tr 0.1 M

6.11∙106

E

PEO b-tr 0.05 M

1.63∙107

F

PEO b-tr 0.1 M

7.72∙106

As can be seen from the analysis of the impedance
modulus measured at low frequency (ǀZǀf=0.1 Hz, Table 1)
after 1 h of exposure, all samples with composite inhibitorcontaining coatings (C–F) perform higher corrosion
resistance compared to the uncoated sample (A) and base
PEO-layer.
The sample with a PEO-layer impregnated with 1,2,4triazole at a concentration of 0.05 M (C) is characterized by
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the best protective properties. The value of ǀZǀf=0.1 Hz for this
composite coating is more than one order of magnitude
higher than the values for the sample with base PEO-layer
(Table 1). An increase in the concentration of inhibitors to
0.1 M leads to a decrease in the ǀZǀf=0.1 Hz, and, as a
consequence, a decrease in corrosion resistance, due to the
PEO-layer degradation, which is consistent with the data
presented in [2].
4. Conclusions
During the study, heterooxide layers with a
microtubular structure were obtained on the AMg3
aluminum alloy. The impregnation of corrosion inhibitors
into the PEO-coating contributed to a significant increase
in the corrosion resistance of the studied material. The
sample impregnated with 1,2,4-triazole at a concentration
of 0.05 M is characterized by the best protective properties.
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Applicability assessment of Fe3O4-SiO2-Au nanoparticles
for the radiotherapy for cancer
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Abstract. The results of an experimental evaluation of the secondary electromagnetic radiation output during irradiation of Fe 3O4-SiO2Au nanoparticles with gamma radiation from a source of 137Cs radionuclides are presented. Secondary electromagnetic radiation in the
range of 40-118 keV is detected. The intensity of secondary radiation is about 0.9 becquerel per kilobecquerel of the initial source. Fe3O4SiO2-Au nanoparticles are shown to be a perspective material for use as a cancer radiotherapy radiosensitizer.

1. Introduction
To date, radiotherapy is one of the most common
methods of cancer treatment. One of the methods to
increase the effectiveness of radiation therapy is to increase
the absorbed radiation dose in the tumor localization area
by infusing nanoparticles with a high atomic number into a
given area. The high cross-sections of the interaction of
heavy materials with radiation provide a significant output
of low-energy secondary electronic and electromagnetic
radiation. Secondary radiation leads to a significant
increase in absorbed dose near the irradiated nanoparticles
[1-3].
The general purpose of this work is to experimentally
determine the intensity of secondary electromagnetic
radiation of Fe3O4-SiO2-Au nanoparticles during γradiation flux of 137Cs irradiation.
2. Experiment
The electron microscopy study showed that the Fe3O4SiO2-Au nanoparticles had a core-shell structure. The
average size of the magnetite core was 227±7 nm, the
thickness of the protective shell made of SiO2 was 2 nm,
the average size of gold nanoparticles covering the core was
16±0.6 nm.
Since the effective atomic number of this system is 63,
it is a promising material for use as a radiosensitizer for
cancer radiotherapy.
To estimate the output of secondary electromagnetic
radiation during irradiation of the Fe3O4-SiO2-Au
nanoparticles, an experimental unit was constructed.
A plastic cuvette (a disk Ø 5.2 cm) with a suspension of
nanoparticles in water (concentration of nanoparticles 140 mg×l-1, sample volume - 7ml) was placedat a distance
of 40 cm from the detector lid on its axis. A scintillation
gamma-ray spectrometer based on a NaI(Tl) 78×78 crystal
was used as a detector. The relative efficiency of
registration at the 137Cs 662 keV line was 25%, and the
resolution at the 137Cs 662 keV line was 9%. A collimated
beam of gamma radiation from 137Cs was directed to the
cuvette perpendicular to the axis of the spectrometer. The
activity of the 137Cs radionuclide source was 99 MBq.
To take into account the background component of the
obtained data, we measured the energy spectrum of the
blank sample. A water sample (volume - 7ml) was used as
a blank. The experiment was carried out in 3 series. The
measurement time was 18 hours for each series.

3. Results and discussions
The spectrum of secondary electromagnetic radiation
for each series of measurements was obtained by
subtracting the blank sample spectrum from the spectrum
of a cuvette with nanoparticles for each channel. The
resulting difference was summed up for each of the nine
channels:
𝑖=9𝑗

∆𝑁𝑗 = ∑ (𝑁𝑖 − 𝑁𝑖𝐵𝐺 )
𝑖=9𝑗−8

where: ∆𝑁𝑗 is the number of secondary electromagnetic
radiation pulses; 𝑁𝑖 is the number of registered pulses from
the cuvette with nanoparticles; 𝑁𝑖𝐵𝐺 is the number of
registered pulses from the blank sample. The summation
step was selected according to the resolution of the
spectrometer.
The absolute error of the data obtained was determined
by the method of calculating the errors of indirect
measurements according to the formula:
𝑖=9𝑗

𝜎(∆𝑁𝑗 ) = √ ∑ (𝑁𝑖 + 𝑁𝑖𝐵𝐺 )
𝑖=9𝑗−8

where: σ(∆Nj ) is the absolute error in determining the
number of pulses of secondary electromagnetic radiation.
Radionuclides 57Co, 140La, 238U, 153Sm, 137Cs, and 76As
were used as calibration sources. The measurement time of
calibration spectra was 15 hours.
The short-lived nuclides 140La, 153Sm, 76As were
detected on a neutron activation analysis unit based on a
252
Cf radionuclide neutron source [4]. The reactions of
neutron radiation capture 39La(n, γ)140La, 75As(n, γ)76As,
152
Sm(n, γ)153Sm were used.
The activity of calibration sources was defined with a
semiconductor HPGe detector manufactured by Canberra.
The detector energy resolution was 1.8 keV at a radiation
energy of 1332 keV, and the relative recording efficiency
at the peak of 1332 keV was 10%.
The resulting flux of secondary electromagnetic
radiation is calculated using the following formula.
〈∆𝑁j 〉
Φj =
εj ∙ 𝑡
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where: 〈∆𝑁𝑗 〉 is the weighted average of the countability of
the secondary electromagnetic radiation signal, 𝜀𝑗 is the
radiation registration efficiency, 𝑡 is the measurement time.
The intensity of the characteristic radiation is
𝐵𝑞
(0.45±0.05)
, the total intensity of the secondary
𝑘𝐵𝑞

electromagnetic radiation in the range of 40-118 keV is
𝐵𝑞
(0.89±0.11)
.
𝑘𝐵𝑞

4. Conclusions
As a result, a method was developed to estimate the
output of secondary electromagnetic radiation emitted by
Fe3O4-SiO2-Au nanoparticles during 137Cs gamma
irradiation.
Secondary electromagnetic radiation was detected in
the direction perpendicular to the initial gamma ray beam
of 137Cs in the range 40-118 keV.
The intensity of secondary electromagnetic radiation
𝐵𝑞
was (0.89±0.11)
.
𝑘𝐵𝑞

The
predominant
mechanism
of
secondary
electromagnetic radiation generation is the photoelectric
absorption of the gamma quanta of the primary beam. This
leads to a significant emission of photoelectrons, ionization
electrons, and the Auger electron, which form significant
dose loads near the nanoparticle.
Therefore, Fe3O4-SiO2-Au nanoparticles are shown to
be a promising material for use as a cancer radiotherapy
radiosensitizer.
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Effect of thermal annealing on the composition of Ge-Co
nanostructure obtained by electrochemical deposition
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Abstract. The one-dimension Ge-Co nanostructures have been prepared by electrochemical deposition. Effect of thermal annealing on
the composition of Ge-Co nanostructure has been studied. The method of X-ray diffraction analysis has been used to investigate
composition changes of Ge-Co. Diffractograms show the presence of Co2GeO4 catalyst at an annealing temperature of 600 °C. The
sample with this annealing temperature shows the best properties as oxygen evolution catalyst.

1. Introduction
At present, due to the development of the global energy
industry, there is a need to use clean and cheap fuel,
including to reduce carbon dioxide emissions.
One of the ways to obtain ecological fuel is the
electrolysis of water to produce hydrogen [1]. However,
this process has a disadvantage, which is the slow reaction
rate on conventional electrodes. To eliminate it, it is
necessary to investigate various substances that accelerate
electrochemical reactions, which are called catalysts. In this
case, catalysts are needed for two processes on two
electrodes: the hydrogen evolution reaction and the oxygen
evolution reaction (OER) [2].
One of the promising areas of research on effective and
stable oxygen evolution catalysts (OECs) are cobalt-based
catalysts because of its OER activity and thermal stability
[3].
In this work, we report about formation OEC based on
the
one-dimension
nanostructure
Ge-Co
by
electrochemical deposition and investigate effect of
thermal annealing on the composition of this structure.
2. Experiment
In the syntesis of Ge-Co nanostucture the 50 μmthickness titanium foil (batch VT 1–00) has been used as a
substrate. These titanium samples have been previously
cleaned in a mixture of H2O2:NH4OH:H2O (1:1:4) at 80 °C
for 15 min, and then they have been washed in hot and cold
deionized water for 5 min and dried. Then the samples
surface has been activated in a mixture of HF:HNO3:H2O
(1:2:6), washed in deionized water and dried again.
After that an array of spherical indium nanoparticles has
been deposited by vacuum-thermal evaporation at the
residual pressure of 1 × 10−5 Torr of material weighed
portion of 35 mg from a Mo evaporator, placed at 40 cm
from the substrate. After depositing the metals, the samples
have been annealed in vacuum at 150 °C for 10 min.
Ge-Сo structures have been formed on the substrates by
electrochemical deposition in a three-electrode cell. A
platinum plate has been used as an counter electrode, and a
standard silver chloride electrode has been used as a
reference one.
The solution contained 0.05 M of germanium (IV)
oxide GeO2, 0.5 M of potassium sulfate Na2SO4 and 0.1 M
of tartaric acid with the addition of 0.05 g CoCl2. The
solution pH has been brought to 6.5 by adding NH4OH. The

solution temperature has been controlled using a LAUDA
Alpha thermostat (LAUDA, Germany).
Deposition has been performed at constant voltage -1,3
V for 1 min at the solution temperature of 85 °C. The
voltage has been set using Autolab PGSTAT302N
potentiostat/galvanostat (Metrohm, Netherlands).
After deposition, the samples have been annealed at
various temperature (300 °C, 450 °C, 600 °C).
The method of X-ray diffraction analysis (XRD) has
been used to deteminate the crystalline phases (germanium,
cobalt, their oxides, etc.) after the formation of the Ge-Co
compound and to investigate the effect of annealing at
different temperatures on the composition of Ge-Co.
X-ray diffraction patterns (diffractograms) of
synthesized samples have been obtained using the
RADIAN DR-02 device with a copper X-ray tube and a
nickel filter.
3. Results and discussions
The results of X-ray diffraction after annealing
germanium nanostructures with cobalt Ge-Co at various
temperature are shown in Fig. 1
The sample without annealing has peaks of two phases:
crystalline germanium and titanium substrate.

Fig. 1. X-ray diffractograms of Ge-Co samples after annealing at
different temperatures.

At annealing temperatures of 300 °C and 450 °C, there
is an increase in the intensity of germanium peaks,
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especially the first peak (27.3°) [4]. With an increase in the
annealing temperature, a slight shift of the germanium
peaks to the right to the reference values is also noticeable.
However, at an annealing temperature of 600 °C, the
diffractogram shows a presence of germanium-cobalt
compounds in the nanostructure, particularly cobalt
germanate Co2GeO4 at 30-40° [4], which has not been
observed at lower annealing temperatures. A well-marked
phase of titanium oxide and a certain amount of the
compound Ti5Ge3 are also visible.
The first peak of germanium becomes indistinguishable
due to the presence of titanium oxide, which leads to the
overlap of two peaks and its sharp increase.
Additionally obtained Ge-Co samples after annealing
and without it have been also tested for the OER activity in
a solution of 1 M NaOH. Graphics of current densityvoltage curve (CV curve) based on the results of the sample
study are shown in Fig. 2. This figure also shows the CV
curve of a pure titanium substrate obtained for comparison.

The effect of thermal annealing on the composition of GeCo has been investigated.
According to the results of X-ray diffraction, with an
increase in the annealing temperature, the crystal phase of
germanium decreases and germanium compounds with
cobalt are formed. On an annealing temperature at 600 °C,
a compound cobalt germanate Co2GeO4 is found that could
be a good oxygen evolution catalyst.
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Fig. 2. CV curve of initial/annealing Ge-Co samples and titanium
substrate.

According to the graph of the titanium substrate, it can
be seen that the current density almost does not change in
the voltage range, which means that there are practically no
electrochemical processes.
The current density for Ge-Co samples (except for the
sample after annealing at 600°C) at a potential of 0.2 V to
0.5 V indicates reactions caused with the oxidation of
germanium and cobalt. At a potential of 0.5 V, the current
density increases due to the beginning of oxygen release.
For a sample without annealing, the current density
increases more slowly compared to annealing samples,
which indicates its lower OER activity.
At the same time, with an annealing at 600 °C, reactions
caused only with the release of oxygen are observed on the
sample (the current density begins to increase only at a
potential of 0.5 V) due to the presence of a cobalt
germanate. It can be concluded that the annealing
temperature at 600 °C is the most optimal temperature for
the formation of an oxygen evolution catalyst based on GeCo nanostructure.
4. Conclusions
In the present work nanostructures Ge-Co have been
prepared by electrodeposition from the aqueous solution.
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Abstract. In this work, we study the effect of treatment with weak HCl solutions and isopropanol vapor on SERS structures based on
metal, dielectric, and Ag nanoparticle layers on the Raman spectra. The influence of the methods of deposition of the analyte on the
substrate on the quality of the Raman spectra was studied. TMAO solutions with concentrations of 10 mM, 10 μM, and 10 nM were
used as an analyte in the work.

1. Introduction
Today, there are many different SERS structures in the
world, providing a wide range of sensitivities and operating
wavelengths [1]. At the same time, there is a problem that
some substances require not only a high sensitivity of the
structure, but also certain preparation and measurement
parameters in order to obtain their spectra with the greatest
efficiency.
One of these substances that interested us is
trimethylamine oxide (TMAO) [2]. This substance in
human blood serves as a marker of the risk of
cardiovascular disease, obesity and stroke. If the
concentration exceeds 2.26 μM, the risks increase
significantly. In this regard, there is an increased interest in
the method of sample preparation and measurement of this
analyte for the most effective study.
2. Experiment
In this work, solutions were used as analytes: TMAO
with a concentration of 10 mM, 10 μM, and 10 nM. SERS
structures were treated with HCl solutions mass. 3.5%,
deionized water and isopropyl alcohol.
Si (100) at 300 nm with SiO2 was used as the basis for
the SERS structure. The adhesive layer Cr 50 nm was
deposited by magnetron sputtering. Then, a 100 nm Ag
reflective layer was formed on the substrate by vacuum
thermal evaporation. After that, the reflective layer was
coated with 20 nm SiO2 as an insulator by the method of
electron beam evaporation. The final stage was the
deposition of 15 nm Ag followed by annealing at 400 ºС
for 10 minutes in an air atmosphere.
Before applying the analyte, some of the finished
substrates were not processed. The second part was soaked
in a weak solution of HCl and washed in a stream of
deionized water. The third part was treated with hot vapors
of isopropyl alcohol.
The analyte was applied in two ways: by soaking the
finished SERS structure in an analyte solution and by a
drop from a dispenser. The substrates were soaked in the
analyte solution for 5, 30, and 60 minutes. The substrates
with the applied analyte dispenser were dried in a fume

hood at room temperature. Part of the samples with drops
was covered with a cover slip for distribution and
preservation in liquid form until the moment of
examination..
Samples were examined on a Raman spectrometer
based on an inVia confocal microscope from Renishaw.
The light spot diameter was 5 μm, the laser power varied
from 500 to 0.05 mW, and the exposure time was at least 6
seconds. Various monochromatic lasers have been used.
3. Results and discussions
The most significant result was shown by samples
treated in acid and washed in deionized water (Fig. 1).
Raman spectra of 10 mM TMAO droplets on treated
substrates showed a significant increase in peak sharpness,
noise reduction, and a 56-fold increase in intensity
compared to spectra on untreated substrates.

Fig. 1. Raman spectra of 10 mM TMAO at 532 nm and 5 mW
before (1) and after (2) treatment of the substrate by HCl solution,
before adding a drop of analyte.

Pretreatment of the SERS structure in isopropyl alcohol
vapor significantly worsened the quality of the spectrum
and its intensity. The use of a coverslip led to the
appearance of luminescence and the loss of all
characteristic TMAO peaks. Soaking the substrates in
TMAO solutions showed that the soaking efficiency began
to decrease after 30 minutes. When soaking for 60 minutes,
the intensity of the spectra increased by only 1.2 times,
compared with 30 minutes soaking.
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4. Conclusions
In the course of the work, it was found that Ag-based
SERS structures that underwent atmospheric annealing
should be treated for at least 30 seconds in weak HCl
solutions and washed in deionized water to remove residual
acid. It has been found that keeping samples in solution for
more than 30 minutes does not make a significant
contribution to the quality of the spectra. It turned out that
the use of a laser with a power of more than 5 mW with a
light spot area of about 20 μm2 leads to the decomposition
of TMAO to the state of amorphous carbon.
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Tuning TiO2(B) nanobelts through Ni-doping using a
hydrothermal approach for metal-ion batteries
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Up until recently, lithium-ion batteries (LIBs) were
mainly used for areas demanding moderate characteristics
and soft operating standards (e.g., portable electronics,
medical equipment, and power tools). At present, they are
closely considered for usage in hybrid and electric vehicles,
renewable energy, robotics, and standby backup power
applications. On the other hand, lithium reserves in the
Earth’s crust are limited, and the cost of lithium-containing
raw materials is growing steadily. In this way, a change to
other electrochemical energy storage technologies based on
abundant materials, such as sodium-ion batteries (SIBs), is
expected in the near future at least for a number of areas.
For further progress in both LIBs and SIBs, advanced
electrode materials are required. In this way, titanium
compounds based on the Ti3+/Ti4+ redox couple, including
Li4Ti5O12, MLi2Ti6O14 (M = Sr, Ba, Na), Na2Ti3O7, TiO2,
Na2Ti6O13, NaTi2(PO4)3, ATiOPO4 (A = NH4, K, Na) etc.
have attracted attention.
Herein, mesoporous belt-like TiO2(B) nanostructures
doped with nickel (Ni/Ti atomic ratios of 0.02, 0.05, and
0.08) had been synthesized hydrothermally. Based on
electron-microscopic experiments the dimensions of
nanobelts are 40–160 nm in width, 3–7 nm in thickness and
up to a few micrometers in length. From N2
adsorption/desorption (at 77 K) found that BET specific
surface area and BJH pore volume achieve 114 m2 g–1 and
0.48 cm3 g–1 (at least 70% of pores are mesocopic with a
size of 4.2 nm). According to X-ray diffraction, Ni-doping
increases the unit cell volume of TiO2(B) by 4% (Ni/Ti =
0.05), confirming the incorporation of Ni 2+ ions (with an
ionic radius of 0.69 Å) at the Ti4+ positions (0.605 Å) with
the formation of substitutional solid solution. The
generation of localized Ni 3d defect states within band gap
of TiO2(B) was confirmed by ultraviolet-visible
spectroscopy, revealing that band gap energy reduces from
3.28 to 2.70 eV after Ni-doping. Electron paramagnetic
resonance studies revealed an oxygen deficiency for Nidoped TiO2(B). The electrochemical impedance
spectroscopy revealed that the conductivity of nickelcontaining titanium dioxide increased to 2.24 × 10−8 S·cm−1
(Ni/Ti = 0.05) exceeding that of the undoped sample (1.05
× 10−10 S·cm−1).

Among the tested samples, Ni-containing TiO2(B)
nanobelts with a Ni/Ti atomic ratio of 0.05 demonstrated
the best battery performance for using as anode material. In
lithium cells after 100 cycles, a reversible capacity of 173
mAh·g−1 was achieved for Ni-doped TiO2(B) at the current
density of 50 mA·g−1, whereas unmodified bronze TiO2
electrode maintained 140 mAh·g−1. Moreover, Ni-doping
enhanced the rate capability of TiO2(B) nanobelts (104
mAh·g−1 at the current density of 1.8 A·g−1). Concerning
the operation in sodium cells, it was found that Nicontaining material exhibited improved cycling with a
specific capacity of about 97 mAh·g−1 after 50 cycles at the
current load of 35 mA·g−1. The main factors determining
the enhanced electrochemical performance of doped
TiO2(B) were (i) increased electronic conductivity, (ii)
improved stability of crystal lattice toward guest ion
insertion/extraction, and (ii) facilitated transport of Li + and
Na+.
This work was supported by funding from the Russian
Science Foundation (grant № 19-73-10017). The authors
are grateful to colleagues at the Institute of Chemistry FEB
RAS who contributed to research, namely Ph.D. A.V.
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Composite (SiO2-Au) films for magnetophotonics
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Abstract. Structural and morphological features of layers of composite (SiO2-Au) were experimentally investigated depending on the
conditions of formation. It has been demonstrated that the diameter of Au nanoparticles in a SiO2 matrix can vary from 12 to 60 nm.
The volume content of Au nanoparticles in the SiO2 matrix in synthesized samples was f = 0.16. Taking into account the features of
formation of composite and bismuth-substituted iron garnets layers, the magnetophotonic crystal “composite – SiO2 layer – iron
garnet – Bragg mirror” was proposed as the most promising from a practical point of view and implementation. Optical and magnetooptical characteristics of the magnetophotonic crystal with different numbers of layers pairs m and the center of photonic band gap λ0
of the Bragg mirrors were considered.

1. Introduction
Composites are today one of the most promising in
practice and the most widespread among modern materials.
A large number of investigations in the field of photonics
are devoted to them. So, composites based on nanoparticles
of gold, silver and copper are used not only as elements of
technical devices for electronics and decor, but also as
materials with particularly outstanding various properties
for use in the chemical industry and medicine. The
synthesis of composite thin layers by sputtering methods
was considered in [1]. These methods are one of the
common methods at the moment [2, 3]. The described
technology makes it possible to create the structures of
photonic and magnetophotonic crystals (PC & MPC) using
composites, that has not been presented before. There are
known theoretical works [4], which show that in structures
based on composite layers (SiO2-Ag) two types of localized
states are possible. These states are Tamm states (Tamm
plasmon polaritons) and resonant defect modes. It should
be noted that one of the useful properties of such
composites is the following. As a result of the imperfection
of the particles, the composite itself can work as a polarizer.
The longitudinal and transverse components of
electromagnetic waves will interact with the structure in
different ways, leading to different optical effects for mixed
polarizations even at normal incidence [5]. One of the
experimental tasks in the implementation of the structure is
to achieve the required quality of the composite, namely, to
achieve the required sizes of nanoparticles. The sizes of
nanoparticles in the matrix should be much smaller than the
wavelength, that is, they should not exceed 50 nm. In
general, the properties of the composite will also depend on
the volume fraction of inclusions (nanoparticles) f.
The resonant enhancement of magneto-optical effects
due to structure modes arising at the boundary of MPC
[TiO2 / SiO2]m / iron garnet / SiO2 / (SiO2-Au), in which
the upper layer (SiO2-Au) is a composite layer of SiO2 with
metallic Au nanoscale inclusions, and iron garnet is a bilayer of composition Bi1.0Lu0.5Gd1.5Fe4.2Al0.8O12 /
Bi2.3Dy0.7Fe4.2Ga0.8O12 was discussed in the work [6].
However, the presence of layers with a high bismuth
content limits the use of the high annealing temperatures
required to form the composite. In this regard, it was
proposed to use the reverse order of alternation of layers for
the synthesis of structure and to carry out a preliminary

analysis of the properties of MPC “composite – SiO2
layer – iron garnet – Bragg mirror”.
2. Experiment and simulation methods
Considered MPC can be represented by the general
formula
GGG/(SiO 2 -Au)/SiO 2 /G1/G2/ SiO 2 /TiO 2  ,
m

(1)

there GGG is substrate of gadolinium gallium garnet;
[SiO2/TiO2]m is Bragg mirror with repetition number m; G1
is garnet of composition Y3Fe5O12; G2 is garnet of
composition Bi2.8Y0.2Fe5O12; (SiO2-Au) is composite film.
In order to simulate the optical and magneto-optical
characteristics of MPC and numerically solve Maxwell's
equations, a software algorithm was implemented using the
transfer matrix method 4×4. The software algorithm takes
into account the angle of incidence of light on the structure
θ, incident light wave polarization state Ψ, anisotropy and
gyration of structure layers. All layers of the structure were
preliminarily synthesized and their structural, optical and
magneto-optical properties were determined. The dielectric
constant of composite layer was calculated based on the
Maxwell-Garnett model. We assumed that the
nanoparticles have a spherical shape.
For the synthesis of composite (SiO2-Au), the
technology of simultaneous sputtering of Au plates and
SiO2 targets was used. To form nanoparticles with lateral
dimensions from 10 to 50 nm, the deposited layers were
annealed. The sample was sequentially annealed for 30 min
at different temperatures from 700°C to 1000°C. Reactive
ion beam sputtering was implamented at a URM 3-279.014
setup with ion-beam Kholodok-1 source.
G1 and G2 iron garnet films were synthesized using
high-frequency magnetron sputtering at MVU TM
MAGNA 09. In order to form the garnet phase, each layer
was annealed at the optimum temperature Ta and duration
τa: Ta = 800°C and τa = 5 min for layer G1 and Ta = 670°C
and τa = 25 min for layer G2. Bragg mirror layers were
deposited by high-frequency magnetron sputtering at Elim
TM 5.
Atomic force microscopy methods (intermittent contact
and phase contrast imaging modes) were used to
characterize the microstructure. The measurements were
carried out by cantilevers of HA_HR ETALON using the
INTEGRA scanning probe microscope (NT-MDT).
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3. Results and discussions
Figure 1 shows an increase in the size of nanoparticles
and changes in the optical spectra of composite layer
depending on the duration and temperature of annealing.
Numerical analysis of optical spectra showed that the
composite is characterized by the value f = 0.16.

of layers of titanium dioxide h(TiO2) = 52.5 – 70 nm; silicon
dioxide
h(SiO2) = 75.7 – 101 nm;
composite
h(SiO2-Au) = 130 nm; buffer silicon dioxide h(SiO2) = 101 nm;
G1 h(G1) = 67 nm; and G2 h(G2) = 335 nm. At real optical
parameters of the composite, only resonance states
corresponding to the defect mode are observed in the
spectra of structure.

Fig. 2. Dependences of the spectra of transmittance (a) and
Faraday rotation angle (b) of the structure (1) on layer
thicknesses in Bragg mirrors (or from the center of photonic
bandgap λ0) at the volume fraction of inclusions in the composite
f = 0.16.

4. Conclusions
Modeling of the properties and optimization of
conditions for the synthesis of magnetophotonic crystal
with composite (SiO2-Au) layer were carried out. It is
shown that the highest values of the Faraday rotation can
be achieved in the short-wavelength region of the spectrum.
A technology has been developed for obtaining composites
with
desired
properties
for
applications
in
magnetophotonics.
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Abstract. In this work, we report of the successful development of a SERS-active pipette. In the course of the study, various approaches
were developed for the formation of particles at the tip of the pipette to enhance the signal. Silver was used as the particle material.
The method of vacuum thermal evaporation was used to form an array of nanoparticles. The modified pipettes were captured in a
scanning electron microscope. The results of these work allowed us to characterize the morphology of the modified pipette surface
using various approaches. The Raman spectra was obtained using these pipettes. Rhodamine in the R6G modification was used as an
analyte. Based on the obtained spectra, the most effective technology of particle deposition on a pipette was selected. The SERS pipette
can be improved to monitor various intracellular biomarkers.

1. Introduction
Reliable analysis of biomarkers from a single cell is a
critically important task today. The low concentration of
biomarkers and the dynamic nature of living cells make the
analysis of the intracellular contents of single cells difficult
using traditional analytical methods [1-2]. Despite the fact
that modern spectroscopy methods have made great strides
in cell analysis, these methods are still difficult to use for
accurate monitoring of individual cells. To obtain the most
detailed and accurate information about the studied object,
people are using SERS substrates. However, SERS has a
significant disadvantage due to the complexity and high
cost of this technology [3]. A noble metal modified pipette
can be used to electrically regulate the delivery of
molecules/ions, while simultaneously monitoring changes
in real time and in situ measuring measurements caused by
exposure to delivered molecules/ions via Raman spectra.
With low cost, ease of manufacture and operation, such
pipettes will allow SERS experiments to be carried out
without having to rely on complex devices.
2. Experiment
In the series of experiments carried out, pipettes
manufactured at a facility for pulling pipettes from glass
based on a CO2 laser (P-2000, SutterInstrumentCo.) from
borosilicate glass were used as substrates. The resulting
pipettes were manufactured in a length of 45 mm and with
an outlet size of about 50-70 nm.
Before carrying out the process of deposition of
nanoparticles by vacuum-thermal evaporation, pipette
samples underwent standard washing to remove impurities.
Washing was carried out sequentially in three solutions.
The first was a peroxide-ammonia solution (PAS), the
second was deionized water with a temperature of 50 °C,
the third was deionized water with a room temperature. The
sample was kept in each solution for 5 minutes. At the final
stage, the samples were dried.
All the work on the formation of metal nanoparticles
was carried out at the vacuum thermal evaporation plant.
To fix the pipette on the 3D printer, a special substrate
holder was made. To carry out the process, a pressure of
3*10-5 Torr was created in the working chamber. Then the

evaporation of the suspension of the evaporated material
was carried out. For the final formation of particles in the
same working chamber, samples were annealed at a
temperature of 230C ° for 30 minutes and at a pressure of
3×10-5 Torr.
All SEM images were obtained from a Helios C4 GX
scanning electron microscope. Raman spectra were
obtained using a Raman scattering spectrometer based on a
confocal microscope (Raman confocal microscope) inVia
from the Renishaw campaign. Before the experiment, the
analytical substance rhodamine 6G of a millimolar
concentration was applied to the pipettes, followed by
drying in an air atmosphere for 10 minutes. At the next
stage of the experiment, the pipette with the analyte was
fixed in the inner space of the chamber of the Raman
spectrometer. The laser was aimed at the pipette using a
light microscope built into the spectrometer. Two lasers
with a wavelength of 405 and 532 nm were used.
3. Results and discussions
Using a laser with a wavelength of 405 nm and at all
powers, the Raman spectra from all pipettes did not contain
any characteristic peaks, but were filled with interference.
At a laser wavelength of 532 nm, characteristic peaks of
rhodamine 6G were present in the Raman spectra.
The maximum power of the laser used was 500 mW,
furher when we will talk about the power as a percentage
of the maximum values. In a comparative analysis of
Raman spectra, the modified pipette, pure glass and a
commercial SERS substrate were coated with rhodamine in
modification R6G dye in a millimolar concentration,
Spectra were successfully obtained from them at a
wavelength of 532 nm. Our goal was to use low laser power
to obtain spectra.
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Fig. 1. Comparative Raman spectra of temperature.

It is difficult to identify R6G peaks on the spectrum
obtained from glass. The spectra of the SERS substrate
contain has most of the characteristic peaks that are easy to
detect. In the case of a modified pipette, peaks are
comparable in quality to a SERS substrate. Also, for pure
glass and SERS substrates, the laser power was 5% of the
maximum laser power (500 mW), and for pipette they were
only 0.1% of the power, while they are in no way inferior
to SERS substrates. Potentially, the use of such small
capacities will not cause damage to the biomaterial, for
example, (TMAO). The calculated enhance factor of the
pippette signal is about 102.
4. Conclusions
A technique has been developed for applying silver
particles to the tip of a pipette. SEM studies have been
carried out, it has been shown that the most optimal
technique is the method with an array of nanoparticles of
the order of 16 nm. Raman spectroscopy studies were
carried out, which showed an enhance factor of the order of
102.
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Abstract. Magnetic CoNiP thin film alloys were electrodeposited from chloride and sulphate baths. The effects of solution composition
and current density on the magnetic properties and microstructure of electrodeposited CoNiP films were investigated. Solution
composition and current density significantly influenced the magnetic properties of CoNiP deposits. These films when deposited from
chloride bath showed the maximum coercivity at the level of 500 Oe, whereas from sulphate bath the coercivity has reached 1500 Oe.

1. Introduction
Much attention has been paid to magnetic materials in
recent years. this can be explained by their wide
technological application in industry. A special research
study was devoted to solid magnetic materials[1-3]. At
present the development of hard magnetic materials is an
extremely interesting direction because of potential
applications in microelectromechanical systems, such as
microactuators, field generators, micromotors etc [4-6].
Triple Co-based films such as CoNiP are of particular
interest because of their high coercivity and high
anisotropy. However, the researchers faced the problem of
a sharp decrease in coercivity with an increase in the
thickness of the films. Therefore, the task of obtaining
thick hurd magnetic Coni films is still relevant.
In our opinion, the most convenient way to obtain films
is electrodeposition. This method has a number of
advantages such as low cost, ease of parameter adjustment
and the possibility of obtaining the necessary coating
properties by changing the deposition conditions.
It is the purpose of the present work to study the effects
of electrolyte composition on the magnetic properties of
CoNiP thin films.
2. Experiment
The CoNiP thin films are electrodeposited on copper
wafers using two different electrolytes listed in Table I. The
copper substrates are first degreased with Viennese lime
followed by immersion in a (NH4)2S2O8+H2SO4 bath for 60
seconds to etching. The pH of the solution was adjusted
with H2SO4 and the solution was maintained at 40oC during
deposition without any stirring. The experiment was
conducted at 20 and 30 mA cm–2; nickel sheet was used as
a soluble anode.
Magnetic properties were determined using a universal
measuring system (automated vibration magnetometer)
"Liquid Helium Free High Field Measurement System
(Cryogenic LTD", London, UK). Microstructures of CoNiP
electrodeposits were examined with a Zeiss EVO 10
scanning electron microscope (SEM) (Zeiss, Oberkochen,
Germany). Deposit Co, Ni and P contents were analyzed
using AZtecLive Advanced energy dispersive X-ray
spectrometer with Ultim Max 40 (Oxford Instruments,
Bognor Regis, Great Britain)

Table I. Bath composition for CoNiP electrodeposits.
Electrolyte №1

Electrolyte №2

Chemical/
conditions

Concentration,
g/l

Chemical/
conditions

Concentration,
g/l

CoSO4

150

CoSO4

150

NiCl2

100

NiSO4

150

NiSO4

50

H3BO3

30

H3BO3

30

Na2SO4

60

NaH2PO2

10

NaH2PO2

8

pH

2

pH

2

3. Results and discussions
The effects of electrolytes composition on the
properties of CoNiP films are investigated. Nickel-sulfate
and cobalt-sulfate are used for the metal ions source in both
electrolytes. Nickel chloride can decrease anodes
passivation. Boric acid was added as pH buffer. Sodium
hypophosphite supplies the ions for the cathode and anode
reactions.
Figures 1a and 1b shows SEM images of the surface
micromorphology of the electrodeposited CoNiP films with
a thickness of 35 μm using different current densities (from
electrolyte №1). The CoNiP alloy deposited using a higher
current density of 30 mA cm–2 have a smaller grain size
(approximately 250 nm) than materials deposited using a
lower current density of 20 mA cm–2 (approximately 500
nm). In both cases, the CoNiP alloy has exhibited dendritic,
nodular surface morphology.
For the electrolyte №2, CoNiP deposits were smooth.
As the deposit thicknesses increases (from 15 to 35) with
increasing current density, the deposits become smoother.
Figure 2 shows the hysteresis loops of CoNiP films.
Films obtained in electrolyte №2 show a more gradual
approach to saturation. In both electrolytes, with an
increase in current density from 20 mA cm–2 to 30 mA cm–
2
, an increase in coercivity is observed. In electrolyte №1,
when the current density increases, the coercivity increases
from 420Oe to 500Oe. However, the saturation
magnetization decreases from 195emu/g to 160emu/g.
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noted that with an increase in the current density, the
saturation magnetization increases almost 2 times:
220emu/g at 30 mA cm–2 and 120emu/g at 20 mA cm–2.
In both electrolytes, the increase in current density did
not affect the composition of the deposits. The film
obtained from electrolyte №1 contained 82 at% Co, 14 at%
Ni and 4 at%P. The film obtained from electrolyte №1
contained 81 at% Co, 14 at% Ni and 5 at%P.

Fig. 2. Perpendicular hysteresis loops for CoNiP films a)
electrolyte №1; b) electrolyte №2.

4. Conclusions
Hard magnetic Co-rich Co–Ni–P films were grown by
electrodeposition. Hard magnetic properties were achieved
in the as-deposited films and were preserved up to 35
micrometer film thickness.
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More impressive values of coercivity are demonstrated
by coatings obtained in electrolyte №2. The coercivity
reaches values of 1000Oe and 1500Oe at current densities
of 20 mA cm–2 and 30 mA cm–2, respectively. It can also be

251

Sixth Asian School-Conference on Physics and
Technology of Nanostructured Materials
Vladivostok, Russia, 25 – 29 April, 2022

IV.p.26

Anodic TiO2 nanotube arrays SILAR modified by AgxO for
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Abstract. To increase the photoactivity of anodic titanium oxide nanotubes in the visible wavelength range, various attempts have
been made to increase the absorption spectrum of the material. The heterojunction increases the efficiency of carrier separation and the
absorption spectrum of TiO2 in the visible wavelength range. AgxO has attracted considerable attention for the creation of
heterojunctions between the TiO2 layer due to its narrow band gap (1.2 eV), excellent photocatalytic activity and compatibility with
TiO2. In this work, the heterostructures of TiO2 NTs with deposited AgxO by the SILAR method were studied. The morphology and
composition of the obtained samples were investigated by scanning electron microscopy and Raman spectroscopy. Photoactivity of
obtained samples was investigated under solar simulated light 1.5 AM 40 mW/cm2.

1. Introduction
Currently, TiO2 is widely studied and used as a
photocatalyst for the decomposition of organic pollutants.
However, the TiO2 band gap is 3.2 eV, which limits the use
of TiO2 in photocatalysis. For photoactivation, TiO2
requires ultraviolet radiation, which is 4% of the total solar
spectrum reaching the surface of the planet [1]. To increase
the efficiency of a photocatalyst based on TiO2, it is
necessary to increase the absorption spectrum of the
material. Creation of heterostructures by modification of
TiO2 catalyst surface by nanoparticles of semiconductors
with smaller band gap than 3 eV can be a promising
solution [2, 3]. Silver oxide Ag2O attracts its attention for
making heterojunction with TiO2 due to its band gap (1.2
eV), good compatibility with TiO2 [4]. Using a simple and
cheap method as SILAR catalyst’s heterostructures can be
a perspective way to increase photoactivity of TiO2.
However, no data in scientific literature about the effect of
the concentration of Ag salt and pH of the solutions on
photocatalytic
properties
of
TiO2
NTs/Ag2O
heterostructures are presented. Thus, the purpose of our
work is investigation an influence of Ag precursor
concentration and pH solutions used in molecular
deposition method from the liquid phase on the
photocatalytic characteristics of the material.
2. Experiment
Samples of TiO2 NTs were obtained by electrochemical
oxidation of titanium in ethylene glycol based electrolyte
with aded 0.3 wt.% NH4F and 2 vol.% H2O. Anodizing was
carried out in a thermostated cell at 20° C in two stages.
The first stage lasted 30 minutes, after that a formed
sacrificial nanotubular layer was removed from the foil
surface by cathodic polarization in an 5% H2SO4 solution.
The second stage lasted 1 h, after which the sample was
washed in ethanol and dried in an air stream. After that, the
obtained samples were subjected thermal in a muffle
furnace at 450 °C for 1 h for crystallization.
In a standard SILAR process, sample of TiO2 NTs were
placed in AgNO3 solution for 5 min to achieve abundant
Ag+ adsorption. After that samples were cleaned by
deionized water. The sample was transferred to NaOH
solution for another 5 min, and then purified again with

deionized water. The following concentrations were used
in the work: 0.01, 0.05, 0.1, 0.15, 0.2 M AgNO3 and NaOH
(12 - 13,3 pH solutions). Designation of samples: TA-0 (0,1
M without heating), TA-1 (0,01 M), TA-2 (0,05 M), TA-3
(0,1 M), TA-4 (0,15 M), TA-5 (0,2 M), pure TiO2 NTs.
Each sample was modified by 10 SILAR cycles. After that,
the samples were annealed in vacuum at 160 °C for 1 hour.
The morphology and composition of the obtained
samples were investigated by scanning electron
microscopy and Raman spectroscopy. Photoactivity was
studied
under
solar
simulated
light
by
photoelectrochemical techniques in 0,1 M Na2SO4 solution
at 0,5 V vs Ag/AgCl.
3. Results and discussions
SEM images of pure and modified TiO2 NTs are
presented on Figure 1.

a

b

c

d

Fig. 1. SEM images of samples: TiO2 NTs: top view (a) and side
view (c); TA-3: top view (b) and side view (d).

As can be seen, an obtained AgxO NPs in various sizes
from 2 nm to ~ 40 nm can be observed. Also, nanoparticles
are disposed on walls of TiO2 NTs arrays. Influence of
concentration precursor or pH solution on size distribution
of AgxO NPs wasn’t observed.
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Raman shift spectra of obtained TiO2 NTs samples are
presented on Figure 2.

photoactivity based TiO2 NTs modified AgxO NPs by
SILAR method.
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Fig. 2. Raman spectra of TiO2 NTs modified AgOx nanoparticles.

Peaks (146, 393, 517, 638 cm-1) corresponding to TiO2
anatase for all samples are observed. As can be seen with
increase of concentration of Ag precursor and pH solution
a signal intensity from TiO2 peaks decreases. Also, we
detect a wide peak at 701 cm-1, which can be corresponds
to AgO [5].
Figure 3 shows photocurrent transients of obtained
samples.

[1] Schneider, Jenny, et al. Chemical reviews
114.19(2014)9919.
[2] Wei, Longfu, et al. Journal of Materials Chemistry A
6.45(2018)22411.
[3] Bessekhouad, Y., D. Robert, and J-V. Weber. Catalysis
today 101.3-4(2005)315.
[4] Mazierski, Paweł, et al. ACS Catalysis 7.4(2017)2753.
[5] Waterhouse, Geoffrey IN, Graham A. Bowmaker, and
James B. Metson. Physical Chemistry Chemical Physics
3.17(2001)3838.

Fig. 3. Obtained photocurrents of fabricated samples.

As can be seen, a highest photocurrent attributed for
sample TA-1 prepared with 12 pH NaOH solution. An
increase of pH and precursor Ag+ concentration don’t lead
to next enhance of photoactivity of the material. It should
be noted that all variants of methodology lead to increase
photoactivity under solar simulated light of the material
compared to pure TiO2 NTs sample.
4. Conclusions
Samples of pure TiO2 NTs and also modified by AgxO
were obtained. AgO phase was detected by Raman
spectroscopy. An influence of Ag+ precursor concentration
and pH solutions used in molecular deposition method from
the liquid phase on the photocatalytic characteristics of the
material was investigated. Can conclude that pH of the
solution has most influence on photoactivity of the
material. NPs size distribution don’t
related with
concentration of Ag+ precursor change. Obtained data can
be a helpful for planning of photoelectrodes with enhances
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Mechanochemical synthesis, characterization and
photocatalytic properties of Bi2WO6/SiO2 modified biogenic
silica
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Abstract. Bi2WO6/SiO2 was obtained by mechanochemical activation followed by calcination at 500°С, modified biogenic silica from
rice husks. To change the structure of the Bi2WO6/SiO2 surface, this sample was etched with 2.5 M NaOH aqueous solution for 0.5; 1;
1.5 hours. According to X-ray phase analysis data, Bi2WO6/SiO2 contains reflections of the photoactive phase γ-Bi2WO6. The
photocatalytic activity of the samples in the degradation reaction of indigo carmine under ultraviolet irradiation was studied. It is shown
that after etching of the original Bi2WO6/SiO2 sample, the photoactivity increases by 5% and ranges from 11.5 to 13.5%.

1. Introduction
Purification of industrial effluents from persistent
organic substances is an urgent task today. Heterogeneous
photocatalysis is considered as a promising technology for
industrial wastewater treatment due to its low cost,
environmentally friendly process and the absence of
secondary pollution [1].
Currently, materials based on tungsten compounds(VI)
are being actively studied. Tungsten(VI) oxide is promising
for photocatalysis due to its high stability in aqueous
solution under acidic conditions, the absence of
photocorrosion and a suitable (2.7 eV) band gap for
absorption of visible light [2, 3]. However, despite the fact
that WO3 absorbs light in the visible region, its
photocatalytic activity is very low [4]. Bismuth tungstate
(Bi2WO6) has a narrow band gap (2.8 eV) and low
toxicity [5]. There are various ways to obtain a Bi2WO6
photocatalyst, of which hydrothermal and sol-gel can be
distinguished [6, 7]. These materials can also be obtained
by mechanochemical activation, which attracts the
attention of researchers as a more environmentally friendly
process without the use of solvents. Modification of
Bi2WO6 with amorphous silicon dioxide makes it possible
to change the morphology of the surface, which affects the
photocatalytic activity of the sample [7].
The purpose of this work is to obtain a Bi 2WO6/SiO2
photocatalyst modified with biogenic silica by
mechanochemical activation and to study its photocatalytic
activity.
2. Experiment
To obtain a sample Bi2WO6/SiO2 was mixed Bi2O3
(analytical grade), WO3 (analytical grade) and SiO2 were
mixed in a molar ratio of 1:2:1. Amorphous silicon dioxide
samples were obtained from the husk of Dolinnyi brand rice
designed in the Federal Scientific Center for
Agrobiotechnology of the Far East named after
A.K. Chaika (Primorskii Krai, Timiryazevskii settlement,
Russia) by oxidative roasting with pre-treatment with
0.1 M hydrochloric acid solution [8].
Photocatalyst Bi2WO6/SiO2 was synthesized by
mechanochemical activation followed by firing.
Mechanochemical processing was carried out at the
planetary mill "Pulverisette 6" (Fritsch, Germany) with

35 balls with a diameter of 8 mm with a rotation speed of
600 rpm for 20 minutes. The activated mixture was
calcined for 2 hours at 500 °C in a muffle furnace
(WiseTherm, South Korea).
The elemental analysis of the photocatalysts samples
was performed by energy-dispersive X-ray fluorescence
analysis on a Shimadzu EDX 800 HS spectrometer (Japan).
To determine functional groups in the studied samples,
IR absorption spectra were recorded in the range 400–
4000 cm–1 in potassium bromide on a Bruker Vertex 70
Fourier-transform spectrometer (Germany).
X-ray powder diffraction analysis (XRD) of samples
was performed in СuKα radiation on a Bruker D8 Advance
diffractometer (Germany).
The morphology and elemental composition of catalyst
surface was studied using a Carl Zeiss Ultra+ highresolution scanning electron microscope (SEM) (Zeiss AG,
Germany) equipped with a Thermo Scientific add-on unit
for energy-dispersive X-ray analysis (Oxford instruments,
England).
The resulting sample Bi2WO6/SiO2 was subjected to
etching with 2.5 M aqueous NaOH solution for 0.5; 1;
1.5 hours (table 1).
The photocatalytic properties of the obtained samples
were evaluated using the degradation reaction of indigo
carmine in the UV region as an example. The process was
carried out in a 100-mL quartz cell filled with 50 mL of MO
solution (10 mg/L) and 0.05 g of catalyst. Radiation source
was a 100P/F UV lamp (radiation maximum is λ = 365 nm).
The solution was irradiated at constant magnetic stirring
(625 rpm) for 3 h. The solution was irradiated with constant
stirring on a magnetic stirrer (750 rpm) for 3 hours.
Ambient temperature was 25°С.
The optical density of indigo carmine solution was
determined by photocolorimetric method on a UNICO1201 spectrophotometer (United Products & Instruments
Inc., USA) at wavelength 610 nm.
3. Results and discussions
The results of X-ray fluorescence analysis showed that
the Bi2WO6/SiO2 sample contains 75% Bi2O3, 15% WO3
and 9% SiO2. According to the data of X-ray phase
analysis, the photocatalyst is in an amorphous-crystalline
state have been identified in the crystalline phase
orthorhombic γ-Bi2WO6, tetragonal Bi14W2O27, cubic
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Bi12W0.10O18.3+х and cubic δ-WO3. It should be noted that,
in general, there are reflections of γ-Bi2WO6, which has the
highest photoactivity.
In the IR spectrum of Bi2WO6/SiO2, the absorption
bands at 1101 cm-1 and 475 cm-1 correspond to asymmetric
and bending vibrations of the Si–O–Si bond in amorphous
silicon dioxide. Absorption band at 1389 cm-1,
characteristic of the Bi-O bond in bismuth tungstate. In the
spectrum of the sample, the absorption bands at 810 and
733 cm-1 correspond to the WO and W-O-W bonds in
Bi2WO6. There is also an absorption band at about
847 cm- 1, which indicates the formation of a Bi-O-Si bond.
Bands at 3435 and 1634 cm-1 correspond to stretching and
bending vibrations of OH groups. This result confirms the
formation of Bi2WO6.
On fig. 1 shows SEM images of photocatalysts. The
Bi2WO6/SiO2 sample has a smooth structure. After etching,
the Bi2WO6/SiO2-1 sample becomes looser. Coral branches
appear in the structure.

noted that the etching time does not affect the photoactivity
of the sample.
4. Conclusions
The Bi2WO6/SiO2 photocatalyst modified with biogenic
silica from rice husks was obtained by mechanochemical
activation. X-ray phase analysis established that the sample
contains the photoactive phase γ-Bi2WO6. The
Bi2WO6/SiO2 was etched with 2.5 M NaOH aqueous
solution for 0.5;1;1.5 hours. It is shown that, after sample
etching, the photocatalytic activity increases by ~5%.
Acknowledgements
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Fig. 1. SEM images of photocatalysts: а - Bi2WO6/SiO2;
b - Bi2WO6/SiO2-1.

The results of photocatalytic tests of the initial
Bi2WO6/SiO2 and etched samples under UV light
irradiation in the indigocarmine degradation reaction are
shown in table 1.
Table 1. The degree of decomposition of indigocarmine under UV
light irradiation.

Sample
Bi2WO6/SiO2
Bi2WO6/SiO2-0,5
Bi2WO6/SiO2-1
Bi2WO6/SiO21,5

χ, %
8,5
13,0
13,5
11,5

Table 1 shows that after etching of the initial
Bi2WO6/SiO2 sample, the photoactivity increases
within 5% and ranges from 11.5 to 13.5%. It should be
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The experience of the pandemic has shown that it is
expected to increase the cost not only for healthcare, but
also for developments in the field of medicine to increase
the production of competitive medical devices and new
generation materials. In China, as the most populous
country, has more than 15 million people with limited limb
function. More than 3.5 million accidents occur every year
in this country, while 70 percent of the injured require bone
repair. In the case of osteoporosis in the world, the main
risk group includes people of mature and old age. About
200 million people worldwide suffer from osteoporosis and
8.9 million fractures occur each year [1]. By 2050, the
number of osteoporotic fractures of the femoral neck is
expected to increase to 1 million cases annually in Europe;
at the same time, the mortality associated with osteoporotic
fractures exceeds oncological ones in most cases. Design of
modern tissue-compatible frameworks (scaffolds) imitating
the structure of bone tissue, as well as a bioresorbable
composite materials allows for complete replacement of the
bone defect and preserves the functionality of the limbs [2–
6]. Directional synthesis of a composite material combining
acceptable elastoplastic properties close to bone
(magnesium) and bioactivity of the ceramic component
(hydroxyapatite) as an osteointegration basis for the
formation of new bone tissue are at the forefront of global
research in the field of development of materials for
implantology. Since the corrosiveness of magnesium is too
high and does not allow the mechanical properties of a
temporary implant to be maintained for the period
necessary for the bone splicing, its necessary to protect the
metal base from destruction, including through forming a
coating [7].
This paper presents the results of the multifunctional
material design based on magnesium for the needs of
implant surgery. An integrated approach has been
developed, including: (1) the synthesis of nanoscale
hydroxyapatite powder by means of precipitation and
microwave aging process; (2) formation of composites
based on magnesium and hydroxyapatite powders followed
by spark plasma sintering (SPS) technology; (3) formation
of a protective/bioactive coating to control the resorption of
the composite substrate material.
Pure magnesium (Mg, purity ≥99.9%, size ≤40 μm,
Merck) and hydroxyapatite (HAp, ≤80 nm, precipitationmicrowave synthesis) powders were used as starting
materials for Mg-HAp composition. The resulting mixture
was subjected to dispersion in an ethanol medium and
subsequent stirring until the solvent evaporated. An oxide
coating by the method of plasma electrolytic oxidation
(PEO) was applied to the surface of the composites formed
by SPS technology. The obtained magnesiumhydroxyapatite mixture as well as sintered SPS composites

were analyzed for phase composition, shape and particle
size, etc. Morphology of the prepared composites were
analyzed by SEM and showed grain size of 20 to 100 μm
veined with calcium phosphate ceramic. It is shown that
formation of a PEO coating provides protective functions
and largely depends on the composition of the substrate.
The studied morphology and composition of the substrate–
oxide layer interface made it possible to allocate a nonporous magnesium fluoride sublayer formed during plasma
electrolytic oxidation at the initial stage near the metal
surface. In addition, silicon is uniformly distributed
throughout the coating thickness, which suggests the
presence of magnesium orthosilicate (Mg 2SiO4) in an
amount sufficient for XRD detection. It has been shown
that obtained coatings substantially reduce corrosion
current density in comparison with bare Mg (2.54·10-5 →
1.05·10-8 A/cm2). Application of the PEO layer reduces the
substrate corrosion rate by more than 6 times (4.21 →
0.65 mm/year). The obtained biodegradable matrices based
on magnesium with a significant content of the bioactive
component in the volume and on the surface are as close as
possible to the properties of bone tissue in terms of
morphological structure (porosity that promotes
proliferation) and fullness of calcium phosphate
compound. Varying the composition of the electrolyte for
the formation of a PEO layer makes it possible to regulate
the thickness and phase composition of the protective layer
by controlling the rate of resorption of the formed material.
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In recent years, ternary A2TinO2n+1 (A = Li, Na, K; n =
2–9) oxides systems, in particular, sodium trititanate
(Na2Ti3O7) has received considerable attention due to its
potential technological applications in various fields. A
large number of titanate nanostructures (i.e., nanotubes,
nanowires, and nanobelts) have been widely obtained by a
simple hydrothermal treatment of TiO2 particles in NaOH
solution. Due to the high-performance ion-exchange
properties of Na2Ti3O7, it may be used for removal and
recovery of heavy metal ions from industrial wastewaters
[1], metal-ion batteries and hydrogen storage materials
[2,3], as well as photocatalysts, bioactive ceramics and
sensors [4–6].
In this work, the effect of nickel doping on the structural
and electrical properties of Na2Ti3O7 layered ceramics
obtained in the form of mesoporous nanotubes is studied by
XRD, XPS, SEM, impedance spectroscopy, EPR methods
and UV-Vis spectroscopy. Sodium trititanate doped with
nickel (1.2–6.9 at.%) was obtained by hydrothermal
treatment of titanium(IV) chloride and nickel(II) chloride
(25, 75 and 150 mL) in an alkaline medium in the presence
of hydrogen peroxide. It was found that the resulting
material is nanotubes with a diameter of 30–50 nm and a
wall thickness of 3–10 nm (Fig.1a).

The nanotubular composition is represented by
crystallites 14–12 nm in size, while nickel is successfully
incorporated into the sodium trititanate lattice. It is shown
that for Na2.09Ti2.89Ni0.16O6.86 (nickel alloying 4.6 at.%), a
deficiency of oxygen atoms registered. In this case, the
most probable location of their location in Na 2Ti3O7 is the
interlayer space. When Na+ ions are replaced by Ni+ ions in
low concentrations, the (Ti3O7)2– layers tend to bend,
rolling into nanotubes; the introduction of a significant
amount of nickel leads to a "simplification" of the structure
and "unfolding" of nanotubes (Fig. 1b). Temperature
dependence of the conductivity for the samples (Fig. 1c)
showed the Arrhenius form of the curve only for the range
from room temperature to ~350 K. A further increase in
temperature leads to a deviation of the curve from the
Arrhenius dependence, which can be caused by increasing
contribution of interlayer ionic and electronic hopping
conduction, which hinders charge transfer. In particular,
free oxygen formed when Ni2+ is substituted at Ti4+ site can
be captured by cation vacancies present in the interlayer
space.
Thus, the paper presents the results of the synthesis and
study of mesoporous materials with a tubular nanostructure
based on sodium trititanate doped with nickel. It has been
established that doping improves the conductive properties
of the material, which is associated with the formation of
oxygen vacancies resulting from the charge compensation
of the nonisovalent substitution of Ti4+ ions by nickel ions.
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Fig. 1. SEM images (a, b) and the temperature dependences of the
conductivity of Ni-doped Na2Ti3O7 (c).
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Sodium has become a cheap alternative to lithium due
to relatively simple production methods and high
availability [1, 2]. Hard carbon is the most promising
material for use as negative electrodes in sodium-ion
chemical current sources, as it comes from natural
renewable compounds, has a relatively low cost, and its
production has a minimal impact on the environment [3].
However, hard carbon anode material in sodium ion
batteries (SIBs) has low capacity at high charging
currents [4]. Heteroatomic doping is a widespread way to
improve the characteristics of hard carbon materials.
For example, simultaneous doping of hard carbon with
nitrogen and sulfur leads to an enlarging interlayer
distance and an increasing number of defects, which
enhances the electrode kinetics and electronic conductivity
of SIBs [5, 6]. Several papers report doping hard carbon
with molybdenum [7, 8, 9, 10, 11]. However, the
complexity of synthesis and the production cost of anode
materials primarily determinates their industrial use
perspectives for application in SIBs. The paper
investigates the structure and electrochemical sodium
storage properties of materials prepared by annealing at
different temperatures of industrial viscose fibers doped
with molybdenum.
There are two broad intensive peaks at ≈24 and 43° in
the X-ray diffraction profiles of all materials (fig. 1).
Low-intensity peaks corresponding to molybdenum
compounds are noticeable in the diffraction profile of
material prepared at 630°C. At an annealing temperature
of 950°C, there are characteristic reflections of
molybdenum oxide MoO2. At higher annealing
temperatures (1050 and 1300°C), peaks of molybdenum
carbides are registered. The X-ray scattering profiles of all
the materials (fig. 1) can be approximated by the sum of
Lorentzians and background scattering in the form of a
fourth-degree polynomial in 1/2θ, reflecting the
contributions to the background scattering profile (due to
small-angle scattering, scattering by disordered atoms,
scattering by air molecules, and other factors) [12]. In all
experimental diffraction patterns, one can distinguish
reflections (002), (10), (004), (11) characteristic of
turbostratic multilayer nanographenes with maxima near
2θ of 23, 42, 49, and 80°, respectively [13, 14]. Besides, in
the approximations of materials prepared at 630 and
950°C, one can distinguish the Lorentzian with a
maximum at 2θ ~ 19°, the so-called γ-peak [15, 16, 17].
Additional narrow components at 2θ ~ 26, 32, 37, 40, 62,
75° in the approximation can be attributed to scattering on
nanocrystallites of molybdenum oxide and molybdenum
carbides.
The interatomic and interlayer spacing, average lateral
size and thickness of ordered carbon regions have been
estimated using the Debye-Scherrer formula and Bragg's

law [14, 18, 19]. The ordered carbon regions in the
materials prepared at 630°C have an average lateral size of
1.2 nm. Materials prepared at temperatures higher than
950°C have more extended areas of the ordered carbon
network. It should be noted that the distance between
ordered carbon layers in all samples significantly exceeds
the interlayer distance in turbostratic carbon [20, 21]. This
fact may indicate that there are functional groups
associated with the carbon network in the interlayer space
of these samples [22], or interstitial atoms and molecules
[23]. The distance between the carbon layers in the
materials decreases in the annealing temperature range
from 630 to 1050°С and then increases in the sample
annealed at 1300°С. Among all materials, one prepared at
950°C has the maximum number of layers and the
maximum distance between the carbon layers in the
particles, and therefore it was chosen for testing as a
material for negative electrodes in sodium-ion batteries.

Fig. 1. Approximation of X-ray diffraction patterns of materials
prepared from viscose fiber doped with molybdenum at different
annealing temperatures after subtracting the contribution of the
background scattering.

The hard-carbon material has been studied by cyclic
voltammetry (CV) and galvanostatic charge-discharge
tests. Fig. 2a represents the five initial CV cycles recorded
at a potential sweep rate of 0.1 mV/s for a sodium half-cell
with working electrode from the hard carbon material
annealed at 950°C. There is a pronounced peak near 1.0 V
in the cathode region of the first CV curve (fig. 2a).
The mentioned peak does not have a corresponding
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response in the anode region as well as does not repeated
on the curves of subsequent cycles. The origin of this peak
is explained by irreversible reactions at the electrode
surface and the resultant formation of a solid electrolyte
interphase layer [24, 25]. The experimental data are in
good agreement with a sodiation mechanism proposed for
hard carbon in the literature [26]. In this way, peaks
centered near 0.6, 0.1, and 0.01 V correspond to the staged
process of sodium accumulation in the anode material. The
anode region of all the voltammograms shows a wide peak
with a maximum near 0.25 V. It should be noted that by
the third cycle, the intensity of this peak increases. Such
behavior is typical for hard carbon [27, 28] and is caused
by changes in structure and texture during sodium
uptake/release. The electrochemical process stabilizes
starting from the fourth cycle.
The initial voltage profiles for the sodium half-cell
based on hard carbon material annealed at 950°C were
obtained at a current density of 25 mA/g (fig. 2). There are
several regions on a charge curve indicating a multi-stage
electrochemical process. The latter agrees well with the
CV data. The corresponding discharge profile shows a
pronounced plateau at 0.1 V. The specific capacity values
recorded during the first charge and discharge are
approximately 455 and 230 mAh/g, respectively, and the
irreversible losses are about 225 mAh/g. The subsequent
tenfold cycling (fig. 2b, inset) reflects the stabilization of
the electrochemical process with a reversible capacity of
around 240 mAh/g. Thus, the electrochemical measurements have shown the promise of obtained materials as
anode materials for sodium-ion batteries.
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Abstract. Herein, manganese-doped bronze titanium dioxide (TiO2(B)) nanoparticles has been studied by the EPR method. The
theoretical EPR spectra of particle powders TiO2 containing Mn2+ and Mn4+ ions in the crystal fields with a strong rhombic distortion
are calculated, and their distinguishing features are indicated. Based on the obtained knowledge, a conclusion was drowned about the
presence of Mn4+ ions in the studied samples and the types of crystal fields acting on them were indicated. The occupancies of two
possible positions of impurity Mn4+ ions in TiO2(B) are estimated.

1. Introduction
The steadily growing needs of modern technology in
electrochemical energy storage devices (EESDs) require
the improvement of the characteristics for existing systems
EESDs, as well as the search for the new redox-active
materials for them. One of the promising materials for
EESDs is titanium dioxide (TiO2) especially its
nanocrystalline forms of bronze polymorph (TiO 2(B)).
However, because it is a wide-bandgap semiconductor, its
poor electronic properties need to be improved before
usage as an electrode in EESDs [1]. It was found that
electronic structure of TiO2(B) may be modified through
doping with some metals and non-metals [2]. Hence, the
studying of the structure and properties of doped TiO 2(B)
have gained a much attention in recent years. In this work,
the electron paramagnetic resonance (EPR) method is used
to study some aspects of the structure and properties of
TiO2(B) doped with manganese ions.
2. Experimental
The doping strategy is based on hydrothermal synthesis
involved the treatment of commercial anatase nanopowder
and manganese(II) nitrate with alkali in presence of
ammonium hydrogen fluoride. Hereinafter the obtained
material is referred as TiO2(B):Mn.
The EPR spectra of TiO2(B):Mn powders were
recorded on a JES-X330 instrument (JEOL, Japan) in the
X- and Q-bands of work frequencies. The power of the
microwave field during the recording of the spectra was
2.00 mW, the constant magnetic field (B) was deployed in
the ranges of 0–500 mT (X-band) and 0–1500 mT (Q-band)
and modulated at a frequency of 100 kHz. Temperaturedependent measurements were carried out in a continuous
flow of nitrogen gas using a standard variable temperature
unit ES-13060 DVT5 (JEOL, Japan). The integral
intensities and g-factors of the EPR lines were calibrated,
respectively, by the integral intensity and the value
g=2.002293±0.000003 of the spin resonance signal at the
conduction electrons of Li nanoparticles in the reference
LiF:Li sample, which do not change in the range from 2 to
400 K [3].
The experimental spectra were approximated using by
the EasySpin – software package for simulation and
analysis of EPR spectra written in the MATLAB language.
In the X-band EPR spectra of all samples TiO2(B):Mn
are dominated by a broad intense component with a weakly
expressed sextet structure characterized by the

spectroscopic splitting factor g~2.00 (Fig. 1). In the
Q-band, the sextet structure of this line is much better
expressed Fig. 2). A narrow low-intensity line with

Fig. 1. EPR powder spectra of TiO2(B), doped with manganese
ions, at various temperatures. The X-band.

Fig. 2. Experimental (solid line) and simulated (dotted line) EPR
powder spectra of TiO2(B), doped with manganese ions, at room
temperatures. The Q-band.

g~4.32 (Fig. 3) is characteristic of ions with a 3d 5
configuration located in crystalline fields with a significant
rhombic component [4]. The spectra of all samples also
contain a broad low-intensity component with g~5.27
(Figs. 1 and 3), which partially overlaps with a narrow
resonance with g=4.32. When the samples are cooled, the
intensities of EPR lines increase, while their characteristic
features become more pronounced (Fig. 1).
3. Results and discussions
Naturally occurring manganese is almost practically
isotopically-pure element and consisting of the only stable
isotope ⁵⁵Mn with nuclear spin I=5/2. According to this, the
main line of in the EPR spectrum of the TiO2(B):Mn
powder, with considering its sextet structure in lightly
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doped samples, should be attributed to paramagnetic
manganese ions. In principle, impurity manganese ions in
TiO2(B) can exist in three paramagnetic oxidation states:
Mn2+ (3d5, S = 5/2, I = 5/2), Mn3+ (3d4, S = 2, I = 5/2), and
Mn4+ (3d3, S = 3/2, I = 5/2). However, only the first and the
last of them in solids at room temperature have sufficiently
long spin-lattice relaxation times at the room temperature,
which making it possible to observe paramagnetic
resonance on them [5]. Consequently, the main line of the
in EPR spectrum of the TiO2(B):Mn powder belongs either
to one of these two ions or is a combination of resonances
on them. Measurements of the EPR spectra in the Q-band
allows to make a choice between these two possible
situations.

⃗ is the applied magnetic
where β is the Bohr magneton, ⃗B
field, g is the spectroscopic splitting factor, ⃗S is the vector
of the spin angular momentum of the system, Ŝ x , Ŝ y и Ŝ z –
spin angular momentum operators along the x, y, and z axes,
respectively, S is the spin value, D and E – axial and
rhombic components of the crystal field, I – nuclear spin
angular momentum vector, A – is the constant of hyperfine
structure (HFS). The calculations were performed under the
⃗⃗ | and 0 ≤ E/D ≤ 1/3. The
assumption that E and D >> gβ|B
shape of the individual HFS line was Lorentzian. Two
spectra calculated under the above assumptions are shown
in Figure 4. The parameters of the Hamiltonian (1), with
which they were calculated, are given in Table 1.
Table I. Spin Hamiltonian Parameters Simulated EPR Spectra.

Fig. 3. Experimental (points) and simulated (dashed lines) EPR
powder spectra of TiO2(B) with Mn4+ and Fe3+ ions in crystal
fields with strong rhombic distortion. The Х-band.

Indeed, if the resonances on both manganese oxidation
states made an insignificant contribution to the main line of
the in EPR spectrum, then, due to a small difference in the
values of their g-factors (g~0.07 [5]), the transition to a
higher frequency range of measurements should have led to
some blurring of the sextet structure. In our experiments,
conversely, the sextet structure of the main line in the Xband (Fig. 1) is resolved worse than in the Q-band (Fig. 2).
This means that only one of the considered oxidation states
contributes to the main line in EPR spectrum.

Спектр

g

E/D

A (MHz)

ΔB (mT)

A

2.00

1/3

245

5.4

B

2.00

1/3

245

23

A comparison of the experimental and calculated
spectra allows us to conclude that the EPR spectra in the
studied TiO2(B):Mn powders belong to Mn4+ ions. Most
of them are in crystalline fields with weak rhombic
distortion. The presence of a resonance with g~5.27 in the
experimental spectrum indicates that some of them are in
fields with a strong rhombic component (with E/D ~ 1/3).
4. Conclusions
The EPR spectra of TiO2(B):Mn powders were studied
in two frequency ranges at different temperatures. Based on
the results of calculations of the EPR spectra of Mn4+ ions
in crystal fields with a strong rhombic component, it was
concluded that these ions are present in all the samples
studied. Most of them are in crystal fields with a small
rhombic distortion; their smaller part is affected by crystal
fields with a significant rhombic component. The paper
indicates the locations of Mn4+ ions in TiO2(B) that satisfy
various requirements for the configuration of their
environment.
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Abstract. In the article, the study of the SEM (scanning electron microscopy) images of the titanium oxide nanotube array was
undertaken. The initial and modified samples were examined before and after annealing. It has been found that the annealing of the
modified and unmodified samples results in different degrees of the local ordering. The nanotubular coverings were modified by the
nanoparticles Pt formed by the H2PtCl6 solutions infiltration for change of their electro- and photo-catalytic properties estimated by
measuring the photoelectric currents. The influence of the morphology and ordering degree of the nanotubular coverings on the
manifestation of their functional properties has been studied.

1. Introduction
Nanostructured and microstructured materials, whose
principally new physical properties result from the
developed surface and quantum-size effects, constitute the
group of promising objects of the advanced materials
science. Porous titanium oxides are well-known
representatives of this type of materials [1]. Recently,
adsorption, optical, electrical, catalytic, and photocatalytic
properties of TiO2 have attracted a special interest of
researchers [2-4].
Up to present, a number of efficient methods of creating
nanostructures, including those based on the selforganization principle, have been developed. Selforganization of titanium oxide can be attained by its
anodization in acids (for instance, sulfuric or phosphoric),
most often, in fluorine-containing electrolytes, since
dissolution proceeds there through formation of fluoride
complexes. Anodic oxidation of titanium in a fluorinecontaining electrolyte enables one to obtain nanostructured
coatings consisting of TiO2 nanotubes, whose parameters
can be controlled varying the oxidation conditions [5-7].

The surface structure was investigated on a Hitachi S5500 scanning electron microscope (SEM) (Hitachi,
Japan).
3. Results and discussions
In the SEM-image of the sample No. 1, the nanotubes
with well-defined boundaries of a regular form are
observed (Fig. 1 a, b).

2. Experiment
Anodic oxidation of titanium was performed in a twoelectrode electrochemical cell using a B5-49 direct current
source. Pt served as an auxiliary electrode, the Ti plate was
a working electrode. The electrolyte temperature during
anodization was maintained constant and equal to 20 °C
using a thermostat. To obtain the nanotubular structure of
titanium anodes, an aqueous solution of NH4F∙HF with
addition of Na2SO4 and complexing agents was used.
Thereafter, for the sake of properties modification, the
obtained Ti/TiO2(nano) systems were held in an aqueous
solution of H2PtCl6 of the concentration 3·10-2 mol·l-1
(Ti/TiO2(nano), Pt) for 1 h, dried, and annealed in a muffle
furnace at 500 °C for 4 h (Table I).

a)

b)

c)

d)

e)

f)

g)

h)

Table I. Modification condition.
Sample

Concentration
H2PtCl6, M

No. 1

-

-

No. 2

-

4

No. 3

3·10-2

-

No. 4

3·10-2

4

Anneal time, h

Fig. 1. SEM images of electrodes surface: a, b – simple No. 1; c,
d – simple No. 2; e, f – simple No. 3; g, h – simple No. 4.

The sufficiently great number of boundaries
approximates in the form to convex polygons with well
defined directions of sides. For example, one can observe
the boundaries in the form of rounded rectangles. It can be
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also seen that the boundaries of adjacent nanotubes are
separated from each other, i.e. do not form one common
boundary. The average diameter of nanotubes is
approximately 100 nm. Some defects of the surface can be
also seen on the sample.
Considering the local configurations of nanotubes, it
can be observed that they are sufficiently similar in nature
to the “plate” structure. Because the boundaries of
nanotubes have often the marked sides then the nanotubes
“contact” along these sides with each other. Therefore, the
different types of local ordering arise. Taking heed that the
boundaries of nanotubes have no some specific, most
frequently repeating form, one cannot identify the
preferential type of local ordering. However, sometimes,
one can also observe the near correct configurations in the
form of square, rectangle and, less frequently, hexagon.
In Figs. 1c, d, it can be observed that, after annealing,
the boundaries of nanotubes become blurred and widen.
However, one can still identify the boundaries associated
with isolated nanotubes. Although the structure gets worse
and becomes in whole more uneven, but the short-range
local order in the relative positioning of nanotubes is
preserved. The same stable configurations in the form of
square, rectangle and hexagon can be seen. A part of
boundaries of nanotubes “becomes blurred” and the
nanotubes themselves block up partly (Fig. 1c).
Let us consider the SEM-image of the sample No. 3
modified by platinum (Fig. 1e, f). In that case, the presence
of the additional component changes materially the surface
structure. One can distinguish large quantity of platinum
nanoparticles; their size mainly is in the order of 10 nm but
can also achieve 30 nm. These particles are observed over
the whole sample surface, basically, at the boundaries of
nanotubes. Using the X-ray photoelectron spectroscopy
method, it was shown that Pt nanoparticles on the surface
of nanotubes correspond to the non-oxidized and oxidized
states.
The nanotubes, in contrast to the sample No. 1, have no
individual boundaries. The neighbor nanotubes are
separated by common and, at the same time, sufficiently
wide boundaries (walls), the thickness of which can be 2040-50 nm. The inner diameters of nanotubes are
commensurate with the wall thickness and equal
predominantly 50-60 nm. Because the boundaries between
nanotubes are blurred and their width is comparable with
their length, one cannot give some specific characteristic of
local ordering. It can be said that the structure of the
nanotube array is in completely stochastically uniform and,
in it, there are only rare “pieces” of regular local
configurations of nanotubes.
After annealing, the common structure of the nanotube
array acquires a sharpness (Fig. 1e). The boundaries of
nanotubes become essentially thinner and, in such case, the
inner diameter of nanotubes increases automatically. The
image, as compared to the sample No. 3, is more contrast
and this is to say that the nanotubes become deeper or open.
The observed quantity of the platinum nanoparticles
decreases essentially as compared to the sample No. 3. As
before, the single particles can be observed at the
boundaries of nanotubes. In such case, the walls, as before
annealing, are common for the neighbor nanotubes.
Because the walls of nanotubes after annealing become
thinner, one can speak to local ordering. Such sharply
defined configurations of different types as in the SEM-

image of the sample No. 1 are not observed because the
boundaries of nanotubes are predominantly round-shaped.
Considering the fact that average diameter of nanotubes
changes weakly and the sections of nanotubes are tightly
packed on the R2 plane, the hexagon should be predominant
configuration. This circumstance can turn up evidence in
the Fourier spectrum character.
4. Conclusions
The titanium oxide nanotubes obtained when using the
aqueous solution of NH4F∙HF with addition of Na2SO4 and
complexing agents (sample No. 1) have sufficiently welldefined structure, sections reminding in the form the
roundish convex polygons as well as boundaries individual
for each nanotube.
The modification with platinum (sample No. 3) results
in changing the character of the nanotube structure and
“coarseness”, “adhesion” of the boundaries of nanotubes
with disturbance of geometry as well as appearance of large
number of the platinum nanoparticles predominantly at the
boundaries of nanotubes.
The annealing of these samples leads to different
results. For unmodified sample, the form of the nanotube
sections became less delineated. The SEM-image “became
blurred” and local ordering was less pronounced. On the
contrary, the annealing of the modified sample has resulted
in the thinning of nanotubes boundaries and manifestation
of this structure because it has no well-defied structure in
the initial state. Thereby, the short-range order has better
manifested in the local configurations of nanotubes if not
so sharply as in the sample No. 2.
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Abstract. Here we report on the results of our 1H NMR study of the dynamics of water molecules confined in interlamellar space of
pillared mordenite and ZSM-5 zeolites. Analyzing the temperature dependence of the spectral parameters of the lines, it is possible to
identify various modes of water behavior in mesopores, as well as to determine the freezing temperature of bulk water (about 180 K).
According to spin-lattice relaxation measurement, three different processes with different activation energy can be distinguished:
motion of water protons interacting with silanol groups on the zeolite surface and SiO2 pillars, fast rotation of water protons not bound
by hydrogen bonds, freezing of bulk water. The latter is in good agreement with the 1H NMR spectroscopy measurement.

1. Introduction
Layered zeolites are used as precursor for mesoporous
catalysts. For the successful development of these
materials, knowledge on the surface structure, dynamics of
guest molecules and host-guest interaction are highly
required. Recent work has demonstrated that water can
positively influence reaction rates in zeolite-catalyzed
chemistries. Since water molecules have high polarity and
ability to form an extensive hydrogen-bonding network
among themselves, bulk water, in the both liquid and solid
state, exhibits very high internal cohesiveness. In restricted
geometries the water molecules can also interact with the
surfaces. Due to a competition between the surface-water
and water–water interactions new structures of water may
appear. Mesoporous silica or zeolites provide spectacular
examples of the impact of nanoconfinement on the water
structure and behavior.
Both water structure and dynamics can be probed by
proton nuclear magnetic resonance [1].
In this contribution we report on the results of our 1H
NMR study of the dynamics of water molecules confined
in interlamellar space of recently synthetized pillared
mordenite and ZSM-5 zeolites [2].
2. Materials and experimental methods
The samples were synthesized according to the
procedure described in our previous work [2]. The
preparation method included four steps: (i) preparing of
lamellar zeolites by self-assembling method using
cetyltrimethylammonium
bromide
(CTAB)
and
polyethylene glycol (PEG) as mesopore creating agents in
a one-pot synthesis; (ii) introduction of TEOS molecules
into the interlamellar space; (iii) hydrolysis and formation
amorphous SiO2; (iv) calcination (evacuation of organic
molecules). The pillared zeolite with mordenite and ZSM5 structure are labelled as MOR-P and MFI-P, respectively.
N2 physisorption isotherms were recorded at 77 K using
a QuadraSorb SI instrument. Before analysis, the samples
were outgassed under secondary vacuum for 6 h at 300 oC.
Surface areas were obtained by applying the Brunauer–
Emmett–Teller (BET) equation on the linear zone of the
BET plot. Thermal gravimetric (TG) analysis was carried
out using a Netzsch STA 449 F1 Jupiter. Analysis of the
samples was carried out within the temperature range 40–

820 oC at a heating rate of 10 oC/min in an argon stream at
a rate of 90 mL/min.
1
H NMR experiments were done using a Bruker Avance
IIITM 400 MHz solid-state NMR spectrometer (operating
with Topspin version 3.2) using a double-resonance 4mm
low temperature magic angle spinning (MAS) probe. The
temperature was changed within a temperature range from
173 to 293 K and controlled with accuracy 0.5 K. In MAS
experiment the rotation frequency was equal to 12 kHz.
Spin-lattice relaxation times T1 were measured using the
inversion-recovery method (180° – τ – 90°). In addition, T1
relaxation times were measured at 90 MHz using Bruker
SXP 4-100 spectrometer within a temperature range from
238 to 293 K.
3. Results and discussion
Studies of the textural properties of pillared zeolites by
nitrogen porometry have shown the presence of both
micropores characteristic of 3D zeolites and mesopores.
For MOR-P, the main contribution to mesoporosity is made
by pores with a diameter of 4 nm, but there are also pores
with a diameter of 7 nm. The total pore volume is 0.546
cc/g. The MFIP sample is characterized by a monomodal
mesopore size distribution with a pore diameter of about
3.9 nm. The total pore volume is 0.514 cc/g.
According to TG analysis, Figure 1, the MOR-P sample
demonstrates a higher water content compared to the MFIP sample (14.3 and 10.1 wt. %, respectively). At the same
time, for the both samples, the peak of water release
corresponds to 58 and 52 oC, respectively, and can be
associated with the release of water from mesopores. For a
sample of pillared mordenite, there is also a small peak (less
than 8% of the total intensity) at 102 oC, which may be
associated with the release of water from micropores.
To study the mobility of water in mesopores of pillared
zeolites, 1H NMR studies (MAS and spin-lattice relaxation)
were performed. Studies have shown that for both samples,
the 1H NMR spectrum at room temperature consists of two
lines: intense L1 at 2.7 ppm and less intense L2 at 5.2 ppm,
which can be attributed to water protons interacting with
the surface of the pillared zeolite and bulk water in
mesopores, respectively, see Figure 2.
For a deeper study of water mobility 1H MAS NMR
spectra at νrot = 12 kHz were recorded within the
temperature range from 173 to 293 K. Both samples exhibit
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similar feature of the H NMR spectra evolution with
temperature decreasing. For MFI-P they are shown in
Figure 3(a). As one can see, with temperature decreasing
the shape of the 1H signal changes: (i) decreasing and
broadening the signal L1 with simultaneous increasing
intensity of the broad line L2; (ii) increasing the line
intensity at 0 ppm, whose linewidth Δν1/2 remains 0.4 ppm
even at 173 K.

Fig. 1. TG and DTG curves for the MOR-P and MFI-P samples.

lattice relaxation time T1 of protons has been measured. For
the both studied samples the 1H magnetization recovery
curves exhibit a mono-exponential behavior over the whole
studied temperature range. The temperature dependences
of the proton spin-lattice relaxation times T1 for the MORP and MFI-P samples are shown in Figure 4. They also
indicate the complex dynamics of water molecules in the
mesopores of pillared zeolites: there are at least three
distinct processes with different activation energies. The
use of the exchange relaxation model, developed earlier by
the authors and successfully applied to the interpretation of
proton mobility in heterogeneous media [3], made it
possible to separate different types of proton motion and
determine the corresponding activation energy and preexponential factor in the Arrhenius equation. In particular,
for the MOR-P sample, three different processes can be
distinguished with the activation energy of 24.5 kJ/mol
(motion of waters proton interacting with the silanol groups
on the zeolite surface and SiO2 pillars), 8.5 kJ/mol (rapid
rotation of water protons not bound by hydrogen bonds)
and 31.0 kJ/mol (freezing of bulk water). The latter is in
good agreement with the 1H NMR spectroscopy
measurement. For MFI-P, there are also three processes
with motion parameters rater similar to those ones in the
pillared mordenite.

Fig. 2. 1H MAS NMR spectrum for MOR-P at 273K.

Fig. 4. 1H T1 relaxation times vs 1/T at 400 and 90 MHz in MORP and MFI-P. Lines represent fitting within the exchange model.

4. Conclusions
A complimentary 1H NMR spectroscopy and relaxation
study reveals a complex behavior of nanoconfined water in
zeolite with hierarchical porosity: MOR-P and MFI-P.
Distinct activation energies can be attributed to different
types of water motion. The obtained results will be helpful
to understand behavior of other adsorbed molecules in
presence of water.
Fig. 3. 1H MAS NMR at various temperature for MFI-P (a); Δν1/2
of the L1 and L2 lines vs temperature in MOR-P and MFI-P (b).

Analyzing the temperature dependence of the spectral
parameters of the lines, it is possible to identify various
modes of water behavior in the nanocontainment of pillared
zeolites, as well as to determine the freezing temperature of
bulk water (about 180 K) and, using the Waugh -Fedin
ratio, the activation energy associated with this process
(about 28 kJ/mol).
It is known that spin-lattice relaxation is more sensitive
to changes in molecular dynamics compared to spectral
characteristics. For more careful study of water mobility in
pillared zeolites the temperature dependence of the spin-
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Abstract. The new TiO2-2D mordenite nanocomposites were synthetized from lamellar mordenite by introduction of TEOT into the
interlamellar space with further hydrolysis and calcination. Anatase nanoparticles of 4 nm in size form pillars separating mordenite
layers, creating mesoporosity. The surface area, pore size distribution and total pore volume of the nanocomposites depend on the
media in which the hydrolysis TEOT occurs. The band gap width of the synthetized nanocomposites exhibits blue shift as compared
to bulk TiO2. The obtained materials may be effective photocatalysts for degradation of organics in water with high mass transfer.

1. Introduction
Development of environmentally friendly water
treatment technologies is one of the global goals for
sustainability. Photocatalytic decomposition of organic
pollutants is an important strategy for water treatment.
TiO2 is an n-type semiconductor with a wide energy
band gap. Its photocatalytic effectiveness is governed by
the crystal phase, particle size and crystallinity. Anatase is
generally considered as the most active phase of TiO2.
Nanoparticles due to their high surface area-to-volume ratio
normally exhibit better efficiency then bulk TiO2. The band
gap of TiO2 particles less than 10 nm strongly depends on
their size that is attributed to the quantum size effect [1].
One of the drawbacks of such photocatalysts is the mass
transfer limitation between solid and liquid phases.
Combining TiO2 and zeolites helps overcome it, enhancing
the degradation of organics in water [2].
In this contribution we report on the new TiO2-2D
mordenite nanocomposites perspective for photocatalytic
applications.
2. Materials and experimental methods
TiO2-2D mordenite nanocomposites were synthesized
from layered mordenite grown by self-organization method
in the presence of cetyltrimethylammonium bromide
(CTAB) as an organic structure-directing agent [3]. The
synthesis included several steps- (i) synthesis of the
lamellar mordenite (the sample is labelled as MOR-L); (ii)
introduction of titanium tetraetoxide (TEOT) into the
interlamellar space of 2D mordenite; (iii) subsequent
hydrolysis in water (Ti-W6h) or ethanol (Ti-E6h) for 6 h;
and (iv) annealing for 4 h at 550 oC to remove the organic
molecules (the samples are labelled as Ti-W6h-C and TiE6h-C). Powder X-ray diffraction (XRD) analysis was
done on a Bruker D8 DISCOVER diractometer (CuKα).
Diffractograms were recorded in the 2θ range of 5–40o,
step width 0.0302o) for the initial layered zeolite (after Step
i), where the main characteristic peaks of the mordenite
appear, and in the 2θ range of 5–60o for synthetized
nanocomposites (after Steps iii and iv) to identify formation
of TiO2 nanoparticles. Small angle X-ray scattering
(SAXS) patterns were recorded in a scan range from 0.2 to
7.0 2 θ degree, step width 0.01o.
The morphology and elemental analysis of the samples
was studied by an optical system integrated into D8

DISCOVER Bruker spectrometer and by scanning electron
microscopy (SEM) applying Zeiss Merlin equipped with an
Energy Dispersive X-rays (EDX) Oxford Instruments
INCAx-act.
N2 physisorption isotherms were recorded at 77 K using
a QuadraSorb SI instrument. Before analysis, the samples
were outgassed under secondary vacuum for 6 h at 300 oC.
Surface areas were obtained by applying the Brunauer–
Emmett–Teller (BET) equation on the linear zone of the
BET plot. Energy gaps were determined by diffusive
reflectance spectroscopy (DRS) using a Simadzu UV-2550
spectrometer.
3. Results and discussion
Figures 1 represents the XRD patterns the lamellar
zeolite, MOR-L, and the samples Ti-E6h and Ti-E6h-C. As
can be seen in Figures 1(b), the sample MOR-L exhibits
typical features of the mordenite structure with an
amorphous halo (range 2θ between 17-30 degrees). This
amorphous halo vanishes after calcination process.

Fig. 1. Small-angle (a) and full (b) XRD powder patterns for the
samples MOR-L, Ti-E6h and Ti-E6h-C.

SAXS patterns shown in Figures 1(a) unambiguously
indicate the formation of lamellar mesophases in MOR-L
[1]. For the lamellar sample, the peak at 2θ = 2.7 o
corresponds to the (001) reflections with interplanar
distances d = 3.2 nm. However, the introduction of TEOT
with further hydrolysis leads to smoothing this peak and
disappearing after calcination. For the calcinated sample
additional large peaks that corresponds to the TiO2 anatase
nanoparticles appear. The average size of the TiO2
nanoparticles as determined by Scherrer formula from
single diffraction peaks of the experimental patterns is
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about 4 nm. The nanocomposites, obtained by using
hydrolysis in water exhibit the very similar XRD patterns.
The results of the EDX elemental analysis of the
lamellar mordenite and the titania loaded and calcinated
samples are summarized in Table 1. As one can see for the
as synthetized lamellar sample the Si/Al ratios is 8.4; an
excess of positive charge (Na/Al > 1) is balanced by Br
anions (Br/Al = 0.24). This means that CTAB is present
only in its cationic forms, CTA+ balancing the dangling
bonds of the zeolite layers.

Figure 3(b) the hydrolysis in water leads to the formation
of mesopores of about 3.8 nm in size with a total mesopore
volume of 0.172 cc/g. Hydrolysis in ethanol leads to a
bimodal pore size distribution: 4 and 6 nm, with a
predominance of the 6 nm diameter fraction. The volume
of mesopores is 0.266 cm3/g.

Table I. EDS elemental analysis of the as synthetized and Ti
loaded samples.
Sample

Si/Al

Na/Al

Ti/Al

MOR-L

8.4  0.3

1.14  0.03

–

Ti-W6h-C

10.3  0.4

0.3  0.1

25  1

Ti-E6h-C

10.5  0.6

0.3  0.2

15  2

The pillaring results in a significant dealumination with
a simultaneous decrease in the Na content. Despite the
rather similar Al content, the Ti loading is very sensitive to
the media in which the TEOT hydrolysis occurs: the
hydrolysis in water results to an essentially higher Ti
content. In addition, it should be noted that all the materials
are characterized by a certain inhomogeneity in the
distribution of elements: there are regions with higher and
lower Si/Al and Ti/Al ratios, which is reflected in a rather
large experimental error.
The morphology of the samples was studied by SEM.
The TiO2-2D mordenite nanocomposites represent thin
plates up to 1-2 μm in size, combined in stacks, see Figure
2. Nanoparticles of about 8 nm dispersed on the surface of
the zeolite plates are, presumably, TiO2, that leaks our from
interlamellar space.

Fig. 3. Nitrogen adsorption isotherms at 77 K (a) and pore size
distribution and pore volume (b) in calcined nanoocomposites.

According to UV-vis studies the band gap width in
TiO2-2D mordenite nanocomposites is 3.45 eV (blue shift
as compared to bulk TiO2).
4. Conclusions
New TiO2-2D mordenite nanocomposites were
successfully synthetized from a lamellar mordenite.
Anatase nanoparticles of 4 nm in size form pillars
separating mordenite layers, creating mesoporosity. The
textural properties depend on the media in which hydrolysis
of TEOT occurs. The band gap width of the synthetized
nanocomposites exhibits blue shift as compared to bulk
TiO2. Altogether it suggests that these new nanocomposites
will be effective photocatalysts for degradation of organics
in water with high mass transfer.

Fig. 2. SEM image of the Ti-W6h-C sample.

N2 adsorption/desorption isotherms of calcined samples
are shown in Figure 3(a) and exhibit feature typical for
hierarchically porous structures with both micro- and
mesopores: firstly, a sharp uptake of a gas at low pressure
(isotherm I, as classified by IUPAC) and, secondly, another
uptake at higher pressures, accompanied with a hysteresis
loop (isotherm IV, as classified by IUPAC). The hysteresis
loop for the Ti-W6h-C sample corresponds to
predominantly inkbottle-shaped pores (type H2) with
presence of slit-shaped pores (type H3): the inflection point
visible in the desorption curves appears around P/P0 = 0.5,
followed by wide hysteresis loop. The N2 adsorption
isotherm of Ti-E6h-C shows a characteristic loop for a
lower ordered arrangement of mesopores. The determined
surface area is 139.547 and 149.368 ml/g for the Ti-W6hC and Ti-E6h-C samples, respectively. As one can see from
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Abstract. In this work, coatings for the needs of implant surgery were studied, obtained on a magnesium substrate with a different
content of a bioactive component – nanosized powder of calcium hydroxyapatite. The biocomposite was formed by spark plasma
sintering (SPS). The properties of coatings formed by plasma electrolytic oxidation (PEO) in electrolytes containing calcium
compounds were compared.

1. Introduction
Over the resent decades implant surgery has made a
great leap both in the methodological approach and in the
variety of materials used [1]. Vasodilator, orthopedic
implants, including plates, prostheses, screws, etc., as well
as implants for the dentistry, can radically differ in the
requirements for strength characteristics and surface
properties [2, 3]. An important role in the orthopedics of
cortical bones is played by the implant resorption, which,
in the case of restoring the functionality of the bone,
excludes repeated surgical intervention to remove it,
thereby improving the quality of life and treatment of the
patient [2, 4].
Recently, coatings formed on magnesium products with
different content of biologically active components, e.g.
hydroxyapatite, which is closely resemble of bone and
tooth tissues have attracted the greatest interest [5]. The
porous coatings applied by the PEO on the surface of a
resorbable substrate makes it possible to produce
multilayer composite implant materials [6, 7]. Moreover, it
could prevents implant rejection, promotes intensive
growth of connective tissue and can be used in the
osteolysis, osteoporosis treatment. Furthermore, in some
cases, there is a need to introduce drugs into the coating that
have a long therapeutic effect, which helps inter alia to
reduce the patient's rehabilitation period.
2. Experiment
The samples studied in this work were obtained by
spark plasma sintering (SPS) of magnesium powder and
nanosized calcium hydroxyapatite in an amount of 3 wt. %
and 7 wt. %. A mixture of magnesium powders (purity ≥
99.9 %, size ≤ 40 µm, Merck) and calcium hydroxyapatite
(50–80 nm) obtained by microwave synthesis [7] was
subjected to dispersion with ethanol followed by its
evaporation in a vacuum oven. The SPS of the samples was
carried out on an SPS-515S unit (Dr. Sinter-LABTM,
Japan) at a temperature of 823 К under a constant pressing
pressure of 25 MPa at a heating rate of 373 К/min. Sintering
was carried out in a graphite mold in vacuum (10–5 atm),
the samples were held at the maximum temperature for 5
min and then cooled for 45 min to room temperature.
The phase composition of the surface layers was
determined on a Rigaku X-ray diffractometer (XRD)
(SmartLab, Japan), using CuKα-radiation. During the
analysis, a Bragg-Brentano geometry focusing was used in
the 2θ angle range from 10° to 80° with a step of 0.02° and

an exposure time of 1 s at each point. Adhesive properties
were studied on three samples with the same type of
coating.
The adhesive properties of the surface layers were
investigated by the scratch testing using Revetest Scratch
Tester (CSM Instruments, Switzerland). The experiments
were carried out at a track length of 5 mm with a gradual
increase of the applied load from 1 to 20–30 N for all
samples, except Mg–7–H. For the last one, the load reached
50–60 N. Rockwell diamond indenter was used for scratch
testing. The load, at which abrasion of the coating to the
substrate occurs were determined. The electrochemical
tests were carried out using VersaSTAT MC (Princeton
Applied Research, USA). Electrochemical impedance
spectroscopy and potentiodynamic polarization were
performed at room temperature using three-electrode cell
Model K0235 Flat Cell (PAR, USA). The samples were
studied in 0.9 wt. % NaCl solution. The counter electrode
was a niobium grid covered with platinum, reference
electrode was saturated calomel electrode (SCE). The area
of contact of the sample with electrolyte was 1 cm2.
3. Results and discussions
The properties of coatings formed by the PEO method
in electrolytes containing osteoinductive components:
calcium glycerophosphate and calcium hydroxyapatite
were studied in the work (Table 1).
Table I. Designation of the samples.
Ca content
in the
substrate
(wt. %)

Bare

0

Sample
with PEO
Electrolyte with
СаС3Н7РО6

Electrolyte with
Ca10(PO4)6(OH)2

Mg–0

Мg–0–G

Мg–0–H

3

Mg–3

Mg–3–G

Mg–3–H

7

Mg–7

Mg–7–G

Mg–7–H

Using X-ray phase analysis, it was found that the
coatings formed in the electrolyte with glycerophosphate
contain Mg, MgO, Ca5(PO4)3F, Mg3(PO4)2, and in the
electrolyte with hydroxyapatite – Mg, MgO, Mg2SiO4.
It has been established that the thickness of the oxide
PEO-layers increases with a growth of calcium
hydroxyapatite content in the composition of the substrate
(Table 2). The adhesive properties of the coatings are
represented by the force LC3 – the load at which the coating
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is rubbed to the metal (Fig. 1). An increase in the thickness
of the formed oxide layer is observed with an increase in
the content of the calcium-phosphate component in the
substrate (Table 2). Comparing the thickness of the PEOlayers and the LC3 load, it can be concluded that coatings
formed in the electrolyte with hydroxyapatite have higher
strength characteristics. It can be explained with the
hardness of the components including in the coating. On the
Mohs scale, fluorapatite (Ca5(PO4)3F) has a hardness of 5,
and forsterite (Mg2SiO4) has a hardness of 7.

Table III. Corrosion properties of the uncoated/coated samples.

LC3 (N)

Thickness (μm)

Mg–0–G

13.3 ± 0.5

73 ± 5

Mg–3–G

19.3 ± 0.4

110 ± 8

Mg–7–G

19.0 ± 0.3

130 ± 10

Mg–0–Н

14.0 ± 0.4

47 ± 8

Mg–3–Н

24.4 ± 0.7

110 ± 7

Mg–7–Н

37.3 ± 0.9

186 ± 12

Ic
(A·cm–2)
1.06·10–5
1.21·10–5
2.88·10–5

Rp
(Ω·cm2)
1.61·106
4.21·102
5.67·102

Мg–0–G
Mg–3–G
Mg–7–G

–1.58
–1.59
–1.57

1.25·10–6
9.80·10–7
1.33·10–6

1.07∙104
2.29∙104
1.46∙104

1.26∙104
2.96∙104
1.33∙104

Mg–0–H
Mg–3–H
Mg–7–H

–1.54
–1.66
–1.69

7.37·10–7
1.27·10–7
6.30·10–7

7.06∙104
4.05∙105
1.52∙105

4.71∙104
3.32∙105
1.07∙105

Mg–0
Mg–3
Mg–7

Table II. Mechanical properties of the composite coatings.
Sample

Ec
(V vs. SCE)
–1.61
–1.55
–1.57

Sample

Z (Ω·cm)
1.77·103
3.90∙102
8.48∙102

4. Conclusions
Coatings formed by the PEO on a composite material
based on magnesium and hydroxyapatite obtained by spark
plasma sintering have been studied. The phase composition
of the PEO layers is established, which explains their
mechanical properties. The corrosion current density of
coatings formed in an electrolyte with calcium
glycerophosphate up to 1–2 orders of magnitude than that
of bare substrate. Oxidation of composite samples in an
electrolyte with calcium hydroxyapatite leads to a decrease
in corrosion currents by 2 orders of magnitude, and an
increase in polarization resistance and impedance modulus
by 2–3 orders of magnitude, against raw samples. It has
been established that the best protective properties are
exhibited by coatings formed on resorbable substrates with
3 wt. % content of calcium hydroxyapatite in the
composition.

Fig. 1. The appearance of scratches on the coatings obtained in
electrolyte with the calcium glycerophosphate.

Evaluation of the results of electrochemical studies
showed that the curves of the samples Mg–0–G, Mg–7–G
on the plot of impedance vs. frequency behave the same at
low frequencies, while the Mg–3–G sample shows a greater
value of the impedance modulus. The same trend can be
traced in the values of the corrosion current density and
polarization resistance (Table 3). The coating formed on the
substrate containing 3 wt. % hydroxyapatite, demonstrated
corrosion resistance. But the coatings obtained in an
electrolyte with calcium hydroxyapatite on the Mg–3
substrate, have a higher anticorrosion characteristic of the
layers, compared with the coatings formed on the Mg–0
and Mg–7 samples.
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Oncological diseases that can affect most of organs and
tissues are the first cause of death in industrialized countries
and the second in developing countries at the present time.
Various methods of treating neoplasms have been
developed and applied in practice, such as radiation
therapy, surgical removal of the tumor and chemotherapy.
Main disadvantages are lack of selectivity in most of cases
and poor susceptibility of some types of neoplasms to these
methods [1].
Alternative methods of drug delivery involve targeting
of active compounds to the tumor site with controlled time
and rate of release. Polymeric materials or composites are
generally used for this purpose. Synthetic polymers, such
as polylactides, polyalkylcyanoacrylates, polyanhydrides,
and composites based on them are characterized by high
stability in biological fluids. Unfortunately, their practice
applications are faced with toxicological problems [2].
Biopolymers of natural origin can act as alternative to
synthetic polymers. Chitosan and pectin are the most
promising among them. These polysaccharides are
biocompatible, biodegradable and haven’t significant
toxicity. They are offer advantage by being able to gelling
without organic solvents [3, 4]. Chitosan is widely used to
produce materials for neoplasm therapy due to its
anticancer properties that have been proved by in vitro and
in vivo studies [5]. Pectin is also applied in production of
drug delivery systems [6].
Target drug delivery can be carried out by polymers in
various forms. Micro- and nanoparticles developed as an
alternative to other materials to increase their stability in
biological fluids, facilitate their introduction into the body
and expand scope of delivery. Particles based on
biopolymers are mainly obtained by several methods:
desolvation, emulsification, coacervation, and electrospray
drying. Complexity of synthesis and usage of organic
solvents or oily organic phases lead to significant
limitations in the application of these methods. Ionic
gelation is the most promising method. Size and stability of
nanoparticles are significantly affected by temperature of
synthesis, type, concentration and pH of crosslinking agent
and concentration of the biologically active substance [7].
This work describes preparation of hydrophilic drug
delivery systems for cancer treatment therapy consisting of
biopolymer micro- and nanoparticles. Particles based on
chitosan and pectin were obtained by ionic gelation. SEM,
TEM, AFM and spectral methods were used to investigate

physicochemical properties and structure of obtained
materials. Abilities of polysaccharide materials to
accumulate and release model drugs were studied. Particles
were modified with ligands specific to receptors on the
surface of particular cancer cell phenotypes for targeted
drug delivery.
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Abstract. Crystal and magnetic structure of the compounds (1-x)BiFeO3-(x)BiMnO3 has been studied using synchrotron and neutron
diffraction. It has been found that increase in Mn content leads to the structural transition from the polar rhombohedral to the antipolar
orthorhombic and then to the monoclinic phase via two phase concentration ranges of the adjacent phases in the concentration range
0.25 < x < 0.30 and 0.60 < x < 0.65 respectively at room temperature. The compounds having two-phase structural state at room
temperature are characterized by irreversible structural transition upon temperature increase which favors a stabilization of high
temperature structural phase.

1. Introduction
In the last decade, complex oxides of transition metals
possessing both magnetic and electrical orders (so called
multiferroics) have attracted increased interest of
researchers. The most studied single phase multiferroic is
bismuth ferrite (BiFeO3), which has high transition
temperatures to magnetic (650 K) and ferroelectric (1100
K) phases [1,2]. Bismuth manganite (BiMnO3) is also
magnetoelectric material with perovskite monoclinic
structure with transition temperature to the magnetically
ordered state TC ~ 102 K.
It is known [3], that BiFeO3 and BiMnO3 can form a
solid solution in the entire composition range, while Mnrich compounds can be prepared only by high pressure high
temperature synthesis method. Crystal structure and
magnetic properties of the compounds (1-x)BiFeO3(x)BiMnO3 strongly depends on the chemical composition.
Thus, structural state of the compounds changes from the
polar rhombohedral single phase specific for initial BiFeO3
to the antipolar orthorhombic phase to monoclinic one
(BiMnO3) via a stabilization of respective two phase
regions [3]. A substitution of Fe3+ ions for Mn3+ ions in
BiMnO3 leads to an increase in the transition temperature
to the magnetically ordered state, while the
antiferromagnetic component in exchange interactions
increase.
2. Experiment
Ceramic compounds (1-x)BiFeO3-(x)BiMnO3 were
prepared from stoichiometric mixtures of simple oxides
Bi2O3, Fe2O3, Mn2O3 using solid state reaction method (x <
0.5) and high pressure high temperature technique (0.5 ≤ x
< 1). The high pressure synthesis was performed using a
belt-type high pressure apparatus at pressure of 6 GPa and
temperature of about 1600 K for 40 min in sealed Pt
capsules. After synthesis, the pressure was slowly released,
and the samples were quenched at room temperature. The
crystal structure of the compounds were analyzed using Xray diffraction data obtained with a PanAlytical X'pert Pro
diffractometer, synchrotron powder diffraction (SPD) data

obtained at the KMC-2 beamline (BESSY-II electron
storage ring), and neutron diffraction measurements
performed with the HRPT diffractometer (PSI).
Temperature dependent SPD data were recorded in the
range 2θ (10 – 100 °) with a step of 0.014 ° in the range 290
– 970 K at λ ~ 1.77 Ǻ; neutron diffraction data were
recorded in the temperature range 290 – 750 K (λ ~1.494
Ǻ). The X-ray and neutron diffraction data were analyzed
by the Rietveld method using the FullProf software.
3. Results and discussions
Analysis of the laboratory and synchrotron X-ray
diffraction patterns of the compounds BiFe1-xMnxO3
confirms the changes of crystal structures from the
rhombohedral structure (R3c) to the orthorhombic (Pnma)
and then to the monoclinic structure (C2/c) with nominal
increase in the manganese content which is consistent with
available data. The mentioned series of the structural
transformations is accompanied by a gradual decrease in
the unit cell volume, while the crystal symmetry of the
compounds changes non-monotonously. Thus, an increase
in the dopant content leads to a stabilization of the
orthorhombic structure (s.g. Pnma) having large metric as
compared to the conventional orthorhombic structure
specific for orthoferrites. The large unit cell parameters are
caused by additional distortion of the lattice caused by an
antipolar ordering of the dipole moments along the c- axis
in contrast to the polar order noted for initial compound
BiFeO3. In the concentration range of the orthorhombic
phase the unit cell parameters change in a different way
showing a decrease in the a- and c- parameters, while the cparameter increases which reflects antipolar distortion of
the dipole moments. A stabilization of the monoclinic
phase is observed in the concentration range of 0.6 < x <
0.65 which is accompanied by negligible decrease in the
unit cell volume while the metric changes notably, viz.
becomes to be √6ap ∙ √2ap ∙ √6a thus leading to a
rearrangement in the dipole moments as well as a formation
of a new orientation of the magnetic moments.
Temperature increase leads to drastic modification of
the crystal structure of the compounds over the entire range
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of the solid solution. The compounds with Mn content less
than mol. 25 % show temperature induced phase transition
similar to that of the initial compound BiFeO3, viz. from the
polar active rhombohedral phase to the non-polar
orthorhombic phase.

room temperature pattern recorded for the sample subjected
to heating up to 700K shows the stabilization of the twophase structural state with dominant cubic phase (Figure 2).
The compound with x=0.7 is considered to be single phase
composition with monoclinic distortion of the unit cell, at
room temperature the diffraction pattern is refined
assuming the space group C2/c which is specific one for the
extreme compound BiMnO3.

Fig. 1. SPD pattern recorded for BiFe0.7Mn0.3O3 at room
temperature, inset shows temperature evolution of the
reflections specific for different structural phases.

The compounds having two-phase structural state at
room temperature show non-monotonous evolution of the
structure driven by temperature increase. The temperature
dependent diffraction patterns of the compound with x=0.3
having dominant orthorhombic phase at room temperature
above T~500 K show a rapid increase in the intensity of the
reflections specific for the rhombohedral phase (Figure 1).

Fig. 2. SPD pattern recorded for BiMn0.5Fe0.5O3 at room
temperature, inset shows temperature evolution of the
reflections specific for different structural phases.

The amount of the rhombohedral phase increase at the
expense of the orthorhombic phase but the transition a
chemical decomposition of the compound starts.
It should be noted that room temperature pattern of the
compound with x=0.3 recorded after heating the sample up
to 700 K shows notable changes pointing at the increase in
the amount of the rhombohedral phase. Temperature
dependent diffraction measurements of the compound with
x=0.5 having single phase structural state at room
temperature show even more pronounced irreversible
structural transformations. In particular, the diffraction
patterns at temperatures about 600 K show a formation of
new cubic like phase, while this transition is not completed
up to 700 K where the chemical decomposition starts. The

Fig. 3. SPD pattern recorded for BiFe0.3Mn0.7O3 at room
temperature, inset shows temperature evolution of the
reflections specific for different structural phases.

Temperature dependent evolution of the diffraction
patterns show a stabilization of the antipolar orthorhombic
state above 650 K and the two-phase structural state
remains up to 850K and in the narrow temperature range of
820 – 870 K the compound has single phase orthorhombic
structure, at temperatures above 870 K a new non polar
orthorhombic phase stabilizes and the compound remains
to be single phase orthorhombic up to the temperature of
chemical decomposition of 950 K. The room temperature
pattern recorded for the compound after heating up to 600K
shows the stabilization of the two-phase structural state
with nearly equal amount of the monoclinic and the
antipolar orthorhombic phases (Figure 3).
4. Conclusions
The diffraction measurements along allowed to clarify
the temperature and concentration driven structural phase
transitions. It is determined that concentration driven
structural transition from the rhombohedral to the
orthorhombic phase is accompanied with a destruction of
the modulated antiferromagnetic structure towards noncollinear antiferromagnetic structure ascribed as to weak
ferromagnetism and then to orbitally ordered ferromagnetic
structure. Annealing of the compounds at high
temperatures (above 600K) leads to the irreversible phase
transitions favoring a stabilization of the structural phase
stable at high temperatures.
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Abstract. Structure and optical properties of metal-dielectric nanocomposite materials based on opal matrices have been investigated.
An anomalous transmission and absorption of light by hybrid plasmon-photonic layered heterostructures, which is apparently
associated with excitation of surface plasmon-polaritons, propagating along metal-dielectric interfaces, was revealed.

1. Introduction
Surface plasmon polaritons (SPP) propagating at
tangential directions along metal-dielectric interfaces [1]
allow expanding functionality of photonic crystals [2] that
control the flows of electromagnetic (EM) radiation [3].
One of the most common techniques for SPP excitation
using phase-matching to SPP can be achieved by grating
coupling:
𝛽 = 𝑘𝑥 + 2𝜋𝑙 ⁄𝑎,
(1)
where 𝛽 and 𝑘𝑥 are tangential projections of wave vectors
of SPP and incident photon, respectively, a is the period of
grating, l being an integer.
2. Experiment
Samples of hybrid plasmon-photonic crystals [5-7]
were fabricated by sequential deposition of metal (Ag) and
dielectric (SiO2) film coatings of a given thickness on a
grating – monolayer (ML) of opal globules [4] made of
polymethyl methacrylate by magnetron sputtering on an
ATC ORION SERIES SPUTTERING SYSTEM.
A cross-sectional images of the samples (Figs. 1, 2)
were obtained after processing them with a ZEISS FIBSEM GEMINI scanning electron microscope.

Fig. 1. Electron microscopic image of a sample of a hybrid
plasmon-photonic crystal Ag/SiO2/Ag/ML/Ag. Insert: 1 – glass
substrate, 2 – ML of opal globules, 3 - resonator Ag/SiO2/Ag [6].

The transmission and reflectance spectra of s- and ppolarized light by layered thin-film heterostructures (when
the vector of the electric field of the EM wave is

perpendicular or parallel to the plane of incidence,
respectively) were investigated with angular resolution
using an experimental setup based on the OceanOptics
QE65000 spectrometer. Ellipsometric measurements
complementing results of Bragg spectroscopy were carried
out with “Ellipse–1891” spectral ellipsometer.

Fig. 2. Electron microscopic image of a sample of a hybrid
plasmon-photonic crystal Ag/ML/Ag/SiO2/Ag. Insert: 1 – glass
substrate, 2 – ML of opal globules, 3 - resonator Ag/SiO2/Ag [6].

3. Results and discussions
Both types of hybrid plasmon-photonic crystals under
study (Figs. 1 and 2) can be considered as metal-dielectric
optical systems consisting of two optical elements
(monolayer of opal globules and resonator with
transmission coefficients 𝑇1 and 𝑇2 , respectively)
connected in serious and located one after another. In the
absence of interaction between these “passive” optical
elements one can calculate the total transmission
coefficient T from the relation 𝑇 = 𝑇1 ∙ 𝑇2 , hence, the ratio
𝑟 = 𝑇⁄( 𝑇1 ∙ 𝑇2 ) = 1. However, experiment confirms this
assumption for the hybrid plasmon-photonic crystal
Ag/ML/Ag/SiO2/Ag with plane surface resonator (Fig. 2),
but not for the system Ag/SiO2/Ag/ML/Ag (Fig. 1), where
the outer surface of a thin layer covering the opal globules
retained the shape and spatial periodicity characteristic of
the interface between the opal-like film and this layer. In
this case, excitation of surface plasmon-polaritons of
various types at the interfaces profiled metal layer–
monolayer of opal globules takes place. Consequently, the
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ratio r demonstrates pronounced spectral dependence with
maxima at about 489 and 584 nm and minima at 392 and
760 nm (Fig. 3, curve 3).
We attributed these maxima to an extraordinary
transmission (EOT) and minima – to an extraordinary
absorption (EOA) associated with the excitation of “bright”
and “dark” surface plasmon-polaritons, respectively [5-7].
It should be noted that EOT maxima which can be seen in
transmission spectrum of a hybrid plasmon-photonic
crystal Ag/SiO2/Ag/ML/Ag (Fig. 3, curve 1) correspond to
the minima in its reflectance spectrum (Fig. 3, curve 2). At
the same time, we emphasize that the spectral positions of
EOA (Fig. 3, curve 3) correlate with the minima in the
reflectance spectrum of the resonator Ag/SiO2/Ag (Fig. 3,
curve 4).

Fig. 5. Optical spectra of a hybrid plasmon-photonic crystal
Ag/ML/Ag/SiO2/Ag obtained from the ratio of its reflectance
coefficients 𝑅𝑝 ⁄𝑅𝑠 (1) and from ellipscometric parameter 𝛹 (2).
Angle of light incidence 𝜃 = 50𝑜 .

4. Conclusions
Experimental results suggest that in opal based hybrid
plasmon-photonic crystals with a complex architecture,
excitation of surface plasmon-polaritons (SPP) is possible
when the phase synchronism condition is met.
Two types of surface plasmon-polaritons may be
excited in such metal-dielectric structures – “bright” SPP,
responsible for extraordinary transmission (EOT), and
“dark” SPP causing extraordinary absorption (EOA).

Fig. 3. Transmission (1) and reflectance (2) spectra of a hybrid
plasmon-photonic crystal Ag/ML/Ag/SiO2/Ag in comparison with
the ratio 𝑟 = 𝑇⁄( 𝑇1 ∙ 𝑇2 ) (3) and reflectance spectrum of
resonator Ag/SiO2/Ag (4). Angle of light incidence 𝜃 = 16𝑜 .
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where 𝑅𝑝 and 𝑅𝑠 are the reflectance coefficients for two
types of light polarisation, Ψ and ∆ being ellipsometric
parameters. As can be seen from Fig. 5, experimental
results obtained by both optical methods are similar.
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The increase in CO2 emissions is one of the most
important problems of our time [1]. Photocatalytically
active materials are actively used to solve issues problems
of air and water pollution and are also used to generate
energy fuel. This paper describes an approach to develop a
TiO2-CuOx based photocatalyst for converting CO2 into
energy fuel in visible light. It is known that the modification
of a wide-gap semiconductor such as TiO2 by CuOx
nanoparticles significantly improves the photocatalytic
activity due to the heterojunction formation [2]. However,
it is necessary to determine the optimal ratio between TiO2
and CuOx to achieve the best results. In this work,
photocatalysts with different compositions were formed by
electrophoretic deposition of nanoparticles from
suspension.
The electrophoretic deposition was performed from a
suspension based on isopropyl alcohol, acetone, TiO2, and
CuOx nanopowders in different weight ratios. boron-doped
silicon wafer was used as a substrate, stainless steel foil was
used as counter electrode. Samples with CuOx contents of
1.5, 5.5, and 11 wt% were obtained and the band gap of
these samples was investigated. The surface morphology,
thickness, and stoichiometry of the obtained samples were
studied by scanning electronic microscopy and energy
dispersive X-ray analysis.
Precise
control
capability
of
TiO2-CuOx
nanocomposites composition by changing the suspension
content was demonstrated. The optimal mode of the
process of TiO2-CuOx electrophoretic deposition was
found. Fig. 1 shows the SEM image of TiO2-CuOx sample
deposited at an applied electric field of 150 V/cm. The
bandgap width of the composite containing 11 wt% CuO x
was 2.76 eV compared to pure TiO2 (3.2 eV).

Fig. 1. SEM image of electrophoretically deposited TiO2-CuOx
sample.
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Abstract. Thin TiO2 films were produced on single-crystal Si-wafers by magnetron sputtering. Subsequently, they were annealed in
air at different temperatures. We researched the structure, the phase composition, the morphology, and the dimensional characteristics
of the films before and after annealing using X-ray diffraction, energy-dispersive and spectrophotometric analysis, scanning electron
microscopy, and small-angle X-ray scattering. The analysis of the influence of annealing parameters on the characteristics of TiO2
films is carried out. The technique for determining the qualitative and quantitative phase composition of TiO2 during its polymorphic
transformations at high-temperature heating has been developed. It was found that TiO2 annealing at 400 ºC leads to crystallization of
the anatase phase, and annealing at 600 ºC leads to the transformations into the rutile phase. The optical band gap decreases with
increasing temperature and with increasing annealing time.

1. Introduction
Nano-structured materials are one of the most fastevolving areas of research. Among all the transition metal
oxides, titanium dioxide nano-structures have the largest
potential in modern science and technology [1]. TiO2 can
be obtained by oxydation of thin Ti films. TiO2 has become
famous because of its unique photocatalitic properties [24]. Active electron-hole pairs can be generated in the
electronic structure of TiO2 due to the absorption of
photons with energies above 2.8 eV. When electron-hole
pairs emerge on the surface, they participate in redox
reactions with the formation of radical complexes. TiO 2
crystal exists in three common polymorphs i.e. brookite,
anatase (A), and rutile (R) [5]. The photocatalytic activity
of anatase is estimated to be higher than that of rutile.
However, due to the smaller band gap, rutile can absorb a
wider range of sunlight up to 450 nm [6].
It is a daunting task to obtain TiO2 films with suitable
characteristics. We took thermal annealing with trial-anderror adjustment of optimal parameters of the processing
mode [7]. But equally important is determining the
qualitative and quantitative phase composition of TiO2
during its polymorphic transformations at high-temperature
heating. That way, our aim was to research the effect of
thermal annealing on the morphology and phase
composition of magnetron TiO2 films under various
processing modes.
2. Materials and methods
Thin titanum films were prepared by magnetron
sputtering on monocrystalline Si substrates in Ar
atmosphere. To get Ti oxide, the ready Ti films were being
annealed in air at temperatures 400C, 600C, and 800C
for 2, 4, and 6 hours.
Phase composition of the samples was analyzed by Xray crystallography technique. First, we obtained X-ray
diffraction patterns from pure Ti films, then from annealed
films.
The morphological features and changes in the surface
structure of the films were studied using scanning electron
microscope. Line-collimation small-angle X-ray scattering
was also used in the characterization of the samples.
To research the optical properties of the annealed films
we used a spectrophotometer. The obtained reflection

spectrums were converted to the absorption spectrums
using Kubelka-Munk equation:
𝐾 (1 − 𝑅∞ )2
=
.
(1)
𝑆
2𝑅∞
Here K and S are absorption and back-scattering
coefficients, R∞ is remission fraction of an infinitely thick
layer. Using absorption spectrums we determined the value
of band gap.
3. Results and discussions
According to scanning electron microscopy (SEM)
results, the thickness of the films varied from 0.95 to 1 µm.
All our TiO2 films are polydisperse. The grain sizes grow
with an increase in annealing time. The minimum grain
sizes found on SEM scans are listed in Table 1.
Table 1. The minimum grain sizes found on SEM scans.
Time

400 C

Temperature
600 C

800 C

2 hours

25 nm

25 nm

>100 nm

4 hours

35 nm

30 nm

6 hours

40 nm

50 nm

To provide insight into integral characteristics of TiO 2
grains we studied the samples using SAXS. From scattering
intensity data, the pair distance distribution functions were
plotted (Fig. 1). The configuration of these functions
clearly shows that TiO2 grains have irregular shape and
different sizes. The Guinier approximation applied at the
very beginning of the scattering curves give us the
minimum dimension of grains of 20..25 nm.

Fig. 1. SAXS results: pair distance distribution functions.

The phase composition of the annealed films was
determined using powder diffractometer. From the
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obtained spectrums one can see that TiO2 anatase phase is
formed at a temperature of 400C, and at 600C it
transforms into a rutile phase (Fig. 2).

Fig. 2. Dependence of the band gap value on the annealing time.

The concept of the coherent scattering region (CSR)
was also used to research TiO2 films. CSR size is generally
10-15% smaller than the size of grains identified using
electron microscopy, while coherent scattering region
corresponds to the inner (ordered) region of grain and does
not include severely distorted boundaries [8]. CSR sizes
were calculated using the Scherrer equation:
D=

kλ
δ cos θ

where k = 0.95 is a dimensionless shape factor; δ is the
line broadening at half the maximum intensity; θ is the
Bragg angle; λ = 0.154 nm is the X-ray wavelength. The
estimation gives the average size of crystallites is from 3 to
11 nm.
In order to research the influence of the size factor on
the width of band gap, we studied the optical absorption
spectrums of TiO2 nanofilms. We obtained the reflection
spectrums of the annealed films and then calculated
absorption spectrums using Kubelka-Munk equation (1).
According to quantum-mechanical calculations, in the
case of intrinsic absorption of semiconductors and
dielectric materials, transitions of electrons from valence
band to conduction band are determined through the sum of
the probabilities αP for all states of electrons:
3/2
1
𝑚e 𝑚p
𝑞e2
𝛼P = (2
)
(ℎ𝑣 − 𝐸g )2
𝑚e + 𝑚p
𝑛𝑐𝑚e
where me and mp are effective electron and hole masses; qe
is elementary charge; n is refraction coefficient.
For all samples, the band gap Eg was obtained by
extrapolating the linear part of the absorption spectrum at
α(hν). The dependence of the band gap values on the
annealing time at each temperature looks linear (Fig. 3).

The optical band gap decreases with increasing
temperature from 3.10 eV (at 400C) to 3.02 eV (at 800C).
It also decreases with the annealing time growing. SEM and
SAXS data prove that the more the annealing temperature
the more the crystallite size, which is accompanied by a
decrease in the band gap Eg.
4. Conclusions
The titanium oxide films were obtained by magnetron
Ti sputtering and subsequent annealing in air for 2, 4, and
6 hours at 400 ºC, 600 ºC and 800 ºC. The thickness of the
obtained TiO2 films is ~ 1 μm. According to SEM and
SAXS data, all studied TiO2 films are polydisperse. The
grains have an irregular shape, and their size grows with
increasing of temperature and the duration of annealing.
The phase analysis shows that TiO2 annealing at 400 ºC
leads to crystallization of the anatase phase, and annealing
at 600 ºC leads to the transformations into the rutile phase.
According to our estimations of coherent scattering region,
the average size of crystallites is in the range from 3 to 11
nm. From optical absorption spectrums we got the band gap
for each sample. The value of band gap decreases with
increasing annealing time and with increasing temperature.
It is 3.10 eV at 400C and 3.02 eV at 800C. In summary,
one can see that an increase in the annealing temperature
leads to an increase in the crystallite size, which is
accompanied by a decrease in the band gap.
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Abstract. The temperature dependences of the linear permittivity, third harmonic generation coefficient, and the DTA signal for
nanoporous Al2O3 films with a channel-pore size of 300 nm filled with rubidium nitrate (RbNO3) were studied in comparison with
bulk rubidium nitrate. The measurements were carried out while heating and cooling in the range from room temperature to 453 K. A
reduction by 3 K of the phase transition temperature (437 K in bulk RbNO3) for the nanocomposite and the emergence of a new phase
transition for RbNO3 in the pores of Al2O3 were found.

1. Introduction
A way to obtain nanocomposites with polar properties
is to fill mesoporous matrices with ferroelectric materials.
Porous glasses, opals, molecular sieves, porous alumina
films, etc are used as such matrices.
The properties of particles in pores can differ
significantly from the properties of the corresponding bulk
materials due to the influence of size effects and the
interaction of the embedded materials with the walls of the
pores. The largest number of publications on this topic was
devoted to nanocomposites with sodium nitrite, Rochelle
salt, potassium nitrate, and triglycine sulphate, embedded
into pores (see [1–3] and references therein). The
experimental data obtained show that the most pronounced
influence of restricted geometry is near structural phase
transitions. The temperatures of ferroelectric transitions, as
a rule, shift relative to the Curie points for bulk materials.
Usually, the phase transitions also diffuse.
In this work, we present the results of studies of
nanocomposites based on rubidium nitrate RbNO3
embedded in porous Al2O3 film with a pore size of 300 nm.

water was removed by heating the samples at a temperature
of 420 K during two hours. After repeating the described
procedure three times, the degree of pore filling,
determined from the change in the weight of the films after
filling pores, was no less than 50%. An AND BM-252G
balance was used to weigh the samples. Polycrystalline
RbNO3 was used as a reference in the form of pellets with
a diameter of 10 mm and a thickness of 1.5 mm, obtained
by a pressure of 8×103 kg/cm2.

2. Experiment
Rubidium nitrate is known to have four stable structures
at different temperatures. At room temperature, RbNO3 has
a trigonal symmetry (phase IV). This phase is stable up to
437 K and according to [4] is pyroelectric with the
formation of 180-degree pyroelectric domains. Within the
temperature range from 437 to 492 K, rubidium nitrate
occurs in the cubic paraelectric phase (phase III).
According to [5], at 437 K, the conductivity of RbNO3
increases by two orders in magnitude, and this phase is
superionic. Within the range from 492 to 558 K, RbNO3 is
in the rhombohedral phase (phase II). This phase is defined
as antiferroelectric [6]. Above the phase transition of 558
K, RbNO3 again transfers into a cubic phase (phase I),
which exists up to a melting point of 587 K.
To obtain nanocomposites, we used chemically pure
RbNO3 and porous Al2O3 films, manufactured by
TopMembranes Technology with a cell size of 450 nm, a
pore diameter of 300 nm, and a thickness of 50 µm. A SEM
image of the porous Al2O3 film is shown in Figure 1.
The embedding of rubidium nitrate into the pores was
carried out from a heated saturated aqueous solution of
RbNO3, after that the samples were dried. The remaining

To measure the complex permittivity, an E7-25 digital
immitance meter was used. A Linseis STA PT 1600
thermal analyzer was used to record the DTA signal. The
possible emergence of the RbNO3 ferroelectric phase was
demonstrated by monitoring the generation of the third and
second harmonics when an electric field with a frequency
of 2 kHz and strength of 50 V/mm was applied to the
sample. The technique for studying ferroelectrics by using
nonlinear dielectric spectroscopy is described in more
detail in [7].

Fig. 1. SEM image of the surface of porous Al2O3 films.

3. Results and discussions
The temperature dependences of the permittivity '(T)
and the third harmonic coefficient γ3ω(T) for polycrystalline
rubidium nitrate are shown in Figure 2. The clear anomalies
of linear permittivity and abrupt change of the third
harmonic coefficient are seen at the phase transition with
noticeable thermal hysteresis.
The phase transition is observed at a temperature of 437
K upon heating and at 422 K upon cooling. The third
harmonic coefficient has a value of the order of 1%.
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Figure 3 shows the temperature dependences of the
effective permittivity *(T) and the third harmonic
coefficient γ3ω(T) for RbNO3/Al2O3 composite. As it
follows from the graphs, the effective permittivity increases
for the composite. The third harmonic coefficient also
increases by an order of magnitude. In the cooling mode,
two phase transitions are observed on the *(T) curve.
The increase of the third harmonic coefficient for the
RbNO3/Al2O3 nanocomposite indicates indirectly that
limiting the size of RbNO3 particles to the nanometer range
leads to the rubidium nitrate transition from the pyroelectric
to the ferroelectric state.
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To treat the temperature shift of the polymorph phase
transition for nanoparticles under nanoconfinement, as a
rule, size effect models developed for isolated particles on
the base of the phenomenological Landau theory and the
Ising model, are used. These models predict the reduction
of the polymorph phase transition temperature with
decreasing the particle size if the order parameter (for the
Landau theory) or the value of the exchange integral (for
the Ising model) at the particle boundaries is smaller than
in the bulk.
In conclusion, the studies of the temperature
dependences of the dielectric permittivity, the third
harmonic coefficient, and the DTA signal show that for
nanoporous Al2O3 matrices with a channel-pore size of
300 nm filled with rubidium nitrate, the polymorph phase
transition at Tc≈437 K in bulk shifts by 3 K to low
temperatures and the thermal hysteresis loop increases
from 14 K (for polycrystalline RbNO3) to 33 K (for
RbNO3 in nanoporous Al2O3 film).
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Fig. 2. Dependences of '(T) at a frequency of 20 kHz (diamonds)
and the third harmonic coefficient γ3ω (triangles) for RbNO3 at a
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Fig. 3. Dependences of *(T) at a frequency of 20 kHz (diamonds)
and the third harmonic coefficient γ3ω (triangles) for an Al2O3
film, filled with RbNO3 at a field strength of 50 V/mm. Closed
symbols – heating, open symbols – cooling.

The DTA data for polycrystalline RbNO3 and
RbNO3/Al2O3 composite are shown in Figure 4. For a
rubidium nitrate polycrystal, the phase transition is
observed at 437 K upon heating and at 423 K upon cooling.
The DTA curves for the RbNO3/Al2O3 composite
clearly show two phase transitions during heating and
cooling. This is apparently due to the fact that part of
RbNO3 was not embedded into pores of the alumina film
and is located on the surface. Phase transitions at about 437
K upon heating and 423 K upon cooling correspond to
rubidium nitrate that was not embedded into pores. For
RbNO3 in Al2O3 pores, the transition temperature decreases
down to 434 K upon heating and down to 401 K upon
cooling.
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Fig. 4. A DTA signal for polycrystalline RbNO3 (diamonds) and
Al2O3 film, filled with RbNO3 (triangles). Closed symbols –
heating, open symbols – cooling.
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Abstract. Surface free energy (SFE) is crucial for predicting the cell adhesion and as result the osteoconductivity of implantation
materials. In this work, the influence of formation of bioactive calcium-phosphate coatings on the value of the SFE of titanium and
magnesium implants was studied. Results shows that the formation of bioactive coatings can significantly (by 140% for magnesium
and 40% for titanium) increase the SFE of these materials, which in turn should have a positive effect on the adhesion and proliferation
of bone tissue cells.

1. Introduction
The contact of the implant surface with the body tissues
is important for osseointegration [1]. The chemical
composition of the implant directly determines
biocompatibility with the body; the relief and roughness
affect the contact area of the material with the biological
medium and cell adhesion [2]. In addition, the adhesion rate
of the serum components related to the wettability, which
depends on the surface free energy (SFE) [1].
SFE characterizes the energy of the intermolecular
interaction of the contacting phases. Many authors note that
high-energy surfaces are more desirable to increase
osseointegration and osteogenesis [1-3]. One of the reasons
is to increase the interaction of biomolecules with the
surface of implantation materials, which reduces the risk of
scarring and a negative immunological reaction [3].
In this paper, the effect of bioactive coatings formed on
pure titanium and magnesium alloy on wettability and the
amount of surface energy was investigated.
2. Experiment
Rectangular plates (35×25×1.5 mm3) of VT1-0
commercially pure titanium (Ti) and Mg-Mn-Ce alloy (Mg)
(1.3-2.2 wt.% of Mn, 0.15-0.35 wt.% of Ce, Mg to balance)
were used as materials. Before wettability measurements,
metal surfaces were mechanically treated with sanding
papers from #150 to #2500 sequentially, washed with
distilled water and degreased with alcohol.
The formation of bioactive PEO coatings is described
in [4,5]. Based on the data of X-ray phase and elemental
analyses, such coatings include calcium-phosphate
compounds prone to the formation of hydroxyapatite in
body fluids. In addition to calcium phosphate, the coatings
consist of titanium dioxide (in the modification of rutile and
anatase) for pure titanium (Ti-PEO), magnesium oxide and
ortho-silicate for magnesium alloy (Mg-PEO).
Surface free energy (γ) was determined as the sum of
the dispersed (γd) and polar (γp) interactions of a liquid
droplet with the solid surface, calculated by the OWRK
(Owens-Wendt-Rabel-Kaelble) method. Deionized water
(H2O) and methylene iodide (CH2I2) were used as test
liquids. The values of the contact angles (CA) were
determined by the Young-Laplace method and recorded
after reaching a stable wetting state.

3. Results and discussions
The measured SFE of the metal surfaces are Mg –
33.5 mJ m-2 and Ti – 43.4 mJ m-2, respectively (Table 1),
which corresponds to the measurements of other
researchers [3]. At the same time, the value of the γp is small
relative γ; this is common for metal surfaces.
The formation of bioactive PEO coatings (Mg-PEO, TiPEO) significantly increases the wettability and, as a
consequence, the SFE of metal implants. For Mg-PEO the
maximum contact angle that could be registered was no
more than 7° and 17° for a drop of water and methylene
iodide, respectively. On the Ti-PEO surface wettability
improved, but worse than for Mg-PEO (Table 1).
Table I. Wettability and components of surface free energy for
different surface. The values are averages based on the results of
10 measurements. The statistical error for measuring the contact
angle is about 2%, for the SFE no more than 3%.
Contact angle, (°)

Surface free energy, (mJ m-2)

Surface
H2O

CH2I2

γp

γd

γ

Mg

82.6

54.9

5.2

28.3

33.5

Mg-PEO

5.4

15.7

31.4

48.9

80.3

Ti

75.1

43.7

5.7

37.7

43.4

Ti-PEO

41.4

50.0

25.9

34.3

60.2

Thus, the defined SFE for PEO coatings increased by
140% and 40% for Mg-PEO and Ti-PEO, respectively, in
comparison with the uncoated material.
4. Conclusions
Analysis of the conducted studies demonstrates that the
SFE for samples with bioactive PEO coatings significantly
exceeds the SFE metal surface. An increase in SFE is a
positive factor for further in-vitro and in-vivo studies of
these materials, since improved wettability can contribute
to better cell proliferation and osteogenesis.
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Abstract. In this work, microindentation of amorphous metallic alloys of different compositions Fe75Ni2Si10B13, Fe62Co18Si6B14,
Fe5Co58Ni10Si11B16 were performed using a cubic angle indenter. Experimental results have shown that alloys containing Co in the
initial state have increased microhardness at indenter load P = 0.5N. The amorphous metallic alloys were annealed from 293 K to 773
K. When samples are heated to the temperature of the crystallization initiation, microhardness increases. The investigations by the
microindentation and scanning electron microscopy methods made it possible to determine the optimal conditions for obtaining and
subsequent heat treatment of the amorphous metallic alloys with high mechanical properties.

1. Introduction
Amorphous alloys are often called the materials of the
future. The reason for it is their unique properties
(mechanical and physical), which are not found in
conventional crystalline alloys. One of the main reasons for
the amorphous and amorphous-nanocrystalline metallic
alloys application is the improvement of product quality
due to amorphous alloys use which has superior functional
characteristics than traditional crystalline materials, and the
possibility of creating new age instruments and devices,
which parameters are based on a unique set of their
physical, chemical, and mechanical properties [1, 2].
The amorphous and amorphous-nanocrystalline
metallic alloys have high strength, wear and corrosion
resistance and they are promising as structural materials.
Metallic glasses based on cobalt and iron have high initial
magnetic permeability and zero magnetostriction that make
them suitable materials for magnetic recording heads.
Produced from such materials, they have better
characteristics than ferrite or permalloy heads. Therefore,
the strength problem has a leading place in the
nanostructural materials science providing reliable
operation and fracture resistance of the amorphous and
amorphous-crystalline materials.
It should be noted that today there are no unified ideas
about the deformation mechanism of amorphous alloys,
which on the one hand is associated with a complex
structural model of amorphous alloys, and on the other
hand, is associated with a change in their structure and
properties during structural relaxation processes [3, 4].
The size reduction of electronic and micromechanical
components of nanoelectronics and nanotechnology
products has made the application of microindentation
method for microhardness determination relevant, which
allows to find out behavior patterns of near-surface layers
of different materials [5].
2. Experiment
The purpose of this work is to determine the
microhardness of the rapidly quenched metallic alloys of
different iron-based compositions. The study of mechanical
properties was carried out on X-ray amorphous metallic
alloys of different compositions: Fe75Ni2Si10B13,
Fe62Co18Si6B14, Fe5Co58Ni10Si11B16, thickness h ~ 30 µm.

The amorphous metallic glasses were prepared by rapidly
quenched on a copper wheel in an argon atmosphere.
A microhardness tool (Shimadzu HMV - G) was used
for the alloys microindentation. This approach can be used
as an indirect estimate of the strength microheterogeneity
of the material, which allows analyzing the anisotropy of
strength properties. The samples used in our experiments
have two surfaces that are distinguishable in morphology:
the side of the ribbons which is free from the copper wheel
influence has a smoother and bumpy relief than the contact
side, whose defects are extended rolling strips and caverns.
As a consequence, microindentation was performed on the
free side. When the indenter is pressed in, an alloy
experiences plastic deformation and to obtain correct
results the distance from the indentation center to the
sample edge should be more than 2.5d, where d is the length
of the indentation diagonal. When studying microhardness,
the depth of penetration should not exceed the value of
0.1h, hence the microhardness measurements of the surface
layer and control the homogeneity of the obtained samples
morphology are carried out in the work.
To calculate the microhardness in the HV units, the
following formula was used:
𝑑
𝐹 0.102 ∗ 2𝐹𝑆𝑖𝑛 2
𝐹
HV = =
= 0.189 2
𝑆
𝑑2
𝑑
where F – load value [N], d – length of the indentation
diagonal [mm].
Diagonal lengths were measured directly using an
integrated optical microscope on the Shimadzu HMV-G
microhardness tool and using scanning electron
microscopy (SEM) images obtained on a Carl Zeiss Cross
Beam 1540XB. Microhardness measurements in this work
were carried out at different loads with a load time of 10
sec.
3. Results and discussions
The indentation pattern for the rapidly quenched ribbon
of Fe75Ni2Si10B13 allows us to conclude that heterogeneous
tensile-compression deformations occur during the plastic
deformation of this material. The same type of plastic
deformation is observed for the ribbon of
Fe5Co58Ni10Si11B16 at a load F = 0.5N, Figure 1. Increasing
the indenter load up to 5N is indicated by a change in the
form of the deformation zone, which becomes radial, it
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represents different mechanisms of the plastic deformation
and can be associated, for example, with different chemical
compositions of the samples. In addition, surfaces of the
indentation are concave, hence the material tends to recover
its continuity at the embedding point. This means that in the
ribbon of Fe5Co58Ni10Si11B16 at F = 5N compression
stresses are effective. The observed diffraction contrast,
Figure 1, indicates a disclination mechanism of the plastic
deformation.

Fig. 1. SEM images of the indentation patterns obtained on the
rapidly
quenched
ribbons
of
Fe75Ni2Si10B13
and
Fe5Co58Ni10Si11B16 at different loads.

The mean values of the indentation diagonal lengths and
indenter insertion depths indicate the accuracy of the
measurements, Table I. The minimum value of
microhardness in units of HV (relative error ~ 2 %) has the
alloy Fe75Ni2Si10B13. The addition of Co to iron-based
alloys leads to microhardness improvements. The highest
HV value is for the alloy with a complex chemical
composition Fe5Co58Ni10Si11B16.
Table I. Parameters of Samples.

Fe75Ni2Si10B13

10.105

908.47

Indenter
insertion
depth (µm)
2.04

Fe62Co18Si6B14

9.995

929.56

2.02

Fe5Co58Ni10Si11B16

9.845

957.31

1.98

Composition

Diagonal Microhardness
length (µm)
(HV)

The rapidly quenched ribbons of Fe75Ni2Si10B13,
Fe62Co18Si6B14, and Fe5Co58Ni10Si11B16 were annealed
from the room temperature 296 K to 773 K with intervals
of 100 K at low and 50 K at high temperatures. The samples
were annealed for 30 minutes at each temperature.

the annealing temperature of 773 K is due to the formation
of a precursor before the crystallization of the alloy.
Figure 3 shows that the character of the indentation at
different annealing temperatures does not change. The
analysis of the SEM images demonstrates the presence of a
crystal phase of Ni solid solution based on α-Fe at annealed
temperature Тann ˃ 673 K, which is confirmed by the X-ray
diffraction analysis. The major diffusion peak displaces to
higher degrees, which corresponds to a decrease in the
period of inhomogeneities in the original matrix, and it is
associated with the release of extra free volume.

Fig. 3. SEM images of indenter indentation of the rapidly
quenched ribbon of Fe75Ni2Si10B13 at different annealing
temperatures.

4. Conclusions
Therefore, for the rapidly quenched alloys the nature of
the material reaction to plastic deformation is different,
which may be due to the features of phase and structural
heterogeneity, as well as the chemical composition of the
samples. The microhardness of the samples increases
significantly when they are heated to the crystallization
temperature. The investigations by the microindentation
and scanning electron microscopy methods allowed us to
recommend optimal conditions for obtaining amorphous
rapidly quenched ribbons with high mechanical properties.
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Fig. 2. The temperature dependence of microhardness and DSC
curves of the rapidly quenched ribbons of Fe75Ni2Si10B13.

Figure 2 shows a graph of the temperature dependence
of microhardness of the amorphous alloy of Fe75Ni2Si10B13.
The dependence HV = f(T) observed in this temperature
range correlates with the differential scanning calorimetry
(DSC) curve: the endothermic decay of the curve is caused
by structural relaxation of the alloy within the amorphous
state and annihilation of the free volume, which is
accompanied by an increase in the density of the material.
Decreasing the concentration of extra volume significantly
influences the mechanical properties and leads to an
increase in microhardness. The microhardness increase at
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in Materials Science, 2019, 104, p. 250–329.
[4] Song J., ZhuW., Wei X. International Journal of
Mechanical Sciences, 204, 2021,106570.
[5] Liu C., Inoue A., Kong F.L., Zanaeva E., Bazlov A.,
Churyumov A., Zhu S.L., Al- Marzouki F., Shull R.D.
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Fe-Cu-Nb-Si-B amorphous metallic alloys nanostructure
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Abstract. In this work, amorphous metallic alloys of different compositions FeCu1Nb5Si16,5B6, FeCu0,2Nb3Si16,5B6, FeCu1Si16B6 were
investigated by methods of transmission electron microscopy (TEM), scanning transmission electron microscopy (STEM), and energydispersive X-ray microanalysis. Experimental results have shown that the presence of crystallites from 0.3 nm and other phase
inhomogeneities is observed. The presence of inhomogeneity in the elemental distribution of copper in the studied samples is shown.

1. Introduction
Magnetically soft amorphous-nanocrystalline metallic
alloys obtained by rapid quenching from a melt have a high
magnetic permeability, which allows them to be
successfully used for the manufacture of magnetic heads,
magnetic screens, and secondary power sources [1–4].
Properties of these materials depend on the phase and
elemental structure. These alloys have high strength and
corrosion resistance, which is important when products
made from them are used in aggressive environments,
including arctic and tropical maritime climates [5].
2. Experiment
The studies were carried out by transmission electron
microscopy and scanning transmission electron
microscopy on Tecnai Osiris and Tecnai G230ST
microscopes at an accelerating voltage of 200 and 300 kV.
Some of the samples were prepared by electrochemical
etching, the second part was prepared by ion etching in a
Gatan Duomill 600 setup at an accelerating voltage of 4 kV
at the initial stage and 1.5 kV at the final stage after the hole
formation to remove the damaged layer.
3. Results and discussions
The dark-field image in Figure 1 indicates the formation
of crystallites 0.3–1 nm in size in the FeCu1Nb5Si16.5B6
alloy.

Fig. 1. Dark-field TEM image, the inset shows an enlarged image
with the selected size of crystallites.

The uniform distribution of iron and silicon is shown.
In the copper distribution, there are separate areas with
increased content. In the distribution of niobium and boron,
there is also an inhomogeneity, but less than in the case of
copper (Fig. 2).

Fig. 2. Results of elemental mapping of the sample.

4. Conclusions
The microstructure of alloys FeCu1Nb5Si16.5B6,
FeCu0.2Nb3Si16.5B6, FeCu1Si16B6 is polycrystalline with
grains size up to 100 nm. In the FeCu1Nb3Si16B6 and
FeCu1Nb5Si16.5B6 alloys, Cu-enriched regions up to 2 nm in
size appear. Electron diffraction studies have shown thatthe
ordering is present in metallic glass alloys with the
formation of two or more coordination spheres.
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Abstract. In this paper, we propose a new approach to the exact determination of the partition function for a flat lattice of spins in the
nearest neighbor approximation. A flat lattice is assembled by successively connecting one-dimensional chains for which the exact
solution is known in the Ising model. The resulting algorithm is used to calculate a lattice of complex geometry - the Cairo pentagonal
lattice.

1. Introduction
Despite the fact that the study of spin ice began in the
middle of the last century, active research in this area
continues [1, 2]. One of the main problems is the lack of
methods for calculating the partition function Z for a
relatively large number of spins. The exact solution for at
least a small number of spins makes it possible to evaluate
the correctness of probabilistic solution methods (such as
Metropolis [3]) and can be used in joint methods with them.
The main problem in finding an exact solution is the
exponential growth in the number of states depending on
the size of the system. However, the possibility of a
significant reduction in the number of computational cycles
by optimizing the enumeration algorithm is noted.
2. Numerical solution
Ising's formula for finding the partition function of a
one-dimensional chain is as follows:
𝟏

𝒁 = (𝒆𝜷 √𝒆−𝟒𝜷 + 𝟒 (𝒆𝜷(−𝒉) + 𝒆𝜷𝒉 )𝟐 − 𝟏 +
𝟏

𝒆𝜷−𝜷𝒉 + 𝟐 𝒆𝜷+𝜷𝒉 ) +
𝟏

(−𝒆𝜷 √𝒆−𝟒𝜷 + 𝟒 (𝒆𝜷(−𝒉) + 𝒆𝜷𝒉 )𝟐 − 𝟏 +
𝒏
𝟏
𝟐

𝒆𝜷−𝜷𝒉 +

𝟏
𝟐

𝒆𝜷+𝜷𝒉 ) ,

(1)

where Z – statistical sum, h – external field, n – number of
spins in the chain, а 𝛽=1/𝑘𝑇 – quantity depending on the
Boltzmann constant and temperature.
Let’s consider system of three spins. For this
system, we get the solution:
𝑒 3𝛽−3𝛽ℎ + 3𝑒 𝛽(−ℎ)−𝛽 + 3𝑒 𝛽ℎ−𝛽 + 𝑒 3𝛽+3𝛽ℎ ,
(2)
Adding the second chain of three spins, so as to obtain
a flat 2 by 3 lattice, we obtain:
𝑒 3𝛽−3ℎ𝛽 (𝑒 3𝛽−3ℎ𝛽+3𝛽 + 𝑒 −𝛽−ℎ𝛽+𝛽 + 𝑒 −𝛽−ℎ𝛽+𝛽 +
𝑒 −𝛽−ℎ𝛽+𝛽 + 𝑒 −𝛽+ℎ𝛽−𝛽 + 𝑒 −𝛽+ℎ𝛽−𝛽 + 𝑒 −𝛽+ℎ𝛽−𝛽 +
𝑒 3𝛽+3ℎ𝛽−3𝛽 ) +
+𝑒 −𝛽−ℎ𝛽 (𝑒 3𝛽−3ℎ𝛽+𝛽 + 𝑒 −𝛽−ℎ𝛽+3𝛽 + 𝑒 −𝛽−ℎ𝛽−𝛽 +
𝑒 −𝛽−ℎ𝛽−𝛽 + 𝑒 −𝛽+ℎ𝛽+𝛽 + 𝑒 −𝛽+ℎ𝛽+𝛽 + 𝑒 −𝛽+ℎ𝛽−3𝛽 +
𝑒 3𝛽+3ℎ𝛽−𝛽 ) +
+𝑒 −𝛽−ℎ𝛽 (𝑒 3𝛽−3ℎ𝛽+𝛽 + 𝑒 −𝛽−ℎ𝛽−𝛽 + 𝑒 −𝛽−ℎ𝛽+3𝛽 +
𝑒 −𝛽−ℎ𝛽−𝛽 + 𝑒 −𝛽+ℎ𝛽+𝛽 + 𝑒 −𝛽+ℎ𝛽−3𝛽 + 𝑒 −𝛽+ℎ𝛽+𝛽 +
𝑒 3𝛽+3ℎ𝛽−𝛽 ) +

This approach can be applied not only to rectangular
lattices. Let's look at the Cairo lattice of spins.
3. Parallel algorithm for calculating the Cairo lattice
At the beginning, all configurations of the chain of spins
of two types are bit-encoded: the left part of the
"quintuples" and the right part (Fig. 1). Then the energies
within the systems are calculated for each elementary
chain. The energy of the two combined chains will be as
follows:
𝐸𝑠𝑢𝑚 = 𝐸𝑙𝑒𝑓𝑡 + 𝐸𝑟𝑖𝑔ℎ𝑡 + 𝐸𝑢𝑛𝑖𝑓 ,
(4)

𝒏
𝟏
𝟐

+𝑒 −𝛽−ℎ𝛽 (𝑒 3𝛽−3ℎ𝛽+𝛽 + 𝑒 −𝛽−ℎ𝛽−𝛽 + 𝑒 −𝛽−ℎ𝛽−𝛽 +
𝑒 −𝛽−ℎ𝛽+3𝛽 + 𝑒 −𝛽+ℎ𝛽−3𝛽 + 𝑒 −𝛽+ℎ𝛽+𝛽 + 𝑒 −𝛽+ℎ𝛽+𝛽 +
𝑒 3𝛽+3ℎ𝛽−𝛽 ) +
+𝑒 −𝛽+ℎ𝛽 (𝑒 3𝛽−3ℎ𝛽−𝛽 + 𝑒 −𝛽−ℎ𝛽+𝛽 + 𝑒 −𝛽−ℎ𝛽+𝛽 +
𝑒 −𝛽−ℎ𝛽−3𝛽 + 𝑒 −𝛽+ℎ𝛽+3𝛽 + 𝑒 −𝛽+ℎ𝛽−𝛽 + 𝑒 −𝛽+ℎ𝛽−𝛽 +
𝑒 3𝛽+3ℎ𝛽+𝛽 ) +
+𝑒 −𝛽+ℎ𝛽 (𝑒 3𝛽−3ℎ𝛽−𝛽 + 𝑒 −𝛽−ℎ𝛽+𝛽 + 𝑒 −𝛽−ℎ𝛽−3𝛽 +
𝑒 −𝛽−ℎ𝛽+𝛽 + 𝑒 −𝛽+ℎ𝛽−𝛽 + 𝑒 −𝛽+ℎ𝛽+3𝛽 + 𝑒 −𝛽+ℎ𝛽−𝛽 +
𝑒 3𝛽+3ℎ𝛽+𝛽 ) +
+𝑒 −𝛽+ℎ𝛽 (𝑒 3𝛽−3ℎ𝛽−𝛽 + 𝑒 −𝛽−ℎ𝛽−3𝛽 + 𝑒 −𝛽−ℎ𝛽+𝛽 +
𝑒 −𝛽−ℎ𝛽+𝛽 + 𝑒 −𝛽+ℎ𝛽−𝛽 + 𝑒 −𝛽+ℎ𝛽−𝛽 + 𝑒 −𝛽+ℎ𝛽+3𝛽 +
𝑒 3𝛽+3ℎ𝛽+𝛽 ) +
+𝑒 3𝛽+3ℎ𝛽 (𝑒 3𝛽−3ℎ𝛽−3𝛽 + 𝑒 −𝛽−ℎ𝛽−𝛽 + 𝑒 −𝛽−ℎ𝛽−𝛽 +
𝑒 −𝛽−ℎ𝛽−𝛽 + 𝑒 −𝛽+ℎ𝛽+𝛽 + 𝑒 −𝛽+ℎ𝛽+𝛽 + 𝑒 −𝛽+ℎ𝛽+𝛽 +
𝑒 3𝛽+3ℎ𝛽+3𝛽 ).
(3)

where 𝐸𝑙𝑒𝑓𝑡 , 𝐸𝑟𝑖𝑔ℎ𝑡 are the energies of the left and right
chains, respectively, 𝐸𝑢𝑛𝑖𝑓 is the unification energy for a
given configuration of the left and right chains:
𝐸𝑢𝑛𝑖𝑓 = − ∑𝑧<𝑖,𝑗> 𝜎𝑖,𝑗 𝐽𝑖,𝑗 𝑆𝑖𝑘 𝑆𝑗𝑙 ,
(5)
where 𝑆𝑖 – the value of the i-th spin variable of the left
lattice of k-th configuration of boundary, 𝑆𝑗 – the value of
the j-th spin variable of right lattice of l-th configuration, z
– a quantity of neibours. 𝜎𝑖,𝑗 the delta function of the
interaction of i and j spins, 𝐽𝑖,𝑗 is their exchange integral.
The delta function will be equal to 0 if the spins do not
interact and 1 if they interact (Fig. 1)
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Fig. 1. Scheme for attaching the next chain to the array of spins
of the Cairo lattice.

The figure shows that, for example, the 2nd spin of the
left system interacts with the 1st and 2nd spins of the right
lattice but does not interact with the 0th and 3rd.
The pooling energy is calculated according to the
following principle: the configurations of the left chain are
parallelized by GPU blocks, and the values of the energies
of a certain configuration of the left chain are parallelized
by threads (Fig. 2).

Fig. 2. Code parallelization scheme using GPU

4. Conclusions
This exact method of calculation gives a significant gain
in time for calculating the partition function by exhaustive
search and can be effectively used in hybrid methods for
finding the heat capacity of a flat Cairo lattice [4,5].
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Abstract. The composition, morphology, optoelectronic and photocatalytic properties of the TiO 2-WO3-ZnWO4 films obtained on
titanium by combining the methods of plasma electrolytic oxidation and impregnation followed by annealing in air at temperatures of
500 and 700C have been studied. This modification leads to the covering of the film surface with individual or melted nanocrystals,
which are a homogeneous mixture of WO3 and ZnWO4 semiconductors. As a result, the band gap of the composites decreases and their
photocatalytic activity in the degradation of indigo carmine increases.

1. Introduction
ZnWO4 and WO3 are important inorganic compounds
which extensively studied as heterogeneous photocatalysts
for the degradation of organic pollutants [1, 2]. According
to [3], the combining them with each other or with other
semiconductors can be used to improve their photocatalytic
properties and prevent the recombination of charge carriers.
As a rule, such materials are obtained in the form of a
powders, which requires additional efforts to separate the
powder catalyst at the end of the technological cycle. This
problem can be solved by depositing a photoactive material
on a solid substrate.
A promising method for obtaining films of complex
oxide compounds with good adhesion to the substrate is
plasma electrolytic oxidation (PEO). PEO is the formation
of oxide coatings on metals under electric spark and/or arc
discharges at the metal/electrolyte interface [4]. PEO
coatings based on tungsten oxides can be obtained on the
surface of metals in aqueous electrolytes containing
Na2WO4 with H3BO3 additives to reduce pH and improve
the reproducibility of results [5]. It is known [6] that
modification of PEO coatings by impregnation in solutions
of active components followed by annealing can be used to
obtain nanostructured coatings.
This paper presents the results of a study of Zn-, Wcontaining coatings on titanium obtained by a combination
of PEO in electrolyte containing Na2WO4 with addition of
H3BO3 and impregnation in solutions containing zinc
acetate followed by high-temperature annealing.
2. Experiment
Commercially pure VT1-0 titanium plates of a size of
2.0×2.0×0.03 cm were used as substrate in plasma
electrolytic oxidation. The procedures for standardization
of titanium plates and PEO processing are described in
detail in [6].
The W-contining oxide coatings on titanium were
formed at effective current density 0.2 A/cm2 for 10 min in
aqueous electrolyte containing 0.1 M Na2WO4 and 0.1 M
H3BO3. The composites obtained (Ti/W) were immersed
into alcohol solution of 0.05 М Zn(CH3COO)2 for 60 min.
The rest of the solution was removed from the surface of
the composite using filter paper.
Thermal annealing of the impregnating samples was
performed in air for 1 h at 500 and 700С in a muffle

furnace. Depending on the annealing temperature, the
formed samples were designated as Ti/W/Zn-500 and
Ti/W/Zn-700.
The data on morphology and element composition of
the surface were obtained using S-5500 scanning electron
microscope (Hitachi, Japan) with the system for energydispersive X-ray (EDX) analysis.
The phase composition of the films was determined by
X-ray diffraction (XRD) analysis.
Diffuse reflection spectra were recorded in the range
200-800 nm using SF-56 spectrophotometer with a PDO45 diffuse reflection attachment (Russia). The band gap Еg
was determined from the position of the fundamental
absorption edge using the Tauc equation:
1

(ℎ𝜈𝐹(𝑟))𝑛 = 𝐴(ℎ𝜈 − 𝐸𝑔 )

(1)

where Еg is band gap, h - Planck constant, ν -oscillation
frequency of electromagnetic waves, F(r) = (1 –r∞)2/2r∞ Kubelka–Munk’s function, and A - constant. The exponent
n is determined by the nature of interband electronic
transitions.
The photocatalytic properties of PEO-coated samples
were studied in a model reaction of indigo carmine (IC)
degradation under UV irradiation at room temperature. The
concentration of the IC aqueous solution was 10 mg/L, and
its natural pH was equal 5.9. The volume of the solution
was 30 mL, and the sample surface area exposed to UV
light was 4 cm2.
An SB-100P irradiator (maximum radiation at a
wavelength of 365 nm) was used as source of UV light. The
sample immersed in the IC solution was irradiated with UV
light for 3 h. The absorbance of the IC solution before (A0)
and after reaction time (A) was studied using a UNICO1200/1201 spectrophotometer at =610 nm. The
conversion of IC was calculated by formula (2):
А0 − 𝐴
𝜒=
⋅ 100%
(2)
А0
3. Results and discussions
Table I shows XRD and EDX data for initial and
modified PEO coatings. According to EDX, the initial
coatings contain C, O, Ti and  10 at.% W. In the
composition of the modified PEO coatings, no carbon was
found, while  2 at.% Zn appears and the concentration of
tungsten increases.
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Table I. Phase and Elemental Composition of the Composites.

gaps. There are individual semiconductors having direct
transitions with a band gap of 3.2, 3.3 and 3.37 eV,
respectively [1-3]. The formation of defect levels within the
forbidden band of the semiconductors is able to narrow the
energy gap of TiO2-WO3 and TiO2-WO3-ZnWO4
composites [7]. Impregnation and annealing of the Ti/W
samples leads to a slight decrease in the band gap of the
composites, probably due to an increase in the
crystallization of WO3 and ZnWO4.

Elemental composition, (at.%)
Sample

Phase
C

O

Ti

Zn

W

Ti/W

WO3

13.3

69.0

7.0

-

10.7

Ti/W/Zn500

TiO2
(anatase)
WO3,
ZnO,
ZnWO4

-

75.7

7.4

2.6

16.3

TiO2
(anatase),
WO3,
ZnWO4

-

Ti/W/Zn700

Table II. Direct (n=1/2) and Indirect (n=2) Band Gaps Eg and
Photocatalytic Activity of the Composites.
68.8

9.7

1.6

19.9
Eg, (eV)
Sample

As was established by XRD, the PEO layers formed in
the tungstate-borate electrolyte contained only WO3 among
the crystalline phases. After their impregnation followed by
air annealing at 500C, the ZnO and ZnWO4 phase were
additionally crystallized. After annealing at 700C,
crystalline ZnO was not detected, and the coatings
contained only titanium dioxide, tungsten trioxide, and zinc
tungstate. Apparently, as a result of high-temperature
treatment, zinc oxide, which is deficient in relation to
tungsten, completely interacts with tungsten trioxide to
form zinc tungstate.
After annealing the Ti/W/Zn sample at 500С, the
numerous elongated nanocrystals about 20 nm thick and no
more than 100 nm long cover its surface (Fig. 1a).
According to EDX, such nanocrystals contain 3-4 at.% Zn,
15-18 at.% W, and 60-67 at. % O. Raising the annealing
temperature to 700C leads to the deformation of
nanocrystals due to their melting and the formation of large
crystals, whose composition (25.0 at.% W, 70.0 at.% O,
and 0.6 at.% Zn) corresponds to tungsten trioxide (Fig. 1b,
c). The melted nanostructures formed after annealing at
700C (Fig. 1c) are similar in composition to the
nanocrystals in Fig. 1a. Thus, the nanostructures formed on
the surface of the samples contain elevated concentration
of Zn and W compared to their average concentrations.
This suggests that such nanostructures are a mixture of zinc
tungstate and tungsten oxide.

IC degradation
degree, (%)

n=1/2

n=2

Ti/W

3.02

2.82

11

Ti/W/Zn-500

2.97

2.78

25

Ti/W/Zn-700

2.98

2.74

34

Under UV irradiation (Table II), unmodified
composites exhibit a certain photocatalytic activity, which
slightly increases after their impregnation and annealing.
An increase in activity after annealing can be associated
with an increase in the crystallinity of the films and the
formation of mixed nanocrystals, which can contribute to
the separation of photogenerated charges.
4. Conclusions
The Ti/TiO2-WO3-ZnWO4 composites were formed by
combination of plasma electrolytic oxidation and
impregnation followed by air annealing at the temperature
of 500 and 700C.
The morphology and phase composition of the modified
composites depend on the annealing temperature. Upon
annealing at 500C, the surface is covered with
nanocrystals. These nanocrystals are deformed (melted)
when the composites are annealed at 700C. The
modification of composites leads to a decrease in the band
gap. With an increase in the annealing temperature, the
photocatalytic activity of the samples slightly increases,
which may be due to the improvement in the separation of
electrons and holes in various semiconductors.
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Fig. 1. SEM images of the Ti/W/Zn annealed at 500C (a) and
700C (b, c).
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The investigation of the porous silicon powder formed by
the Pd-assisted chemical etching with different
temperatures
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Abstract. In this paper, we report the preparation of porous silicon powder by two-step Pd-assisted chemical etching with metallurgical
grade polycrystalline silicon powder by varying the etching time and solution temperature with and without thermal stabilization. A
high etching time of 90 minutes and a dissolution temperature above 50°C have a negative effect on the formation of porous particles,
which leads to the complete dissolution of silicon particles. The positive effect of thermal stabilization in the process of etching on the
thickness of the pores walls, reducing the uncontrollably growing rate of silicon etching, as a result, overetching of silicon, is shown.

1. Introduction
Metal-assisted chemical etching (MACE) is a
promising method for porous Si powder fabrication [1, 2]
without an external current source. Various metals have
been used for studying the MACE of Si powder [3, 4]. It
has been shown that Ag [5, 6] and Fe [7] are among the
most cost-effective and efficient. The implementation of
MACE to Si powders provides the increasing of the pore
diameter range and total porosity. On the other hand, this
results in the additional complexity of technology caused
by an increased number of process parameters that need to
be monitored. For instance, apart from the reactant
concentration, etching duration, type, and amount of metal,
the formation of pores will also be affected by the powder
particle size. Also, the etching of metallurgical-grade Si
powder is accompanied by a number of difficulties, in
particular, flotation, which prevents the wetting of Si and
hence uniform etching. This concern can be successfully
remedied by adding an appropriate surfactant. Another
general challenge relates to the increase of the solution
temperature that leads to a higher etching rate [8]. This
allows undesirable effects such as overetching of small
particles and underetching of large particles. Furthermore,
as has been shown earlier [9], the etching of Si powder with
Ag and Fe as a catalyst is accompanied by the formation of
silicate sediment. Thermal stabilization of the solution
during etching will reduce the uncontrollably growing rate
of silicon etching and thus prevent overetching. In order to
avoid this phenomenon, we proposed to use the Pd catalyst
for etching with and without thermal stabilization [10].
2. Experiment
Porous layers were formed at the surface of
metallurgical-grade polycrystalline Si powder (MG Si P)
with a mean particle diameter of 0.2-5 μm by Pd-assisted
chemical etching (Figure 1a). Si powder was treated in a
mixture of 0.5 g/L PdCl2 and 0.65 M НС1 aqueous
solutions for 30 min at 25 °С. Constant stirring was used to
provide the uniform distribution of Pd particles on the
surface of Si powder (Figure 1b).
Etching of Si/Pd powder was carried out in a mixture
of 40 % aqueous HF solution, 30 % aqueous H2O2 solution,
and deionised water in a volume ratio of 25:10:4 at 25, 50,
and 75 °C with and without thermal stabilization. Etching
duration was 30-120 minutes. Finally, the powders were

rinsed with a mixture of deionized water and ethanol,
centrifuged
(MPW-351,
Advanced
Worldwide
Technologies, Russia) and dried in room air for 24 h. HF
(50 % micropur ULSI solution in water), H2O2 (37 %
solution in water) were purchased from "Russian Chemist"
(Moscow, Russia), ethanol (96.3 % solution in water) was
purchased from "Russian Chemist" (Moscow, Russia),
manufacturer “Konstanta-farm M” (Moscow, Russia),
deionized water (18 MΩ∙cm). The surface morphology of
porous Si powder was analyzed using a scanning electron
microscope (SEM; HeliosNanoLab 650, FEI Company,
USA). Raman spectroscopy (LabRAM HR UV-VIS-NIR
Raman Microscope, Horiba Scientific, Japan) was used to
characterize porous silicon structures.
3. Results and discussions
Figure 1c shows the micrographs of Si powder etched
in HF/H2O2/H2O (volumetric proportions 25/10/4) at 25 °C
after 120 min etching.

b

a

c
Fig. 1. SEM images of MG Si P (a), Pd nanoparticles on silicon
powder (b), porous silicon powder after 120 min etching (c).

Figure 2 shows the Raman spectra of porous Si powder
formed by MACE with 60 min etching duration at 25, 50
and 75 °C without thermal stabilization. There is a number
of spectra to take into account the size distribution of
powder particles. Thus, the maximum shift ∆ω is 17,1cm -1
for 25 °C, 9.61 cm-1 for 50 °C and 27.7 cm-1 for 75 °C.
Increasing wavenumber shift indicates that the crystal size
decreases, and hence, pore walls become thinner.
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For pure Si crystal and powder, a peak appears at
520.9 cm-1. We used the equation (1) to calculate the size
of the nanoparticles [11]:

Table I. Crystal size of porous Si powder formed by MACE
without thermal stabilization at different temperatures of the
solution 25/10/4.
Crystal size (D), nm
Etching duration (t),
T=25°C T=50°C
T = 75 °C
min
Without thermal stabilization
30
2-7
2
2
60
2-4
2
2
90
2-3
2
full etching
120
2-5
2
full etching
With thermal stabilization
30
6-10
2-13
2-11
60
2-6
3-10
3-8
90
2-6
2-10
2-8
120
4-13
2-6
2-4

 ( D ) = − A  ( D )

g

,
(1)
where ∆ω(D) is the Raman shift in nanostructures with
diameter D, α is the lattice constant of silicon (0.543 nm)
and A = 97.76 cm1, γ = 1.44 are fit parameters that describe
the phonon confinement in nanometric spheres of diameter
D.

The heating of the solution always occurs. The stated
temperature of the etching process varies with the surface
area of Si particles accessible to the etchant. Therefore, the
higher the surface area of Si powder, the higher the etching
temperature and, consequently, the etching rate.
Thermal stabilization (cooling) allows to limit the
growth rate of temperature, and thereby to prevent
overetching of powder particles.

a

4. Conclusions
Thus, it was shown that silicon powder etching for 90
and 120 minutes at Т=50 °С and 75 °С without
stabilization leads to its complete dissolution. The use of
thermal stabilization changes the dissolution rate of the
powder, which leads to the formation of a porous layer with
a crystal size of 5-6 times higher than without thermal
stabilization.

b
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c
Fig. 2. Raman spectra obtained for Si powder etched in
HF/H2O2/H2O with 60 min etching at 25°С (a), 50°С (b), 75°С
(c).

Table I show crystal size of porous silicon powder after
etching with different temperatures and durations without
thermal stabilization. It was calculating by data of Raman
spectra. Crystal size decreases to 2 nm with increasing
temperature of etching up to 50 °C and 75 °C. Silicon
powder completely dissolves, irrespective of the
powder/etchant ratio at 75 °C and the etching duration of
more than 90 min.
According to the results on crystal sizes obtained for
the etching with thermal stabilization, crystal size at 25 °C
is slightly higher than without thermal stabilization. At
50 °C, crystals having 5-6 times bigger size were detected.
Furthermore, there is no complete dissolution of Si powder
at 75 °C.
Metal-assisted chemical etching, in particular, Pdassisted chemical etching is an exothermic process.
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1. Introduction
The formation of wearproof protective surface layers on
aluminum and its alloys is an important scientific and
practical task [1]. One of the possible ways to solve this
problem is the creation of the composite polymercontaining coatings [1, 2]. Plasma electrolytic oxidation
(PEO) could be a suitable method for such composite layer
formation. The results of our research indicate a high level
of protection provided by such coating to aluminum alloy
[3, 4], however, it is necessary to verify the obtained
parameters under appropriate exploitation conditions. In
this regard, studies have been carried out on the evolution
of tribological properties of the PEO-coating sealed with
fluoropolymers during the one-year atmospheric testing in
natural condition.
2. Experiment
For the formation of PEO-layers on AMg3 aluminum
alloy sheets with size of 50 × 50 × 2 mm, a two-stage
bipolar mode was used. At the first stage the voltage during
the anode period was increased from 30 to 540 V at a rate
of 3.4 V/s, and then the voltage value was maintained at
540 V for 750 s. The electrolyte contained 20 g/L Na 2SiO3
5H2O, 10 g/L Na2B4O7 10H2O, 2 g/L NaF and 2 g/L KOH.
15
%
suspension
of
superdispersed
polythetrafluoroetylene (SPTFE in isopropyl alcohol) was
used to form composite coating on the sample with the
PEO-layer by dip-coating method (SPTFE sample). The
samples were then heat treated at 315 °C for 15 min to
provide the best pores filling with a fluoropolymer material.
The PVDF-layer was formed by immersing the sample in a
6 % solution of polyvinylidenefluoride (PVDF) in Nmethyl-2-pyrrolidone followed by drying at 70 °C for 2 h.
To form PVDF/SPTFE-coatings, SPTFE particles were
added to the PVDF solution in various proportions - 1:1,
1:2, 1:3, 1:4, 1:5. Then the samples were dip-coated using
respective suspension and dried at 65 °C for 3 h.
The atmospheric corrosion testing of the samples during
one year exposure was carried out at the Marine Corrosion
Test Station of the Institute of Chemistry of FEB RAS,
located on Russkiy Island, Rynda Bay.
Tribological tests were carried out at a load of 10 N and
a linear rotation speed of 50 mm/s of corundum ball.
3. Results and discussions
The electrochemical studies of the samples with the
protective composite coatings previously carried out in [4]
established that the layers obtained by applying a mixture
of PVDF and SPTFE at a ratio of 1:5 have shown a very
good results of the corrosion protection. To assess the
impact of the corrosive environment on the tribological

properties, the samples with composite coatings were
texposed to atmosphere for 3, 6, and 12 months. The results
of tribological testing demonstrate that all composite layers
have a low wear (9.7∙10–5 - 4.4∙10–4 mm3/(N m)) and
significantly reduce the coefficient of friction, which
increases from 0.03-0.06 to 0.54-0.58 due to uniform
abrasion of the polymer film to aluminum substrate (Fig. 1).

Fig. 1. Dependences of the friction coefficient on the number of
cycles for samples with polymer-containing coatings.

4. Conclusions
It has been established by tribometry that an increase in
the duration of climatic tests up to 12 months for all types
of composite coatings leads to a decrease in their wear
resistance by 1.5–2 times. The largest decrease in the
number of cycles is observed in the SPTFE coating (from
174.6 thousand to 86.6 thousand revolutions), which is
associated with its thinner thickness compared to PVDF
and PVDF/SPTFE coatings. For the last two c of similar
thickness, the number of cycles decreased from 823.9
thousand to 525.1 thousand and from 864.9 thousand to
556.6 thousand cycles, respectively.
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1. Introduction
Protection of aluminum and its alloys, which are prone
to corrosion in halide-containing media, is an important
scientific and sought after practical task [1]. The performed
studies established a high level of protection provided by a
composite coating (CC), where heterogeneous oxide layer
is used as a matrix for the polymer layer on aluminum alloy
AMg3 [2, 3]. However, the conditions of exploitation and
electrochemical express-testing may vary significantly [4].
Therefore, it is necessary to verify the obtained parameters
under appropriate exploitation conditions. In this regard,
studies have been carried out on the evolution of
electrochemical properties of the composite coatings
during the 6 months of atmospheric testing.
2. Experiment
Plasma electrolytic oxidation (PEO) of aluminum alloy
AMg3 samples (30 × 30 × 2 mm) was carried out in bipolar
mode for 15 minutes. The voltage during the anode period
was equal to 540 V. During the cathodic period current
density was maintained at 0.12 A·cm-2. The duty cycle was
equal to 1. The silicate electrolyte and mode led to
formation of the layer with a complex morphology [1].
To form CC, superdispersed polythetrafluoroetylene
(SPTFE) particles were added to the 6 %
polyvinylidenefluoride (PVDF) solution in N-methyl-2pyrrolidone in optimal proportions 1:5 [1]. Then the
samples were dip-coated and dried at 65 °C for 3 h.
To study the dynamics of changes in electrochemical
properties during testing for 6 months atmospheric
corrosion, samples were installed at the Marine Corrosion
Test Station of the Institute of Chemistry of FEB RAS,
located on Russkiy Island, Rynda Bay.
The morphology of the PEO- and composite coatings
was investigated by scanning electron microscopy (SEM)
using equipment from Carl Zeiss Group. Electrochemical
properties were investigated using ModuLab XM ECS.
3. Results and discussions
SEM of the CC surface after 6 months of the
atmospheric exposure is presented in Fig. 1. It shows that
SPTFE particles sealed the pores and defects of the PEOlayer.
The results of electrochemical studies of samples after
atmospheric corrosion are presented in Fig. 2. It is shown
that the sample with CC has lowest corrosion current
density (2.9·10–11 A·cm-2) compared to both samples bare
AMg3 aluminum alloy substrate (1.7·10–5 A·cm-2) and with
PEO-coating (4.1·10–9 A·cm-2). For sample with PEOcoating the corrosion current density during 6 months
exposition is reduced by 20 times due to the sealing of its

pores with corrosion products. Also, the corrosion current
density for the sample with СC tested for 6 months is 2
orders of magnitude lower in comparison with the sample
with PEO-layer and almost 6 orders of magnitude less than
for bare AMg3 alloy.

Fig. 1. SEM image of the composite coating after 6 months of the
atmospheric exposure.

Fig. 2. Evolution of the electrochemical properties for samples
with polymer-containing coatings during atmospheric exposure.

4. Conclusions
It has been established that СС provides reliable
protection even after a long-term exposure, the difference
in currents is half an order of magnitude. This result is
ensured by the high stability of the polymeric materials
used and the coating-matrix. The increase in protective
parameters for the PEO-coating is explained by the sealing
of its pores with corrosion products.
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1. Introduction
The study of germanium nanostructures, in particular
nanowires, has recently attracted significant interest, due to
the great potential of their application in lithium- and
sodium-ion batteries, photovoltaics, optics, and
thermoelectric systems. For the formation of germanium
(Ge) nanowires, gas-phase deposition using metal catalysts
is mainly used according to the vapor-liquid-crystal (VLC)
mechanism, where the size of the metal particles
determines the location and geometric parameters of the
nanowire (diameter and length) [1]. However, the
processes of gas-phase deposition often require the use of
complex technological equipment and are carried out at
sufficiently high temperatures, as well as toxic and
expensive precursors.
From this point of view, the use of electrochemical
deposition is a good alternative. However, the cathodic
polarization of solid-state electrodes in aqueous solutions
of germanium (IV) oxide ensures the formation of films
with a thickness of only a few monolayers. At the same
time, the use of molten metal particles such as Hg and Ga
as crystallization centers makes it possible to obtain both
films of sufficient thickness and Ge nanowires [2, 3].
During the electrochemical deposition of Ge, the seed metal
dissolves in Ge, and the metal impurity concentration
exceeds the theoretical solubility by several orders of
magnitude. The presence of this metal will affect the
conductivity type of Ge nanowires.
However, when using Hg and Ga, along with the
existing technological problems, coalescence and
spreading of liquid particles on the substrate are often
observed, which make it difficult to control their sizes and,
as a result, the sizes of Ge filaments. From this point of
view, an alternative is the use of low-melting metals, which
can form eutectic alloys with Ge and have a higher melting
point than Hg and Ga. The possibility of cathodic
deposition of Ge using Indium (a p-type dopant for Ge)
nanoparticles has been shown [4].
In this work, it has been demonstrated the features of
Ge nanowires growth using Sn (isoelectronic impurities)
and BiSn (Bi – fn-type dopant for Ge) nanoparticles.
2. Experiment
All samples have been sized 2×3 cm. 50 μm-thickness
titanium foil has been used as the substrate.
Arrays of spherical Sn and BiSn nanoparticles have
been deposited by the vacuum-thermal evaporation at a
residual pressure of 1×10–5 Torr of material from a Mo
evaporator, placed at 40 cm from the substrate. After
depositing the metals, the samples have been annealed in a
vacuum at 250°C for 10 min. The electrochemical

formation of Ge nanostructures on the obtained Sn and
BiSn nanoparticles has been carried out in an electrolyte
solution of the following composition: 0.05 M germanium
(IV) oxide GeO2, 0.5 M potassium sulphate K2SO4, and 0.5
M succinic acid. The electrolysis has been carried out in the
galvanostatic mode at a current density of 2 mA/cm2. The
morphology of the obtained samples has been studied using
scanning electron microscopy (SEM).
3. Results and discussions
Figure 1 shows the SEM image of the resulting Ge
structure with Sn nanoparticles.

Fig. 1. SEM images of obtained samples
electrodeposition using Sn nanoparticles.

after

Ge

As can be seen, the formed samples are filamentous
structures with a diameter of ~10 nm (Figure 1 a, b). With
an increase in the average size of tin nanoparticles to 40
nm, the morphology of the sample has been changed
(Figure 1 c, d). In some places of the surface of Sn
nanoparticles, nanowire crystals are forming with a
diameter of less than 10 nm. This fact may indicate that the
process temperature of 90°C is insufficient for the complete
melting of Sn nanoparticles and, as a consequence, for the
intensive growth of nanocrystals. Apparently, small liquid
droplets up to 10 nm in size are formed on the surface of a
large Sn nanoparticle, which ensures the growth of such
nanocrystals, as shown in Figure 1 c, d.
In its turn, the use of two-component tin nanoparticles
with bismuth makes it possible to obtain Ge nanocrystals
with a larger diameter (Fig. 2).
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Fig. 2. SEM images of obtained sample after Ge electrodeposition
using Bi-Sn nanoparticles.

It should be noted that in the case of using twocomponent Bi-Sn nanoparticles, the nanocrystals have a
rough surface in comparison with nanocrystals obtained
using In nanoparticles.
The results of the study by the Raman spectroscopy
have been showed that the filamentous nanostructures are
crystalline Ge (Figure 3).

Fig. 3. Raman spectra of sample.

This follows from the detected spectral band at 300 cm, which is characteristic of crystalline Ge [5].

1

4. Conclusions
Thus, Ge nanowires have been obtained by the
electrochemical method using Sn and Bi-Sn nanoparticles.
The results obtained will expand the range of metal
nanoparticles used and control the electrophysical
properties of Ge nanowires.
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Abstract. Recent studies of Cd3As2 have revealed the topological aspect of its electrical properties. At the same time, the attention of
researchers is attracted by the study of the properties of solid solutions of the Dirac semimetal Cd3As2. The modified Bridgeman method
was used to obtain single crystals of (Cd0.69Zn0.31)3As2. It has been established that the studied sample crystallizes in space group
P42/nmc with lattice parameters a = 8.78 Å, b = 12.42 Å. We have investigated the electrical conductivity in the temperature range
from 10 to 300 K and in a magnetic field of 1 T, and determined the temperature dependences of the concentration and mobility of
charge carriers. It has been established that in the temperature range from 10 to 33 K, hopping conduction with a variable length of the
Mott-type hoping takes place, and its micro parameters have been determined.

1. Introduction
Among topological materials, the narrow-gap
semiconductor cadmium arsenide (Cd3As2) with an
inverted structure of energy bands and the highest carrier
mobility among semiconductors and semimetals (largely
exceeding 104 cm2/(V·s) at the room temperature) is
distinguished by its chemical stability, low toxicity, and
good manufacturability [1,2]. Cd3As2 was believed to
manifest an inverted band structure due to the spin-orbital
coupling (SOC) [3]. The 3D Dirac cones of Cd 3As2 have
been observed in angle-resolved photoemission
spectroscopy (ARPES) [2,4,5]. At low Zn content vapor
phase synthesized (Cd1-xZnx)3As2 (CZA) single crystals are
demonstrated the Dirac semimetal phase [6 - 8]. Within
0.3≤ x≤ 0.5 composition region a transition from an
inverted band structure is expected, accompanied by a
transition from a topological phase to a trivial band
semiconductor [7, 8].

The composition of the samples and their homogeneity
were controlled by powder x-ray diffraction and energy
dispersive x-ray spectroscopy (EDX). X-ray phase analysis
(XPA) of the sample was performed using a GBC EMMA
X-ray diffractometer (Cu K radiation, λ = 1.5401 Å) at
the room temperature. It has been established that the
studied sample crystallizes in space group P42/nmc with
lattice parameters a = 8.78 Å, b = 12.42 Å [9]. To study the
composition and distribution of elements on the surface,
we used a JSM-6610LV (Jeol) scanning electron
microscope (SEM) with an X-MaxN (Oxford Instruments)
energy dispersive X-ray spectroscopy (EDX) attachment.
Figure 1 shows the EDX spectrum from the surface of
the (Cd1-xZnx)3As2 sample. Figure 2 shows the powder
diffraction pattern of the (Cd1-xZnx)3As2 sample.

2. Experiment
The modified Bridgman method was used to obtain
CZA single crystals. Stoichiometric amounts of Cd3As2
and Zn3As2 binary compounds were placed in a graphitized
and evacuated quartz ampoule. The CZA melt was slowly
cooled from the melting temperature of 838°C at a rate of
5°C/h in the furnace temperature gradient.

Fig. 2. Powder diffraction pattern of the (Cd1-xZnx)3As2 sample.

Fig. 1. The spectrum of EDX from the surface of (Cd1-xZnx)3As2
corresponds to the composition (x=0.31).

Samples for the study of electrical conductivity by the
six-probe
method
were
parallelepipeds
1.35×0.67×0.50mm. The temperature dependence of
electrical conductivity was studied in the temperature
range from 10 to 300K, and the Hall effect in a magnetic
field 1T.
The results of the study of the temperature dependence
of the resistivity of a solid solution single crystal
(Cd0.69Zn0.31)3As2 are shown in Figure 3. In the inset to
Figure 3, the section corresponding to the variable range of
the hopping conductivity according to Mott is highlighted.
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3. Results and discussions
As the temperature decreases from 320 K, the
resistivity decreases from 2·10-3 Ω·cm at 300 K to a
minimum of 5·10-4 Ω·cm at 30 K, and then gradually
increases. This behavior is typical of the Anderson
transition [10]. The study of the Hall Effect in a magnetic
field of 1 T made it possible to calculate the Hall coefficient
RH, the concentration and mobility of charge carriers. At a
temperature of 10 K, the concentration of charge carriers
was equal to 2.81·1017 cm-3, decreasing with increasing
temperature to 30 K corresponding to the metal-insulator

Fig. 3. Temperature dependence of the resistivity of
(Cd0.69Zn0.31)3As2 solid solution single crystal. The temperature
range 10-33 K on the Fig. 3. insert corresponding to Mott
variable range. hopping conductivity.

transition. Above 30 K, an activation increase in the
concentration of charge carriers was observed, which is
typical for impurity semiconductors up to a value of
3.05·1017 cm-3. The mobility of charge carriers, , exhibits
behavior characteristic of semiconductors, increasing with
decreasing temperature. The value of mobility is maximum
at the metal-dielectric transition point at a temperature of
30 K and is 4.51·104 cm2 V-1 s-1. A further decrease in
temperature leads to a decrease in mobility to 4.16·104 cm2
V-1 s-1 at a temperature of 10 K. The mechanisms of charge
carrier scattering were evaluated.
At low temperatures, in the temperature range from 10
to 30 K, scattering by ionized impurity atoms and mobility
Т3/2 prevail. In the temperature range from 30 to 300 K,
scattering by thermal vibrations of the crystal lattice, µ~T 3/2
, predominates.
In the inset to Fig.3 a linear section of the temperature
dependence of the resistivity in the temperature range from
10 to 33 K, corresponding to the mechanism of hopping
conduction by the states of the impurity band, is
distinguished. Hopping conductivity is described by the
universal equation [10-12]:
𝑇0
(𝑇) = 𝐷𝑇 𝑚 exp ( )𝑝
𝑇
where D is a constant coefficient, T0 is the characteristic
temperature, and the parameters m and p depend on the
mechanism of hopping conduction. We have determined
the values of the parameters m=1/4 and p = 1/4, which
indicates the predominance of the mechanism of hopping
conduction with a variable range hop according to Mott.
Calculating the microparameters, the following obtained
values of the coefficients were used: the characteristic
temperature of the hopping conductivity T0 = 28.60 K;
hopping conduction onset temperature TV = 28.44;

-5

coefficient D = 8.488·10 . For hopping conduction with a
variable hop length, the following values of
microparameters were obtained: Coulomb gap width in the
density of localized states Δ = 0.43 meV; acceptor zone
width W = 2.45 meV; the value of the density of localized
states outside the parabolic gap g = 2.93·1017 cm-3 meV-1;
charge carrier localization radius а = 307 Å.
4. Conclusions
Single crystals of (Cd0.69Zn0.31)3As2 solid solutions
were obtained by the modified Bridgman method. The
sample composition and the element distribution was
controlled using JSM -6610LV (Jeol) scanning electron
microscope (SEM) with an X-MaxN (Oxford Instruments)
energy dispersive X-ray spectroscopy (EDX) attachment.
It has been established that the studied sample
crystallizes in space group P42/nmc with lattice parameters
a = 8.78 Å, b = 12.42 Å. We have investigated the electrical
conductivity in the temperature range from 10 to 300 K and
in a magnetic field of 1 T, and determined the temperature
dependences of the concentration and mobility of charge
carriers. It has been established that in the temperature
range from 10 to 33 K, hopping conduction with a variable
range of the Mott-type hop takes place, and its micro
parameters have been determined.
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In the simplest polymer, polyethylene (PE), three
crystalline phases can be (meta)stable under normal
conditions and able to transform one to another by shearinduced (first-order) phase transitions: common
orthorhombic (O), monoclinic (M) and triclinic (T). Highsymmetry O phase is preferable at high temperatures. The
non-O phases are always present in commercial PE. These
phases appear under pressure, tension, or shear. Complete
or almost complete transitions from the O to the non-O
phases are observed on single crystals grown from a
solution, extended chain (poly)crystals, or (poly)crystals
consisting of stacks of chainfolded lamellas. There are
many transformation modes [(almost) simple shears in
different directions with different magnitudes] realizing the
phase transitions between the crystalline phases of PE. The
height of the barriers for actuation of these modes is
comparable to the height of the barriers for plastic
deformation modes (crystallographic slips or twinning).
Therefore, for homogenious crystalline PE samples, the
features of the phase transitions between the crystalline
phases determine, to a large extent, the character of the
deformation process and the composition and the properties
of the resulting sample.
Some
experimental
results
regarding
the
transformations between the crystalline PE phases are
unclear. The first puzzle is the appearance of an
intermediate M phase between the parent O and the product
T phases in an extended chain sample under hydrostatic
compression. Besides, the dependence of the final state of
the sample on its initial structure and the deformation rate
is not properly investigated.
We carry out [1] molecular dynamics simulation of
shear-induced martensitic phase transitions between the
orthorhombic (O) and nonorthorhombic (triclinic (T) and
monoclinic (M)) phases of crystalline polyethylene (PE) in
the framework of a realistic all atom model of the polymer.
We show that the variation of the shear rate allows
observing on a nanosample both a strongly nonequilibrium
phase transition occurring by random nucleation and
irregular growth of a new phase (“civilian” way) and the
coherent, or “military,” kinetics (generally considered as
usual for martensitic transformations).
We induce transitions from the O to the T phase
according to two transformation modes observed in
experiment on PE single crystals (O-T T1 and O-T T2
modes). Rapid deformation favors the transition directly to
the T phase with expected orientation. Slow deformation
causes the transition first to one or two intermediate M
phases, and only then - to the expected T phase.
The reason is that the transformation mode to the M
phase O-M T1 has a very small magnitude of 0.04 (O-T T1

and T2 modes have magnitudes of 0.18 and 0.35,
respectively). There are two nearly perpendicular
directions of shear actuating this special mode. Therefore,
for any sufficiently slow shear along any direction, this
mode will be actuated before any other transformation
mode. The resulting M phase can transform into the T phase
by the mode M-T T1 directly or after twinning, depending
on the direction of the shear. Thus the M phase (through
mode O-M T1) naturally emerges in common (slow)
experiments as an intermediate in the transition from the O
to the T phase.
The molecular dynamics simulation also allows for
studying the transition process at the level of individual
molecules, unavailable in experiment. In particular, we
could observe the process of rotation of half of the chains
through 90° around their axes during the transition from the
O phase to the T or M phases. The turn proved to occur
generally due to generation of a localized twist defect
(twiston) at one end of a chain and the subsequent diffusion
of the twiston to another end of the chain. The twiston is
short (about six CH2 groups), moves at a speed of 250-650
m/s and rotates a chain containing 100 carbon atoms in 2050 ps. The energy of its generation is 4 kcal/mol for the OT transition and 2 kcal/mol for the O-M transition. The
transition between the M and T phases occurs through halfchain-period translations of the chains along their axes,
mostly collectively, as crystallographic slips.
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Abstract. The paper presents the results of preparation and wettability properties studying of porous anodic alumina (PAA) membranes
with the thickness of 8±0,5 μm and with a different pore sizes. Fabrication processing features, scanning electron microscopy and
wettability characterization results are discribed. The comparative analysis of outer PAА surfaces and effect of morphology of these
surfaces on the wettability properties are discussed. Measurements of the interfacial contact angle (ICA) were made on the as-fabricated
amorphous PAА membrane and after pore widening with a range of pore diameters from 40 to 120 nm.

1. Introduction
Porous anodic alumina (PAA) is a constantly attracting
the attention of scientists due to its unique ordered
honeycomb cell structure. Such structure allows the
formation of many new multifunctional films and microand nanoelements by the template-assistant method [1,2].
Recently PAA have been intensively studied for use in
medical and biotechnological development: bio-filtration
for the separation of proteins and organic molecules; in
drug delivery systems and biosensor devices etc. [3,4].
Electrochemical anodization of Al results into a
nanoporous structure of alumina with pore size range from
10 to 150 nm and density of about 1×1010 pores cm-2 [5].
This technique is comparatively easier than lithographic
methods. In this case, it is desirable to modify the PAA
surface in order to obtain a well-wetted surface and pore
walls. Optimization of such parameters as pore diameter
and length, modification of the PAA surface itself and pore
walls make it possible to achieve a further selectivity in
bioseparation systems[6].
In our previous work [7] presented the results of
preparation and studying of PAA wetting properties with
the thickness from 25 to 75 μm and different pore sizes. The
analysis of an outer and inner PAA surfaces and
morphology effect on the wetting properties are
demonstrated. Both alumina surfaces show significant
morphology-dependent wettability Here we would like to
show that the wettability of PAA changes during the
fabrication process and this must be taken into account to
receive a template suitable for various membrane
applications. For this purpose PAA samples with different
morphology parameters were obtained and their wettability
properties were investigated.
2. Experiment
Samples of the PAA membranes were prepared via twostep anodization of 99.9994 Al foil in 4% C2H2O4 aqueous
solution at 15 °C. The fabrication process of the PAA
membrnes is described in more detail in [8]. The PAA
samples were formed at voltages of 40, 50, 60 V. An outer
surface of PAA were chemically modified using 5%
H3PO4 aqueous solution at a temperature of (35±2) °C for
5, 10, 15 and 20 min. As a result PAA membranes with an
ordered structure of 8 µm thickness with different pore

diameter has been obtained. The PAA samples morphology
(pore diameter d, interpore distance D and thickness H)
were examined using scanning electron microscopy (SEM)
Carl Ziess EVO10. Software package "SED (Surface
Explorer Document)" was used for the computer
processing of the experimental data. This method allows to
study the microstructure parameters. The SEM images
were also analyzed with graphics editor Image J. The
wettability properties of PAА were determined by
measuring the interfacial contact angle (θ) using the
“recumbent drop” method [9]. A drop of distilled water of
the order 15 μl was applied to the PAA surface from the
microdoser (Thermo Scientific Finnpipette). The ICA was
determined by the goniometric method, in terms of the
basic dimensions of the drop and the condition that θ<90°
according to the formula:
𝑡𝑔𝛩 =

2ℎ𝑟
𝑟 2 −ℎ2

(1)

where, θ is the ICA, r is a contact area radius of the drop
with the PAA surface, and h is the drop height.
3. Results and discussions
After each main stage of PAA fabrication process the
obtained samples were analyzed sing SEM technique.
Several types of samples were prepared with different pore
sizes, and etching technology of the barrier layer at the
bottom of the pores (Table I).
Table I. The main morphological characteristics of the
experimental samples (before etching, as-fabricated amorphous
РАА).

Anodizing
Pore
Porosit
d/D
voltage U, diameter
y
V
d, nm
, %
I
40
(48)*50
17
0.44
II
50
(60) 65
23
0.50
III
0.53
60
(72) 85
27
*
The calculated values (in brackets) and mean values
received using SEM images.
The barrier layer was not etched in as-fabricated
samples (I, II, III). For the samples No. 1, 2, 3 and 4 of each
type the etching of the barrier layer was carried out by
immersing the entire membrane in a 5% H3PO4 aqueous
solution at the temperature of (35±2) °C for 5, 10, 15 and
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𝑑

𝛼 = 0.097( )2

(2)

𝐷

Table 1 presented other important parameters of the
PAA microstructure: the thickness of cell walls (W) and the
thickness of a barrier layer (B). For highly ordered, densely
packed hexagonal cells of PAA membranes with a diameter
D the cell walls thickness W can be determined by the
formula [10] and is equal to 32.5 nm:
𝐷−𝑑
𝑊=
(3)
2

Besides, the thickness of walls is related to thickness of
a barrier layer as the following ratio [10] and is equal to
36.4 nm:
B=1.12∙W
(4)

А

shown the contact angle images and SEM views of outer
surface of as-fabricated samples (I, II, III). Figure 2 are
shown the contact angle images and SEM views of outer
surfaces of PAA sample of the II type after pores opening
by etching the barrier layer with different duration. Similar
results were obtained for PAA samples I and III after
etching and are presented in Figure 3.
Experimental results show that the contact angle
depends on such a PAA parameter as porosity. And the
porosity is determined by such technological parameters as
the anodizing voltage and the barrier layer etching duration.
Moreover, the dependence on the anodizing voltage has an
extreme character (the ICA has the greatest values for PAA
membranes formed at 50 V).
90
80

Contact angle Q, deg.

20 min, respectively. Also such important PAA parameter
as porosity α depends on pore diameter and channels
structure. The alumina porosity with the through pores was
determined by formula [10]:

B

70
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30

40 V
50 V
60 V

20
10
0
0
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10

15

Etching time, min

20
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Fig. 3. Contact angle as a function of etching time of a barrier
layer of the PAA outer surfaces.

C
Fig. 1. Contact angle as a function of surface topology for asfabricated samples I (A), II (B) and III (C) and corresponding
SEM images of outer surfaces.

In general, SEM images of the PAA samples prepared
in the optimal etching mode show high uniformity of PAA
topological parameters, both on the surface and in the
middle of sample (strictly vertical orientation and
nanochannels linearity). The previously presented results
[8] show that the topological features of the PAA surface
can differ substantially depending on through-pores
obtaining process. Therefore, the contact angle was
determined on the outer side of the PAA. Figure 1 are
А

B

C

D

4. Conclusions
The preparation of PAA membranes by two-step
anodization of aluminum foil in oxalic acid electrolyte have
been reposted. PAA membranes with a pore diameter in the
range from 50 to 85 nm and 8 µm thickness were fabricated.
The anodization process was performed in 4% oxalic acid
at 40, 50 and 60 V. The surface chemistry of the PAA
samples was not specially modified in order to investigate
only the effect of own PAA surface morphology on the
wettability properties. It was shown that the contact angle
depends not only on the pore diameter and anodization
voltage but also on the etching time of the barrier layer, that
is, it changes during the fabrication process. It was found
that with etching duration increasing the pore diameter and
contact angle firstly linear rises then this growth more
noticeable. These results indicate that it is possible to select
the optimal PAA fabrication condition (anodizing voltage,
etching duration) depending on the future application of the
PAA membranes.
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Abstract. The formation of laser-induced periodic surface structures (LIPSS) is an attractive method of surface nanostructuring
promising for practical applications, such as surface functionalization, elements of flat optics, sensors, and so on. While interference is
a general mechanism of LIPSS formation, structures of different types can form, including ablative LIPSS that represent periodic
grooves formed as a result of ablation of the irradiated material, and thermochemical LIPSS, which are periodic oxide protrusions
formed due to local oxidation in the interference maxima. As laser-induced surface structuring has practical potential, investigating the
regimes of the fabrication of highly regular LIPSS on various materials is an actual task. We report on the formation of ablative and
thermochemical LIPSS with high uniformity on metals (Ti, Hf) and semiconductors (Si, Ge) by femtosecond near-IR laser pulses, and
study the dependence of the morphology on the laser writing parameters.

1. Introduction
Irradiating the surface of metals, semiconductors or
their films with ultra-short high energy laser pulses leads to
the formation of a periodic relief modulation (grooves or
protrusions) called laser-induced periodic surface
structures (LIPSS) [1]. They originate from the interference
between incident light and scattered waves or surface
modes, such as surface plasmons, and form within the focal
spot as a grating with a period nearly equal to or less than
the laser wavelength. This interference creates a periodic
intensity distribution, which regulates consequent physical
mechanisms of LIPSS formation, namely, ablation,
thermochemical reaction, material reorganization, etc. [2,
3]. Structures formed through each of the mechanisms
demonstrate their own distinctive surface morphologies.
For example, ablative LIPSS are usually oriented
transversely to the linear polarization direction of the
incident light and represent an array of valleys or grooves
formed in the intensity maxima. In contrast,
thermochemical LIPSS (TLIPSS) are protrusions above the
surface oriented along the polarization and formed due to
thermally stimulated oxidation of the target material. Apart
from the main process of interference between incident and
scattered light, additional periodicities can arise if the
“second-order” effects contribute to the final intensity
distribution, such as the interference of the counterpropagating plasmons, thus, further reducing the period.
LIPSS formation is a single-step approach for surface
nanostructuring, which is remarkably simple, flexible, and
scalable, making it highly attractive for a wide range of
practical applications: surface functionalization, flat optics,
sensors, and so on [4, 5]. The possibility to obtain
periodical patterns with indefinitely large areas by lateral
scanning in ambient air distinguishes this method from
lithographic techniques or crossing beams interference.
Considering these technological prospects, it is important
to define the conditions at which highly uniform LIPSS of
various types will form.
Here, we report on the formation of highly regular LIPSS
on metals and semiconductors by femtosecond near-IR

laser pulses. Titanium, hafnium, silicon, and germanium
were used in the experiments. Periodic structures of two
types were obtained: TLIPSS were fabricated on Ti and Hf
films deposited on Si, ablative LIPSS were formed on Sisupported Hf film, and glass-supported Ge film.
2. Experiment
Samples used in the experiments were: metal films of
Ti and Hf with different thickness (20-400 nm) deposited
by magnetron sputtering on a glass or c-Si substrate,
semiconductors films of Ge and α-Si film deposited onto a
glass substrate by magnetron sputtering with the resulting
thickness of about 100 nm, crystalline Si (c-Si) wafer with
a 20-nm thick Hf layer sputtered on top. A femtosecond
laser irradiation with pulse duration of 230 fs and
wavelength of 1026 nm focused into the astigmatic spot
with an axis ratio of ≈1/10 and a width along the long side
of 155 µm was used to form TLIPSS. The pulse repetition
rate f and the sample scanning speed υ were varied within
the range of 50-200 kHz and 1-2000 μm/s respectively. The
pulse energy E was altered to obtain structures with the best
regularity.
TLIPSS surface morphology and inner structure were
investigated via scanning electron-microscopy (SEM) and
focused ion beam (FIB) milling. To analyze the chemical
composition, Raman spectroscopy with the laser pumping
at 532.1 nm and a 1-μm focal spot was used.
3. Results and discussions
The TLIPSS with period of 853±20 nm and high
structure regularity was formed on Ti film with thickness
of 90 nm upon impact of near-IR laser radiation at the pulse
energy of 1.1 µJ and processing speed of 1 µm/s (Fig. 1a).
The TLIPSS are oriented along the polarization direction of
incident laser radiation. The protrusions are mainly
composed of the rutile phase of TiO2 nanocrystallites
according to Raman spectroscopy. SEM images of the
transverse cross-sectional FIB cuts (Fig. 1с) reveal that
TiO2 starts to grow from the Ti film surface as a result of
thermochemical reaction of oxidation. Formed protrusion
occupies a larger volume in comparison to intact film due
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to the porous structure of rutile nanocrystals and a large
Pilling and Bedworth ratio RPB = 1.78 for titanium and its
oxide.
The highly regular TLIPSS with a period of 990 ± 14
nm are formed on the surface of Hf thin (130 nm) films at
pulse energy of 1.75 μJ and processing speed of 75 μm/s
(Fig. 1 (b)). The SEM of the cuts shows profile of the
structures, having a width of 480 nm and a height of 200
nm (Fig. 1(d)). At low scanning speeds (1–10 μm/s)
overexposure is observed in the center of the tracks with the
formation of a structure with a period half as long as at the
periphery. The height of the oxide protrusions above the
surface of the Hf film is about 30 nm, and the penetration
depth into the silicon substrate is 50 nm based on the SEM
image of the FIB-cut cross section of TLIPSS.
Ablative LIPSS produced on Ge film at low energy and
scanning speeds (500 nJ and 1-5 µm/s, respectively) show
good uniformity having a period of ~650 nm and
orientation perpendicular to the laser polarization. These
structures can be referred to as low spatial frequency LIPSS
(LSFL) with the period Λ ≲ λ formed due to the interference
between the SPs excited at surface roughness and the
incident pulse [6]. At the same pulse energy and elevated
scanning rates, continuous LIPSS cease to form. However,
increased pulse energy of 750 nJ allows the fabrication of a
uniform periodic structure at the speed of 25 µm/s. With the
further increase in scanning rate up to 50 µm/s an
interesting new morphology is observed. In contrast to a
single “track” with periodic modulation formed within a
focal spot, which is usually obtained in other works
studying LIPSS, this structure consists of multiple separate
grating stripes aligned in parallel (Fig. 2 a). Note that the
distance between these small “tracks” is relatively constant
suggesting that there is an additional mechanism, which
keeps multiple SPs localized and isolated from each other.
The generation of one of such separated plasmon modes
can be seen at the center of the SEM image in Fig. 2 a,
where it branches off the existing mode. An enlarged view
of the structures, shown in Fig. 2 b, reveals that they are
composed of 450-nm wide grooves with a period of ~880
nm, which is slightly higher than that of LIPSS with
continuous morphology.

Fig. 1. SEM images of TLIPSS structures produced on the 90-nm
thick Ti film (a) and 130 nm Hf film (b). SEM image of a crosssectional FIB cut made perpendicularly to the TLIPSS orientation
(c, d).

LIPSS formed on Hf-covered c-Si demonstrate
extremely high uniformity having a period of ≈450 nm and
can be attributed to high spatial frequency LIPSS (HSFL)
with Λ < λ/2. While for structures formed in the air there is
some debris which is oxidated Si and Hf material, LIPSS

fabricated in a nitrogen atmosphere at 1.75-2.5 µJ and 5002000 µm/s appear as a clean debris-free structure with a
negligible number of defects (Fig. 2 c). The formation of
these LIPSS can be explained by the interference of
counter-propagating plasmons at the Hf-air/nitrogen
interface, where the role of Hf is in facilitating the SP
excitation and regulating Si ablation. A magnified part of
the SEM image reveals several features: apart from the
main periodicity, LIPSS lines have perpendicular periodic
modulations of contrast stripes and pits (Fig. 2 d). Although
nitrogen environment helps increase the LIPSS quality in
the case of c-Si, the laser processing of Ge film at similar
conditions leads to the appearance of poorly ordered
periodic structure with LIPSS lines oriented in parallel with
the polarization and presumably formed due to
hydrodynamic instabilities in the molten phase of
germanium [7].

Fig. 2. SEM images of the LIPSS formed on the 100-nm thick Ge
film (a, b) and Hf-covered crystalline Si (c, d) at the following
experimental conditions: (a) 750 nJ, 50 µm/s; (c, d) 2.5 µJ,
2000 µm/s.

4. Conclusions
The formation highly regular LIPSS: thermochemical,
in the case of metal film due to the thermally stimulated
reaction of oxidation resulting in TiO2 or HfO2 protrusion
above the initial metal film with orientation parallel to the
polarization direction, and ablative, in the case of
semiconductors with orientation perpendicular to the
polarization direction, were demonstrated. The period of
LIPSS depends on the processing conditions and varies in
the range of ≈900 nm for fundamental spatial frequency and
450 nm for doubled spatial frequency.
The obtained results open up possibilities for the
practical application of the high-throughput formation of
high-ordered periodic structures for different possible
applications in biomedicine, photovoltaics, improving
tribology properties, metal coloration and fabrication of
diffraction holograms.
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Abstract. GST255 based devices attract the attention of researchers due to wide opportunities in designing phase change memory.
Herein, we studied a possibility to fabricate periodic micro- and nanorelief at surfaces of GST255 thin films on silicon/silicon oxide
substrates under multi-pulse femtosecond laser irradiation with the wavelength of 1250 nm. One-dimensional lattices with periods of
about 1250 and 130 nm were obtained depending on the number of acted laser pulses. Emergence of these structures can be explained
by plasmon-polariton generation and laser-induced hydrodynamic instabilities, respectively. Additionally, formation of the lattices
whose spatial period is close to the impacted laser wavelength can be modelled by considering the free carrier contribution under
intensive photoexcitation. The obtained structures demonstrate strong artificial anisotropy of conductivity. Raman spectroscopy
revealed both crystallization and re-amorphization of the irradiated films. The obtained results show a possibility to fabricate rewritable
all-dielectric data-storage devices based on GST255 with periodic relief.

1. Introduction
Chalcogenide alloy GST225 possess a large difference
between the optical or electrical properties of the
amorphous and crystalline states. Usually, such rapid and
reversible phase switching is achieved under optical
pumping or resistive heating, which allows for the design
of so-called phase change memory devices.
In the case of femtosecond laser treatment, the rate and
energy efficiency of triggered crystallization [1] and
amorphization [2] might be increased up to several times
compared with the impact by nanosecond or longer laser
pulses.
Recently, we showed a possibility to fabricate laserinduced periodic surface structures (LIPSS or ripples) in
thin GST255 films deposited to multilayer substrates with
metal layers [3, 4]. Such structures besides laser-induced
phase change transitions seem promising due to their inplane artificial anisotropy of optical and electrophysical
properties.
In the present paper, we perform and theoretically
analyse experiments on multi-pulse femtosecond laser
irradiation, which lead to LIPPS fabrication, as well as
direct and reversible phase transitions in GST225 thin films
on an all-dielectric substrate.
2. Experiment and calculations
Amorphous GST225 thin films with thicknesses of
130–230 nm were deposited by direct current magnetron
sputtering [3] on a thermalized crystalline silicon substrate
with silicon oxide of thikness about 1 μm.
The films were irradiated by femtosecond laser pulses
from a Cr:Forsterite laser system Avesta (1250 nm, 135 fs,
10 Hz, 0.1–0.2 J/cm2) in air medium at the scanning mode.
The pulses were linearly polarized, and the beam incident
angle was normal.
The scanning mode during processing was realized by
moving the films in the horizontal plane along a
meandering trajectory. The number of overlapping laser
pulses N on the irradiated area varied from 3 to 750.

Images of irradiated areas were obtained by a scanning
electron microscope (SEM) Carl Zeiss Supra 40. Analysis
of phase transformations was carried out via Raman
spectroscopy using a Horiba Jobin Yvon HR800
spectrometer with excitation at 633 nm.
The electrophysical properties of initial and processed
GST225 thin films were studied by a Keithley 6487
picoampermeter and a nitrogen cryostat. For this purpose,
4 square aluminic contacts were deposited by thermal
sputtering on initial and irradiated areas, as well as both
along and orthogonal to scanlines of the laser beam. It
allowed to measure the in-plane conductivity in two
orthogonal directions.
In our work, to calculate the orientation and period of
LIPSS we used the hybrid so-called Sipe–Drude model
which considers photoinduced generation of free carriers at
ripples formation [5].
3. Results and discussions
Ripples formation was revealed on the irradiated
GST225 surface starting with the overlapping pulses
number N = 150. The gratings formed at these conditions
are directed orthogonally to the polarization and scanlines
of the laser beam. The ripples possess the period
Λ = 1250 ± 90 nm, which is close to the incident laser
radiation wavelength (Fig. 1a).
According to our calculations using the Sipe–Drude
theory the fabrication of such LIPSS might be modelled by
considering the free carrier contribution under intensive
photoexcitation [6]. Surface plasmon-polariton generation
plays a key role in this process [5].
Additionally, one more type of LIPSS was observed at
the center (Fig. 1b) of the irradiated area. It represents
elongated clusters possessing a subwavelength period of
Λ = 130 ± 30 nm. These clusters are directed
perpendicularly to the polarization of the laser pulses. The
formation of such LIPSS cannot be explained via the Sipe–
Drude model but they may be caused because of laserinduced hydrodynamic instabilities associated with
Marangoni convection and similar thermo-capillary effects,
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which manifest themselves at the times that exceed the laser
pulse duration.

Fig. 3. Raman spectra of initial sample (N = 0 pulses), central
and edge regions of treated area (N = 750 pulses).

This behavior may indicate a possible re-amorphization
occurring in the film exposed by the relatively large number
of overlapping laser pulses with an inhomogeneous
intensity distribution inside the gaussian laser beam. Such
reversible phase transition is possible in GST225 due to the
metastability of its face-centered cubic crystalline lattice.
Fig. 1. SEM images at different magnifications of areas
irradiated by N = 750 pulses.

The laser processing leads to strong electrophysical
anisotropy of an irradiated sample as shown in Fig. 2.

Fig. 2. Temperature dependencies of conductivity for a
nonirradiated sample (1), a sample irradiated by N = 160 pulses
when the current is applied in the orthogonal (2) and parallel (3)
directions to laser beam scanlines.

The growth of conductivity up to 4 orders at the room
temperature after irradiation explains by crystallization of
the amorphous film [3, 4]. The conductivity anisotropy is
caused by laser-induced periodic relief formation.
The Raman spectrum of the amorphous GST225 thin
film (N = 0) demonstrates a corresponding asymmetric
broadband from 110 to 200 cm−1 with the maximum near
145 cm−1 (Fig. 3). After irradiation an additional Raman
line near 125 cm−1 appears. It corresponds to the crystalline
phase of GST225. The intensity ratio of the 125 cm−1 line
to the 110–200 cm−1 broadband maximum is smaller in the
laser spot center than at the scanline periphery area. The
inhomogeneous crystallization is also confirmed by SEM
analysis (Fig. 1a).

4. Conclusions
In conclusion, we observed the formation of two types
of ripples during the femtosecond laser treatment of
amorphous GST225 thin films on dielectric substrates. The
first type of gratings, whose spatial period is close to the
laser wavelength, can be induced by surface plasmonpolariton excitation. The structures of the second type have
a spatial period noticeably shorter than the laser wavelength
and may be explained by the hydrodynamic instabilities in
the laser-induced melt and solidification at the times longer
than the laser pulse duration. Additionally, the reversible
phase
transitions
and
surface
inhomogeneous
crystallization in the GST225 thin films were achieved
because of the laser impact.
The obtained results seem promising for the design of
all-dielectric phase change memory devices with artificial
anisotropy, which makes these structures sensitive to the
direction of applied current in the plane of a sample.
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Abstract. The problem of laser-matter interaction in the sense of laser-initiated chemical processes and subsequent formation of solid
nanostructured materials will be considered in the talk. The main attention is focused to the effects originated as a result of laser effect
on heterogenic systems such as ‘solid-liquid’ interfaces, and in particular for the case when the chemical activity of the heterogenic
system as a whole is mainly determined by the laser-induced effects in liquid phase.

1. Introduction
Laser irradiation can provide unique physicochemical
conditions in the exposure area, thus initiating diversity of
subsequent processes related to phase transitions, structure
reorganization and chemical reactions. Fine-tuning of the
laser-initiated processes can be easily achieved by precise
control of the optical parameters – spectral and energy
characteristics, spatial localization, duration of exposure
(including different regimes of laser generation –
continuous or pulsed). Here the less studied and the most
curious processes are connected with laser-initiated
chemical reactions that result in generation of materials
with diverse chemical structure and compositions. These
reactions take place in localized volume determined by
laser irradiation zone or laser focus. The focus area of laser
radiation can be considered as a local chemical reactor that
limits the volume of a chemical reaction and the amount of
reagents involved in the process. As a result, the laserinduced reactions and products of reactions can be
controlled with high degree of accuracy, and can be called
‘precision laser chemistry’.
Heterogenic systems (solid-liquid interfaces) are
extremely promising targets for the laser irradiation
because of a variety of chemical processes that can be
initiated at interface as a result of laser effect as compared
with homogeneous systems (liquids or solids). Well and
widely known approach using the highly intense laser
irradiation of the interface between solid substrate and
liquid phase results in many effects connected with laser
ablation in liquids and the subsequent nanostructures
formation.
The use of low intense laser irradiation of substratesolution interfaces is an uncommon approach. However as
we found, it opens a novel way of multiphase
nanostructures synthesis in a single step process. It is based
on laser irradiation of the substrate-solution interface; and
we call it Laser-Induced Deposition (LID). As a result of
laser-initiated chemical processes, nanostructures are
formed in the laser-affected area of the substrate. As a
liquid phase, one can use electrolyte solutions traditional
for chemical metallization, or solutions of metal salts with
some reducing agents, or just solutions of organometallic
complexes.
A particularly simple and efficient synthesis of metallic
(Ag, Pt, Co, Au, Ru …) and hybrid nanostructures that are
multi-metal (Au-Ag, Cu-Ag, Pt-Ag …) nanoclusters
incorporated into carbonaceous matrix will be presented in

the talk [1-5]. The main competitive advantage of LID over
other laser-based methods is its ability to synthesize NPs
directly on any given/preselected surface area of the
substrate. It allows one-step and ‘on-site’ functionalization
of various types of surfaces with nanostructures active in
catalysis and electrocatalysis, surface-enhanced Raman
spectroscopy, plasmon-enhanced fluorescence, energy
conversion, solar cell technologies, etc.
2. Experiment
Laser-induced deposition method is based on laser
irradiation of substrate-solution interface. As a liquid
phase, we use solutions of metal precursor in solvent
(water, alcohols, other organic solvents). Precursor can be
inorganic, organic salts, or organometallic complexes of
different metals (Au, Ag, Pt, Ru, Cu, Co, etc). It can be
commercially available organometallic precursors
containing single metal, or home-made hetero-metallic
supramolecular complexes. As a substrate, one can use
structures of various 2D and 3D architecture and various
composition – amorphous or crystalline substrates such as
microscope cover slips (Menzel cover slip), microscope
cover slip coated with an indium–tin oxide (ITO) layer,
Al2O3 and Si crystalline wafers and silicon nanowires
(SiNW), etc.
Depending on the optical transparency of the substrate,
two different deposition geometries can be used: (1) the
solution is above the substrate for nontransparent substrates
or (2) the solution is below the substrate for transparent
substrates (Fig. 1). This allows for laser-induced deposition
on any substrate. The illumination process is stationary—
the laser beam is not shifted relatively the substrate. The
laser illumination time can be varied in wide limits from
minutes to hour. After terminating the laser light exposure,
the substrate is removed and washed with isopropyl
alcohol.
The choice of laser wavelength is determined by the
specific absorption spectrum of chosen precursor. The LID
process implies using low-intensity continuous wave (CW)
laser that ensures mild illumination conditions preventing
thermal side effects such as delocalization of the deposition
process and thermal decomposition of the deposits.
The peculiarity of the LID process is the formation of
deposits directly on the substrate in the laser-affected area.
Thus, LID allows combining synthesis of NPs and their
immobilization on the surface in a single-step procedure.
The significant advantage of LID is connected with the
following features (i) spatial localization of the process in
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the laser-affected area, (ii) no destructive effects of mild
laser irradiation, as a result no decomposition of deposits or
substrate, and (iii) precise control of composition, structure,
and morphology of nanostructures that all together
provides fine-tuning of deposits functionality.
Fig. 2. Nanostructures (a) nanoparticles, (b) nanoflakes, (c)
nanoflowers obtained by LID [1].

The specific peculiarity of the demonstrated approach
is creating a multiphase (carbon/metal) hybrid material in
the single-step laser-induced process with simultaneous
morphology control.
Spatial control of LID
Peculiarity of LID process allows also precise spatial
control of the deposition area. One can use laser irradiation
of the substrate/solution interface with focused laser beam
in scan regime. Figure 3 shows rectangularshaped patterns of AgAu@C nanoparticles deposited onto
a 3D sample (silicon nanowires). The deposited samples
were obtained by tight focusing and scanning the laser spot.
The deposition density (number of NPs per unit square) was
found to be 700 m2 after 30 s (a), 2100 m2 after 5 min (a)
and 3500 m2 after 10 min (c).
Fig. 1. The laser-induced deposition scheme for nontransparent
(a) and transparent (b) for laser radiation substrate.

3. Results and discussions
Mono- and multi-metallic nanostructures, hybrid
nanostructures
LID from commercially available organometallic
precursors containing single (Au, Ag, Pt, Ru) metal
demonstrated possibility of successful formation of mono,
bi- and tri-metallic nanoparticles of well-defined
composition and morphology [6]. Multimetallic
nanostructures were synthesized from mixtures of solutions
of monometallic precursors. Nanoparticles form more or
less dense and continuous coatings on the surface of the
samples. The size of monometallic nanoparticles was found
to be dependent on the metal—140–200 nm for Au, 40–60
nm for Ag, 2–3 nm for Pt under the same experimental
conditions. While bi- and trimetallic nanoparticles were
core-shell structures representing monometallic crystallites
surrounded by an alloy of respective metals.
It is interesting to note, that the same approach – LID
process – but realized with different precursor allows the
creation of a multiphase (carbon/metal) hybrid materials in
the single-step process. As a precursor for LID the homemade
supramolecular
complex
[Au13Ag12(C2Ph)20(PPh2(C6H4)3PPh2)3][PF6]5 was used.
Moreover, we demonstrated that hybrid Au–Ag@C
nanoobjects can be synthesized with highly controlled
morphology such as nanoparticles, nanoflakes and
nanoflowers (Figure 2). The variation of the morphology is
achieved by a systematic variation of the deposition
parameters, using the same LID method and the same
precursor. The variety provided by this method embraces
in situ planting of hybrid structures onto the surface of a
substrate, which are as different as the previously reported
nanoparticles (NP), as well as novel nanoflakes (NFK) and
nanoflowers (NFW).

Fig. 3. Rectangular-shape patterns of AgAu@C nanoparticles
deposited onto a 3D sample (silicon nanowires). Exposure time is
varied between 30 s (a), 5 min (b) and 10 min (c) [5].

Another example of spatial control of the LID process
is based on sensitivity of the deposition process to laser
irradiation intensity. The peculiarity of the LID presented
here is the use of low intensity laser irradiation and laser
wavelengths corresponding to the characteristic absorption
of the absorption of the precursor, all together proving the
photo-induced nature of NPs’ formation process. In this
case, the deposition process can be sensitive to the spatial
variation of laser intensity and promising for the controlled
NPs distribution on the substrate surface.
As a proof of concept, the spatially selective deposition
of plasmonic Ag NPs in the laser interference pattern was
successfully demonstrated (Figure 4) [2]. The result of such
spatially selective laser deposition can be diffraction
gratings with different parameters (lines/mm) formed of
periodically distributed NPs. It is important to note that this
is the first demonstration of plasmonic diffraction gratings
obtained in a single-step process and consisting of metal
NPs only, without other components such as polymers, etc.
Functionality
As we have shown, the LID process allows deposition
of nanostructures with various chemical composition and
morphology; moreover deposits can be formed on any
substrate. All together these features open wide application
areas for LID and creation structures with wide
functionality. One can choose the appropriate precursor for
LID in order to obtain required functional properties such
as
surface-enhanced
Raman
scattering
(SERS), catalysis, electrocatalysis or as possible carriers of
drugs, etc.
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only on surface of the membrane but also inside the pores
with high aspect ratio (Figure 6). The obtained
nanostructured electrodes demonstrate high electrocatalytic
activity in reactions of glucose oxidation [9].
We also successfully demonstrated applicability of LID
for creation of a great variety of structures active in metalenhanced fluorescence, electrocatalysis, other SERS
variants etc [10-13].
Fig. 4. (a) AFM image of Ag NPs grating deposited under laser
beam with interference pattern 375 lines/mm; (b) average profile
(black line) and fitting waveform (red line) of synthesized periodic
structure [2].

The most striking example of plasmon NPs’ properties
is SERS. Moreover the combination of metal and carbon
phases is promising for synergetic effect due to the analyte
adsorption by carbonaceous matrix and simultaneous
Raman signal enhancement by the metal nanoinclusions.
As a test experiment, the substrate with hybrid Au-Ag-C
NPs obtained by LID was immersed into highly diluted
solution of human blood (2 g of human blood in a liter of
deionized water) for different time frames from 0 to 20 min
(Fig. 5) [7,8]. The increase in the Raman intensity with
longer immersion times indicates an effective adsorption of
blood on the carbon shell thus increasing directivity of
SERS signal for highly diluted solutions.

Fig. 5. Surface-enhanced Raman spectra of dilute human blood
(contains blood plasma as well as red blood cells) in deionized
water measured on Au-Ag-C NPs at various immersion times (0
to 20 min), arrow shows immersion time increase [8].

Fig. 6. Laser-induced deposition on 3D templates: (a) pure AAO
template; (b) PtAg@C NPs on AAO; (c) PtAg@C NPs on AAO
modified with silanization; (d) PtAg@C NPs on AAO modified
with silanization — cross-section view; (e) silver distribution on
sample, inset — EDX data across the line [9].

As example of structure active in electrocatalysis we
can show membranes of nanoporous anodic aluminum
oxide (AAO) with NPs of AgPt@C deposited by LID not

4. Conclusions
Numerous experiments on laser irradiation of the substrate/solution interface opened a new field of research that
has great fundamental interest and promising practical
importance.
These
studies
have
resulted
in
recommendations for depositing various metal structures
with different characteristics (conductivity, adhesion,
morphology) on various-type substrates (e.g., ceramics,
porous silicon, glasses, crystals, etc.).
In such a way, we offer a well-controlled open-air and
room-temperature direct laser-based approach for forming
metal and hybrid metal/carbon nanostructures of desired
morphology, structure and composition. The deposition
process can be easily controlled by the experimental
parameters such as the composition of the liquid phase, the
concentration of the precursors, the nature of the substrate
(crystalline or amorphous), the topology of the substrate
(flat or structured), the irradiation dwell time and the
deposition geometry.
The attractiveness of the suggested synthetic
methodology consists in requiring only a single step for
growth of nanostructures, which are complex in
composition and well-controlled in morphology. The main
list of competitive advantages of precision laser chemistry
over other laser-based techniques is the following:
- Synthesis takes place directly on interface of liquid
and substrate;
- Mechanism of nanostructures formation is – selforganization process that can be easily affected by variation
of experimental parameters;
- Synthesis of multi-phase materials takes place in a
single step process;
- Composition, structure, morphology, functionality can
be precisely controlled;
- As a precursor wide list of organometallic complexes,
organic salts, etc. can be used;
- No thermal effects of mild laser irradiation – no
decomposition of deposits or substrate;
- Spatial localization of the process – in the laseraffected area;
- Substrate of any architecture can be functionalized by
target nanomaterial.
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Abstract.We demonstrate spherical nanoparticles of tungsten and molybdenum disulfides and diselenides produced by femtosecond
laser ablation in liquids. Performed analysis reveals that produced nanospheres preserve the crystalline structure, high refractive index,
support strong excitons and Mie resonances in spectral range 400-900 nm, resulting in strong light-matter interaction that is favorable
for nanophotonic applications.

1. Introduction
Two-dimensional (2D) layered transition metal
dichalcogenides (TMDCs) have attracted tremendous
research interests due to their unique properties for
developing new-generation electronic and optoelectronic
devices [1]. The well-studied group-6 TMDCs, including
MoS2, WS2, MoSe2 and WSe2, have shown excellent
performance for compact photodetectors, electro- and
photocatalysis, ultrasensitive detectors, and cancer
therapies [2].TMDCs exhibit a strong excitonic response,
ensuring non-trivial optical phenomena enabled by strong
light-matter interactions: exciton-polariton transport,
enhanced second and third harmonic generation, high
refractive index and giant optical anisotropy [3-5].Thus,
nanostructures made from TMDCs represent unique
platform for realization of light-matter interaction at the
nanoscale. Typical TMDCs nano structuring approaches
assume the use of electron beam lithography and reactive
ion etching or laser thinning [6-7]. Despite their
effectiveness, all these methods cannot provide spherical
shape of produced nanoparticles (NPs), while spherical alldielectric nanoantenna are treated as an elemental basis of
modern nanophotonics [8]. This work is dedicated to laser
engineering of spherical resonant Mie-excitonic
nanoparticles from layered materials, particularly TMDCs.
2. Experiment
For the production of MoS2, WS2, MoSe2 and WSe2
NPs from bulk crystal we adopted the methods of ultrashort pulsed laser ablation [9]. We observed anintense
coloration of solution within a few minutes of the ablation
process, indicating the formation of TMDCs
NPs.Concentration of NPs increased linearly at the
beginning of the process and then came to a saturation after
some time. Saturation concentration and time until
saturation depended on pulse energy. In particular, for 100
μJ pulse energy and 10 kHz repetition rate saturation time
was 30 min, and the saturation concentration was about 100
μg mL-1. TMDCs colloids synthesized by laser ablation in
water were very stable with almost no traces of aggregation
or precipitation during their storage at ambient conditions
for several months. Such a high stability of colloidal
solutions was due to an electrostatic stabilization owing to
strong charging of NPs surface similar to how it happens
for other materials. Once the ablation was completed, the
produced colloidal aqueous solutions of TMDCs NPs were
subjected to subsequent steps of centrifugation at

increasing rotation speed 400-15000 min-1 (18-4000g) for
15 minutes to get rid of small (<10nm) NPs and to separate
produced nanoparticles by size. After the centrifugation
step the extinction spectra of the formed colloidal
suspensions were analyzed in the spectral range of 3001100nm, while the structuraland morphological properties
of produced TMDCs NPs were analyzed by SEM, TEM
and EDX.
3. Results and discussions
The size distributions of synthesized TMDCs NPs were
analyzed by SEM. Fig. 1 shows SEM image of the WS2
colloidal nanoparticles separated by centrifugation at 250
rpm. It is seen that WS2 NPs have nearly spherical shape
and an average size of 100 nm.Inset shows the
corresponding size histogram of WS2 NPs and its
approximation by lognormal distribution. Elemental
composition analysis was performed by EDX technique. It
was found that the value ofMo:X ratio was 1.9-2 where Xchalcogen atom (Se, S). The deviation of stoichiometry
index from 2 can be explained by partial oxidation of
nanoparticles during the laser ablation in water.

Fig. 1. SEM image of laser-synthesizedWS2NPs selected from a
colloidal solution at 250 rpm. Inset shows the corresponding size
distribution of WS2 NPs.

Crystalline structure of synthesized NPs was analyzed
by HR-TEM. Fig.2 shows the TEM image of WS2 NPs with
the mean size of 30 nm synthesized by pulsed laser ablation
of bulk 2H-MoS2 crystal in deionized water. It was found
that for all the NPs its structure is formed by polycrystalline
inner part covered by fullerene-like outer shell. Such a
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complex structure can be explained by a two-step growth
of nanoparticles during the relaxation of plasma during the
ablation step. First, the polycrystalline core is
formedduring the initial growth stage at high temperatures
then the outer shell is formingduring the
thermodynamically stable growth.It is important to note
that thevalues of shell’s interlayer distance correspond to
those of initial TMDCs crystals.

Finally, the coexistence of Mie and excitonic modes in
visible and near infrared regions grants the strong lightmatter interaction in these spectral regions that is highly
demanded for applications in photocatalysis, photothermal
therapy and many others.
4. Conclusions
We demonstrate the laser-based approach for synthesis
of water-dispersed ultra-stable spherical TMDC
nanoparticles (NPs) of variable size 10-150 nm. Such
nanoparticles demonstrate exciting optical and electronic
properties inherited from the TMDC crystals, due to
preserved crystalline structure, which offers a unique
combination of pronounced excitonic response and high
refractive index value, making possible a strong
concentration of electromagnetic field in nanoparticles.
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Fig. 2. TEMimage of WS2 NPs synthesized by pulsed laser
ablation of bulk 2H-MoS2 crystal in deionized water.

As a result, the preserved layered crystalline structure
of laser ablated NPs ensures the excitonic behavior of its
optical response. The extinction spectra of colloidal MoS2,
WS2, MoSe2 and WSe2 NPswith the mean diameter of 100
nm are presented in Fig.3. For all the studied materials the
spectra were normalized on the intensity of the extinction
peak corresponding to A-exciton transition. Its spectral
position was determined as 860, 770, 680 and 630 nm for
MoSe2, WSe2, MoS2 and WS2correspondingly. The
energies of A-exciton transitions were found to be in good
agreement with ones for bulk TMDCs crystals. It is also
seen from the Fig.3 that besides the contribution of the Aexciton transitions to the extinction signal, the higher
excitonic transitions (B, C and D) are presented in the
spectral region 400-600 nm At the same time the long
wavelength tales of extinction spectra can be explained by
the effective excitation of magnetic dipole (MD) Mie
resonances by NPs with the size of 100-150 nm and the
refractive index of 4.5-6.

[1] Q.H. Wang, K. Kalantar-Zadeh, A. Kis, J.N. Coleman, M.S.
Strano. Nat. Nanotechnol. 7(2013)699.
[2] K. F.Mak, J. Shan.Nat. Photonics10(2013)497.
[3] G.A. Ermolaev, D.V. Grudinin, Y.V. Stebunov et al. Nat.
Commun. 12(2021)854.
[4] G.A. Ermolaev, Y.V. Stebunov, A.A. Vyshnevyy et al.npj
2D Mater. Appl.4 (2020)21.
[5] I.M.Antropov, A. A. Popkova, G. I. Tselikov et al.Preprint
at https://arxiv.org/abs/2105.04985 (2021).
[6] R. Verre, D.G. Baranov, B. Munkhbat, J. Cuadra, M. Käll,
T. Shegai. Nat. Nanotechnol.14(2019)7.
[7] B. Munkhbat, A.B. Yankovich, D.G. Baranov et al.Nat
Commun. 11(2020)4604.
[8] G.I. Tselikov, G.A. Ermolaev, A.A. Popov et al. Preprint
athttps://doi.org/10.48550/arXiv.2111.14004 (2021).
[9] A.A. Popov, G.I. Tselikov, N. Dumas et al. Sci.
Rep.9,(2019) 1194.

Fig. 3. Extinction spectra of colloidal MoS2, WS2, MoSe2 and
WSe2 NPs. The mean size of NPs is 100 nm. Dashed lines indicate
the positions of A exciton transitions on corresponding materials.
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Abstract. The fabrication of conductive metal structures on the surface of various dielectric materials is necessary to create not only
standard electrical circuits, but also to create flexible electronics, sensors, and other modern devices [1]. There are many chemical and
physical methods and approaches that can be used for this purpose. We propose to significantly improve the LCLD method [2] by
using deep eutectic solvents, which made it possible to significantly increase the rate of the process. Here we studied the influence of
various physical and chemical parameters on the process of laser-induced metal deposition performed from deep eutectic solvents
(DES).

1. Introduction
The development of new technologies useful for
manufacturing metallic electrically conductive structures
on various dielectric substrates is necessary to create not
only standard electrical circuits, but also flexible
electronics, sensors, and other modern devices. [3] This
often necessitates the fabrication of single prototypes or
devices with complex surface morphology and sometimes
3D conductive structures. For example, printed electronics
technology is a promising alternative to traditional
lithographic methods, opening up opportunities for
manufacturing flexible and wearable devices, including
sensor plat forms for the detection of different biologically
significant analytes.
In this regard, one of the promising technologies is
“direct laser writing”, which includes a number of methods,
including laser-induced deposition of metals from solution
(LCLD). This method is simple and does not require
expensive equipment. However, despite its simplicity, this
method has disadvantages, such as the need to use a large
volume of concentrated water-organic solutions, a strong
influence of the chemical composition of the solution
components on the properties of the resulting metal
structures, and a low deposition rate (2.5–5 mm s-1).
Our proposed method shows a significant improvement
in LCLD by replacing aqueous solutions with a new type
of solvent - deep eutectic solvents (DES), which are widely
used in many areas of modern science. The use of DES
significantly reduces the amount of solvent used and
simplifies the entire precipitation procedure. In addition,
we have shown that laser deposition of metals from an EDL
medium can extremely increase the deposition rate by more
than 100 times compared to those observed during
deposition from aqueous solutions. These results can
become a solid basis for creating a new technology for
high-speed direct laser deposition of various metals on
dielectric substrates.
2. Experiment
For the preparation of eutectic solvents with a high
copper content, eutectic solvents of the composition
choline chloride/organic acid in the ratio 1/1 were
synthesized, since this molar ratio provides the lowest
melting temperature of these eutectic mixtures. After that,
a given amount of metal chloride or acetate was dissolved

in these solvents in a ratio of 1/0.1 to 1/1 (mol/mol) with
respect to choline. The precursor mixtures were heated to
120°C. and stirred for half an hour while heating. The
synthesized DES solutions containing metal salts were
transferred to the substrate by the direct transfer method.
A CW Nd:YAG 532 nm laser was used to carry out the
laser synthesis process. The principle of laser synthesis of
materials in the DES is illustrated in Figure 1. To optimize
the synthesis conditions in the course of the experiments,
the laser radiation power (0.1–2 W), the scanning speed
(0.15–300 mm/min), and the distance between the laser
motion lines (0.025–0.5 mm) were varied. After laser
synthesis, the unreacted DES was washed off the glass with
water.

Fig. 1. The scheme of the procedure (a) and experimental set-up
(b) for laser-assisted copper deposition using DESs.

3. Results and discussions
In the course of the work, the conditions for laser
synthesis in the DES medium were optimized. At the same
time, both physical and chemical parameters that affect the
ongoing processes were studied and optimized. As physical
parameters, the scanning speed of the laser beam, the
radiation power and its type (pulsed/continuous) were
studied, it was shown that the above parameters have a
significant effect both on the initiation of the deposition
process and on the physicochemical and morphological
characteristics of the resulting structures. As chemical
factors, the following were considered: the qualitative and
quantitative composition of DES, as well as additives of
functionalizing components (graphene). Mixtures based on
choline chloride were used as eutectic solvents, as one of
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the most common hydrogen bond acceptors; organic acids,
alcohols, urea, etc., acted as donors. It has been shown that
DES based on choline chloride as an acceptor and organic
acids and/or sugars as donors are the most promising
systems
for
laser-induced
synthesis
(copper
microstructures synthesized from such a composition are
shown in Figure 2); these compositions provide the
required adhesion of solutions to the substrate surface and
have the ability to dissolve metal salts in high
concentrations. , and are also characterized by a sufficient
reduction ability of the donor to reduce copper under the
action of laser radiation.

oppositely named metal salts and/or target dopant, as well
as laser exposure modes, were selected.
Such materials acquire characteristic features and
significantly outperform individual components, since in
many cases synergistic detection is observed when
polymetallic enzyme-free enzymes are used. For the
synthesis of bimetallic composites in a Ni-Co-Cu mixture,
solvents with citric and tartaric acids based on chlorides and
acetates of cobalt, copper and nickel are found (organic
acid: choline chloride: metal salt 1: metal salt 2 1:1:0.5:0,5)
is synthesized using a continuous laser.

Fig. 4. Photos of copper deposits on a three-dimensional surface
and a demonstration of the performance of structures.

Fig. 2. SEM images of copper structures obtained from acetate
(a, c), micrographs and diffraction patterns of copper structures
obtained from acetate (b, d).

4. Conclusions
In the course of the work, the possibility of laserinduced deposition of metals on dielectric substrates under
the action of laser radiation using deep eutectic solvents
(DES) was demonstrated. The proposed approach can
successfully compete with existing laser micropatterning
technologies, such as laser sintering and laser-induced
substance transfer (LIFT), since it significantly benefits in
ease of implementation, including the laser deposition from
DES does not require the use of vacuum systems, presynthesis of special precursors or the use of expensive highprecision advances, as well as the speed of the process
compared to classical water systems is increased by more
than two orders of magnitude.
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Fig. 3. SEM images of bimetallic structures synthesized from
DESs based on copper, nickel, and cobalt acetates.

The greatest attention was paid to obtaining materials
based on copper and nickel, as the most demanded in terms
of creating electronic devices, as well as sensor platforms.
The paper also shows the possibility of single-stage laserinduced synthesis in the DES environment of a wide range
of materials: monometallic nanostructured deposits (Cu,
Ni), bimetallic (Ni/Co/Cu) (Fig. 3) and carbon-containing
composites (Ni-graphene). For all systems, the
corresponding stable compositions of DES containing
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Zhou, Laser-Induced Selective Metallization on Polymer
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Abstract. Here, direct femtosecond laser processing of crystalline Si wafer in isopropanol/ distilled water containing either HAuCl4 or
AgNO3 was demonstrated for fabrication of functional nanotextured morphology decorated by noble-metal nanoparticles. Si laserinduced periodic surface structures (LIPSS) with a periodicity down to 70 nm and embedded plasmon-active nanoparticles were
produced and characterized by scanning electron microscopy and energy dispersive X-ray analysis. Formation of the plasmonic
nanoparticles was found to be localized within the laser focal spot through the thermal-induced chemical reduction allowing to produce
LIPSS locally decorated with dissimilar noble-metal nanoparticles. We envision applicability of the developed structures for molecular
sensing and optoelectronics.

1. Introduction
Hybrid nanostructures combining low-loss high-index
semiconducting materials with noble-metal inclusions
supporting collective oscillations of free-electron plasma
are highly demanded for optoelectronics, nanophotonics
and sensing. Meanwhile, optimal optical response is
typically achieved for dissimilar sizes of the semiconductor
and metal counterparts within the entire hybrid
nanostructures making their fabrication via common
lithography-based technologies complicated, time
consuming and costly [1]. Laser-based technology utilizing
short (femtosecond, fs) pulses provides facile and
economically justified way for nanostructure’s formation
via phase transitions, surface ablation and self-organization
driven by interference effect or hydrodynamic instabilities
[2]. This allows to produce diverse surface morphologies
also referred to as laser-induced periodic surface structures
(LIPSS) promising for light-matter interaction and sensing
applications [3-6]. Also, the focused laser radiation can be
confined within sub-microscale volume to serve as a local
chemical reactor for plasmonic nanoparticles formation in
liquids by the photo- or thermo-induced reduction
processes.
Here, we combined the localized laser-induced
chemistry and liquid-phase surface structuring of
monocrystalline Si to produce hybrid deep subwavelength
LIPSS decorated with plasmonic nanoparticles. By
changing the chemical composition of the liquid
environment (isopropanol or distilled water with HAuCl4
or AgNO3) we demonstrate possibility of formation of
nanoparticle-embedded LIPSS locally decorated with
dissimilar metals.
2. Experiment
LIPSS embedded with Ag and Au nanoparticles were
fabricated on crystalline Si surface second-harmonic
(λ=513 nm) 200-fs laser pulses generated at pulse repetition
rate of 100 Hz. LIPSS were produced in the form of singlespot surface modifications and lines upon scanning the
sample surface with a laser beam at 5 µm/s. Laser
processing of the samples was performed at variable pulse
energies (between 1.5-4 nJ) and polarization vecor oriented
along the scan direction. Laser beam was focused on the

sample surface by a dry microscope objective with a
numerical aperture (NA) of 0.13, yielding in a focal spot
size of ≈5 µm. The samples were processed in a cuvette
completely filled with a working solution (distilled water
or isopropanol) containing a certain variable amount of
HAuCl4 (CM(Au)= 5×10-6 M) or AgNO3 (CM(Ag)=1×10-3 M).
The thickness of the liquid layer above the Si surface was
8 mm. After the LIPSS formation, the Si wafer was taken
out of the cuvette, rinsed with distilled water and placed in
an ultrasound bath for 10 minutes. Fabricated LIPSS were
characterized by scanning electron microscopy (SEM),
elemental
analysis
by energy-dispersive X-ray
spectroscopy (EDX) and dark-field back-scattering
spectroscopy.
3. Results and discussions
Figure 1(a,b) shows the LIPSS produced by applying
N=3000 laser pulses per each surface spot at pulse energy
of ≈2 nJ with and without adding a AgNO3 in the
isopropanol. Both morphologies demonstrate ordering with
a characteristic period of 70 nm; however, structures
produced with AgNO3-contining working solution appear
to contain multiple nanoparticles formed upon thermalinduced reduction. Metallic phase of the nanoparticles was
confirmed by EDX analysis.

Fig. 1. SEM images of LIPSS obtained in isopropanol without (a)
and with (b) addition of AgNO3 at concentration of CM(Ag)=1×103 M (b).

Experiments showed that N = 1000 pulses per spot is
sufficient to form the LIPSS with a periodicity ≈70 nm, but
with a larger number of pulses, the gaps between the
structures continue to deepen. Longer exposure also
increases the amount of the formed nanoparticles.
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applicability of the LIPSS for providing strong SERS signal
as a result of the synergetic effect of the generation of hot
spots near the sharp edges of deep Si LIPSS and plasmonic
nanoparticles presence [7-9].

Fig. 2. (a) Reference SEM image of the Si LIPSS decorated with
Ag and Au nanoparticles as well as correlated EDX maps showing
distribution of Ag (b) and Au (c). Pulse energy of 3.5 nJ and
concentrations of HAuCl4 and AgNO3 in the working solution of
5×10-6 M and 1×10-3 M were used.

4. Conclusions
Fs-laser ablation of Si surface immersed in solutions
with metals showed formation of deep subwavelength
plasmon nanoparticle-embedded Si LIPSS with a
periodicity down to 70 nm. The point location the LIPSS
allows an increase of the metal nanoparticle concentrate
directly (by concentration HAuCl4 or AgNO3 of the
solution and the number of pulses per each surface spot).
The decoration techniques are capable of realizing an
homogeneous distribution of nanoparticles over the LIPSS
resulting in high reproducibility of the results. In order to
exploit and integrate the above capabilities for real sensing
devices, fs-laser fabrication techniques are ideally suited
for economic, convenience and time considerations. Thus,
the hybrid nanostructures could be used for fabricating
nanophotonic application with controllable functionalities
and biosensing designs for to identify deposited analyte
even with a slight concentration.
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Fig. 3. Dark-field back-scattering spectra of LIPSS containing Ag
(a) and Au (b) nanoparticles generated at various concentrations
of HAuCl4 or AgNO3 in the working solutions.

LIPSS locally decorated with dissimilar nanoparticles
were produced upon liquid-phase texturing of the Si surface
with a laser beam along the line trajectory. First line was
recorded using HAuCl4-containing a working solution
containing. Then, the sample was rinsed with distilled
water and ultrasonicated for 10 min, while the second line
was formed upon surface texturing in the solution
containing AgNO3. Such sequence of metal deposition was
used due to the chemical potential of the material. SEM
image in Figure 2a show the similar morphology of both
produced lines. EDX analysis confirmed the presence of the
dissimilar (Au and Ag) nanoparticles embedded or capping
the LIPSS (Fig. 2(b,c)). Noteworthy, the absence of the
metallic phase outside the LIPSS area indicates localization
of the nanoparticle synthesis within the laser focal spot,
revealing the ability to form dissimilar plasmon-active
nanoparticles with micron-scale accuracy.
Dark-field back-scattered spectra of the nanoparticleembedded LIPSS measured using s-polarized white light
demonstrated the characteristic scattering signal matching
the localized plasmon resonances of Ag and Au
nanoparticles (Figure 3). Increase of the scattering intensity
for LIPSS produced at elevating concentrations of the
HAuCl4 or AgNO3 in the working solutions indicates the
increasing amount of the plasmon-active nanoparticles
decorating the surface morphology. We envision
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Abstract. The photoelectric response of MoxW1-xS2 alloy films that have been synthesized using a direct laser synthesis method is
reported here. The alloys have been produced by laser-induced thermolysis of a composite single-source precursor. The results that are
shown here concern a two terminal device, which consist of Mo0.5W0.5S2 laser-synthesized tracks that are connected to metallic contacts.
The device acts as a photodetector for visible light.

1. Introduction
The isolation of graphene sheets in 2004 has boosted
both fundamental and applied interest in electronic systems
with reduced dimensionality [1]. Regardless of the highquality monocrystalline flakes produced by exfoliation, this
approach is low yield and it is suitable for prototyping and
research solely. Therefore, high-throughput alternatives
such as MBE, CVD and PLD have been investigated [2-3].
However, these techniques are budget and time consuming
as well as they require controlled environments.
Alternatively, direct laser writing has been suggested
recently for synthesizing TMDs by laser irradiating
ammonium thiosalts as a simple and cost-effective route
that enables fabrication of electronic and optoelectronic
devices with minimum lithographic complexities [4].
However, despite the fascinating properties of 2D
transition metal dichalcogenides, some of these properties
like a bandgap need further engineering to be applied for
daily life applications [5]. For example, 2D-TMD based
photodetectors suffer from limited spectral responsivity
range which can be broadened by tuning the electronic and
optical characteristics of 2D-TMD films. Among several
methods for tailoring 2D-TMD properties, alloying is the
most promising approach due to its simplicity and
applicability [6]. Here, we report a direct laser writing
method for the synthesis of 2D-TMD alloys, which is based
on the process that is outlined in [4]. The composition of
the synthesized alloy films is defined by tuning the ratio of
partial concentration of precursors ((NH4)2MoS4 and
(NH4)2MoS4)in the starting solution used for laser
exposure.
2. Experiment
This work is focused on a particular alloy composition
(Mo0.5W0.5S2), which has been reported in the literature to
have a substantial photo response [7]. An array of multiple
laser written alloy tracks have been printed to serve as
photodetector channels for the study of photoresponse.
Chemical precursors of MoS2 and WS2 consisting of
(NH4)2MoS4, and (NH4)2WS4 respectively were dissolved
in a mixture of DMF, butylamine and ethanolamine (for
(NH4)2MoS4) and in a mixture of NMP, butylamine and
ethanolamine (for (NH4)2WS4) were mixed to form a
composite source precursor solution. The composite
precursor solution was then spin-coated onto a Si/SiO2
substrate to obtain a uniform thin film. The composite

precursor film was exposed to focused visible laser
radiation, which serves as the source of energy that induces
thermolysis of the precursor and synthesis of the target
TMD alloy.
The synthesis conditions used were the following: laser
wavelength = 532nm, irradiation power = 600mW,
diameter of the laser spot = 10um, speed of laser beam =
10mm/s. Each device contains 250 linear tracks separated
by 10μm from each other, without overlapping. The
presence of the alloy was verified with Raman
spectroscopy as shown on fig.1(a).
Since the laser beam has a Gaussian intensity profile,
the film of the precursor is not irradiated uniformly across
the beam diameter. As a result the synthesis of material
occurs only in the central area of the track, which is ~5μm
wide as shown in fig.1(b).
Gold contacts were deposited through a copper shadow
mask to avoid any chemical alteration that might be caused
by solvents and photoresists that are normally used in
standard photolithography. Gold contacts with a thickness
of 60nm were deposited using magnetron sputtering and
thermal evaporation to create electrical contacts. A
schematic view of a photodetector is shown in fig.1(c). The
distance between contacts was set to 30μm. According to
the previously described geometry of the tracks of material,
the illuminated area of the photodetector is ~3.75*10 -4 cm2.
The electrical characterization of the sample was
conducted with the semiconductor analyzer. Through its
leads, the bias voltage was applied to the photodetector and
the current flowing through was measured. Values of the
applied voltage did not exceed 5V and were swept with
50mV step and 0.5s delay in order to avoid the charging
effects.
3. Results and discussions
A typical ohmic behavior was observed for both under
illumination and dark conditions as shown in fig 1(d) by red
and black lines respectively. However, the slight increase
in current under illumination compared to dark one
indicates that the tracks are photoconductive.
The measurements under the illumination of
photodetector were conducted using a broad-band source of
the light (LED array). The power of light on the detector
was regulated by the use of neutral density filters. The
photocurrent (Ipc = Ilight – Idark) shows almost linear

318

V.o.04
dependence on light power (see fig.1(e)). The responsivity
of the detector is ~50mA/W.
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(RRL) - Rapid Research Letters, 9(3), 187–191.
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(2021).
[5] Yao, J., Zheng, Z., & Yang, G. (2016). ACS Applied
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[6] Xie, L. M. (2015). Nanoscale, 7(44), 18392–18401.
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Fig. 1. (a) Raman spectrum corresponding to a laser synthesized
alloy track (b) Optical image of the Mo0.5W0.5S2 tracks (c)
Schematic representation of the photodetector device (d) CurrentVoltage characteristic of the photodetector under 120μW white
light illumination (red curve) and in the dark (black curve) (e)
Photocurrent at different optical powers at 3V bias voltage.

Absorption measurements in large area films indicate
that there is significant absorption in the visible spectral
range, which is responsible for the production of
photocarriers. The absorption can also be tuned by the
particular composition of the alloy.
It is important to note that the work function of gold is
not matched to that of the TMD in question, which in turn
results in high resistivity of the device. The photocurrent
could be enhanced increased by choosing a low work
function metal for contacts such as Indium. Further
improvement in the performance of the device could be
achieved by optimizing the laser synthesis conditions to
achieve better crystallinity and therefore lower defect
density in the TMD alloys.
4. Conclusions
The photoelectric response of laser synthesized
Mo0.5W0.5S2 alloys have been presented. The
photoresponse of a device consisting of multiple alloy
tracks was investigated using a broadband visible source. A
photoresponse of ~50 mA/W was measured. Currently,
further work is underway to optimize the electrical contacts
and the film synthesis conditions, which is expected to
improve the device performance. Furthermore, the
photoresponce of other alloy compositions with different
ratios of Mo/W is under investigation.
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Abstract. Nanomaterials based on dark titanium dioxide are of considerable interest as promising photocatalysts. In this work, titanium
dioxide initially obtained by pulsed laser ablation (Nd:YAG laser with 1064 nm, 7 ns, 20 Hz) was subjected to additional laser
treatment. The thus obtained powder materials were annealed and study of the structure by X-ray diffraction, optical properties by
diffuse reflection spectroscopy, and photocatalytic properties in the processes of decomposition of the Rhodamine B dye and evolution
of hydrogen from an aqueous methanol solution are presented.

1. Introduction
The lack of efficient, stable, cheap and environmentally
friendly photocatalysts acting in the visible region of the
spectrum is currently the main problem in the field of
photocatalysis. Recently, a popular object of study is dark
titanium dioxide, which has various structural defects and
is active in the visible region of the spectrum [1]. Dark
titanium dioxide is obtained by various methods: reduction
with hydrogen, argon, high or low pressure nitrogen,
electrochemical reduction, solvothermal synthesis etc. [1].
A promising way to obtain titanium dioxide in a highly
dispersed and highly defective state is the method of pulsed
laser ablation (PLA). Previously, by PLA of a metal target
in water, we obtained dark defective titanium dioxide,
which has absorption in the entire visible range [2].
Additional opportunities for controlling the defectiveness,
size and structure are provided by the use of laser treatment
of substances at the stage of synthesis. In this work, we
show the effect of laser treatment of a colloidal solution of
dark TiO2 on the structural optical and photocatalytic
properties.
2. Experiment
The materials were prepared as follows. Firstly, the
colloidal solution was obtained by ablation of metallic Ti
target in water for 1 h using Nd:YAG laser (1064 nm, 7 ns,
20 Hz). Then, for an hour, the colloidal solution was
subjected to additional laser treatment with the same laser
parameters. Colloidal solutions were dried in air at 60 °C to
up to a powder and annealed at different temperatures.
Thus, a series of powder materials was obtained.
The samples were studied by X-ray diffraction (XRD),
the Brunauer–Emmett–Teller (BET) to identify the specific
surface area, and UV-vis spectroscopy. Photocatalytic
activity was studied during the Rhodamine B dye
decomposition under the LED irradiation with λ = 375 and
410 nm. The materials were tested in the process of
hydrogen evolution from the methanol solution under LED
irradiation with the same wavelength. Prior to the
photocatalytic experiment, a suspension containing 50 mg
of catalyst in 100 ml of 20 % methanol solution was purged
with an inert gas argon. The amount of generated hydrogen
was determined using gas chromatography.

after increasing the calcination temperature to 400°C,
anatase predominates in samples (96 %). An increase in the
annealing temperature does not lead to a complete phase
transition of anatase to rutile; at 800 °C the anatase content
is 45%. The laser treatment causes fragmentation of large
particles, which is supported by the BET data: laser
irradiation results in an increase of the specific surface area
from 227 to 253 m2/g. All samples absorb in the visible
range; however, as the annealing temperature increases, the
absorption intensity decreases, but does not disappear
completely. The band gap calculated by the Tauс method is
approximately 3.07 eV. A decrease in the value of the band
gap is associated with the presence of defects in the band
gap and thus affects its value.
The data on photocatalytic activity during the
decomposition of the dye Rhodamine B show that the
samples exhibit high activity both under irradiation at a
wavelength of 375 nm and practically do not lose their
activity upon irradiation at a wavelength of 410 nm.
Complete decomposition of the dye is achieved in 4-4.5
hours. Also, samples annealed at 400 and 600 °C showed
good activity in the process of hydrogen evolution from
water-methanol solution.
4. Conclusions
Thus, additional laser treatment of titanium colloidal
solutions after ablation leads to an increase in the anatase
content in the samples up to 96%, which is thermally stable.
Laser treatment leads to fragmentation of large particles
and an increase in the specific surface area, affects the
optical and photocatalytic properties. The samples exhibit
good photocatalytic activity in the processes of
decomposition of the dye Rhodamine B and hydrogen
evolution.
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3. Results and discussions
The initial powders and the samples annealed at 250 °C
are X-ray amorphous. The crystal structure is revealed only
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Abstract. In optoelectronic devices (insulators and circulators), it is required to use nonreciprocal elements based on bismuthsubstituted yttrium iron garnet (Bi:YIG) bonded or deposited on the surface of silicon waveguiding structures. The limiting factor in
the use of Bi:YIG is a high temperature necessary for garnet crystallization. In present work, we demonstrate a solution where local
crystallization of an oxide layer having stoichiometric composition is done by a laser beam focused into a spot less than 1 μm. To
determine the optimal crystallization conditions, the oxide layer was subjected to laser irradiation in various atmospheres (dry air,
oxygen, nitrogen, and argon), and structural, optical and magnetooptical properties were studied.

1. Introduction
Optoelectronics and photonics require devices with
non-reciprocal elements deposited on Si/SiO2 surface. One
of the most common materials is YIG [1]. The main
difficulty in production of integrated devices is annealing
at a temperature of 600ºC and above, which is necessary for
garnet crystallization. An undesirable consequence of such
annealing is thermal effects on the semiconductor elements
of the device, which leads to a deterioration of
characteristics.
We report on a method for local crystallization of
Bi:YIG based on laser annealing that can minimize thermal
effects on other elements of the device.
2. Experiment
Thin oxide film on a SiO2 substrate was prepared by the
metal-organic decomposition method [2] and had the
stoichiometric composition for Bi0.5Y2.5Fe5O12. Ten 50 nmthick metal-organic layers were repeatedly deposited by
centrifugation and annealed in air at 400ºC for 30 minutes
to obtain a 360 nm-thick oxide film for subsequent laser
irradiation. Sample was mounted into a gas cell with quartz
windows. A 405 nm CW laser was used for local annealing
of the oxide film under air, oxygen, nitrogen, and argon
ambient conditions. Twenty strips 20 μm long each were
irradiated with a laser power range of 8.3–24.6 mW when
moving the oxide film at a constant speed of 4 μm/s.
Properties of the fabricated microstructures were
thoroughly studied.
3. Results and discussions
Raman spectroscopy was used to study the local
chemical and structural composition of the stripes.
According to the Raman spectra, the Bi:YIG phase was
grown during laser annealing in all used gas atmospheres.
For an oxygen-free atmosphere, the minimum required
power was approximately 12 mW, and that of 14 mW were
enough in an oxygen-containing atmosphere for formation
of Bi:YIG. Overheating caused by laser annealing at the
higher power led to the formation of a Fe2O3 phase in the
case of an oxygen atmosphere, Fe3O4 in the case of oxygenfree atmospheres. In addition, significant bands at 70 cm -1
and 97 cm-1 were observed after annealing in nitrogen and
argon, which corresponded to the metallic bismuth.

Local Faraday rotation measurements showed that laser
annealing at the optimal laser power in air, O2, Ar
atmospheres resulted in stable Bi:YIG growth, and the
polarization rotation was of 0.7-0.8 deg at 500 nm. In a
nitrogen atmosphere, the largest rotation did not exceed 0.5
deg at 500 nm. The latter is explained by forming metallic
bismuth, i.e., bismuth substitution of yttrium goes less
efficiently.

Fig. 1. Faraday rotation of an initial oxide layer and that of the
stripes after laser annealing in N2 and air atmosphere.

The topography was measured by an atomic force
microscope – the width of the crystallized stripes depended
on the laser power and was in a range of 2-5 μm. The
surface scans showed that Bi:YIG growth was
accompanied by a change in thickness–the initial oxide film
was compacted by 20%.
4. Conclusions
We proposed a method of local Bi:YIG crystallization.
Based on the results of measurements, the optimal values
of the laser power were determined for various gas
atmospheres. Crystallized Bi0.5Y2.5Fe5O12 provided
polarization rotation up to 3 deg/μm, and the width of the
crystallized Bi:YIG stripes were less than 5 μm. Byproducts of laser-done crystallization were found,
including metallic bismuth and iron oxides.
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Abstract. Laser printing of anti-counterfeiting labels on amorphous Si films is demonstrated. Related security tags are composed of
optically undistinguishable laser-drilled micro-holes with/without hemispherical crystalline Si (c-Si) nanoparticles. The nanoparticles
exhibit resonant Raman yield at c-Si phonon mode frequency empowered by geometric Mie resonance. This feature allows to realize
high-resolution laser encryption scheme with facile Raman mapping optical readout.

1. Introduction
All-dielectric resonant nanoscale structures have drawn
considerable interest because of their unique features,
distinguishing them from plasmonic nanostructures. The
excitation of low-loss optical resonances as well as
localization of electromagnetic near-field in the
subwavelength region provide the utilizing of dielectric
nanostructures in various applications, including linear and
nonlinear light manipulation [1], metasurfaces design [2],
spectroscopic analysis [3] and so forth. Among them, highindex nanostructures are most promising for Raman
spectroscopy. Since the Raman scattering is sensitive to
vibrational states in molecules or phonon modes in
crystalline material, all-dielectric crystalline nanostructures
pave the way for controlling and enhancing intrinsic Raman
response. This is due to designing the dielectric
nanostructures to tune the optical near-field, both inside and
outside of nanostructure, supporting electric and magnetictype Mie resonances.
On the other hand, the phenomenon of counterfeit
remains serious and social-threatening worldwide task [4]
and there has been limited literature and applications of
dielectric nanostructures in the anti-counterfeiting field.
Numerous efforts were undertaken to secure legal rights
and interests of consumers, using well-established anticounterfeiting techniques such as inkjet printing-based
labels [5], nanoscale barcodes [6], watermarks [7] and
holograms [8]. However, owing to their predictable and
strictly defined security mechanisms, they are still
cloneable. Hence, the development of anti-counterfeiting
tags, providing significant data security, has initiated
intensive research.
Based on our previous work [9] on one-step fabrication
of crystalline silicon (c-Si) hemispherical nanoparticles
(NPs) of variable size, incorporated in through microhole,
via laser-induced dewetting of glass-supported amorphous
silicon (α-Si) thin film, herein we introduce a new anticounterfeit label with security features that can not be
identified with the naked eye or using ordinary analytical
tools. The proposed label represents array of close-packed
400 nm wide microholes, some of which contain resonant
c-Si NPs with diameter of 180 nm. Thus, nanoparticles
ordered in a user-defined way indicate encrypted
information that can be read using Raman signal intensity
mapping at frequency of 519 cm-1, corresponding to the
main phonon mode of crystalline silicon. Owing to size-

dependent Raman scattering, security level can be
additionally increased by controllable varying of each NP
diameter within the array, resulting in Raman signal
variations.
2. Experiment
Thin films of α-Si with a thickness of 24 nm were
deposited on glass substrate by magnetron sputtering.
Linearly-polarized laser pulses, generated by Yb:KGWbased laser system at second-harmonic wavelength of 513
nm and pulse duration of 200 fs, were focused by dry
objective lens with numerical aperture (NA) of 0.42 on αSi film surface. The sample was arranged on computercontrolled 3D nanopositioning platform, permitting to
arrange laser pulses in accordance with user-defined
design. Morphological changes on the surface on α-Si film
after laser irradiation were studied by scanning electron
microscopy (SEM). Raman spectroscopy was carried out
by automated confocal micro-Raman setup, equipped with
CCD-camera. The corresponding Raman signals were
excited by CW laser radiation at different wavelengths
(473, 532 and 633 nm), collected by the same dry objective
lens with NA = 0.7 and detected by 1800 lines/mm gratingtype spectrometer. Raman maps were obtained by scanning
the area of interest along a snake-like trajectory at 100 nm
lateral step in both directions and 0.7 s acquisition time per
point. All recorded maps were post-processed by preinstalled software (Image Analysis, NT-MDT).
3. Results and discussions
Recently it was shown [9], that ultrafast deposition of
laser energy on the surface of thermally-thin α-Si film,
supported by glass substrate, allows to produce silicon
crystalline hemishperical nanoparticles of variable
diameter (DNP). The formation process of such
nanostructures can be described by successive fluencedepended steps: 1) laser-induced local heating and melting
of amorphous silicon; 2) separation of the molten material
from the film and its contraction to the center of irradiated
area in the shape of hemispherical NP with specific DNP,
followed by solidification and crystallization; 3) ejection of
entire involved material from the substrate and formation
of through microhole in the film. It should be noted there
that the range of available DNP values is determined by laser
focal spot size, defined in its turn by objective lens NA, and
thickness of irradiated film. Fixing the latter parameters
(0.42 and 24 nm, respectively), Si NPs size can be precisely
controlled via variation of adsorbed laser fluence (Fig. 1a).
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SEM images of square-shape arrays, containing 400
ordered Si NPs fabricated at increasing laser pulse fluences,
demonstrate 97% repeatability of nanostructures within the
array. Some dissimilar nanostructures can appear due to
film defects and laser system stability.

inside the nanoparticle, which justifies an increase of the
Raman signal intensity.
The conducted studies open up prospects for realization
of controlled laser printing of Mie-resonant hemispherical
silicon nanoparticles, which are promising for the
fabrication of anti-counterfeiting labels. To demonstrate
the applicability of the developed approach for these tasks,
we imprinted 2-μm period array of micro-holes, some of
which contained Mie-resonant silicon nanoparticles with a
diameter of 180 nm (Fig. 1c). Noteworthy, an ordinary
optical microscope equipped with a focusing objective
NA=0.8 operating either in transmission or reflection mode
can not identify the presence/absence of nanoparticle inside
certain
user-defined
micro-holes.
Meanwhile,
nanoparticles ordered in a special way can contain hidden
information, which can be read using Raman signal
intensity mapping at frequency of 519 cm -1 (Fig. 1d).
4. Conclusions
To conclude, we demonstrated high-performing onestep laser printing method, allowing to fabricate
resonant crystalline silicon hemispherical nanoparticles of
variable diameter, incorporated in through microhole, via
laser-induced dewetting of glass-supported amorphous
silicon thin film. The fabricated c-Si NPs were shown to
demonstrate intrinsic Raman enhancement through the
excitation of geometric Mie-resonances. In addition, by
combining and mixing the laser-printed through holes
with/without
Mie-resonant
nanoparticles
indistinguishable even for high-resolution optical
microscopy, we demonstrated security tags with simple
Raman mapping readout and printing resolution of
12,500 dpi.

Fig. 1. (a) SEM image demonstrating repeatability of the NP
printing performed at fluence of 45 mJ/cm2. Scale bar
corresponds to 5 µm. (b) Averaged Raman yield (at 519 cm-1)
measured for the isolated c-Si nanoparticles of various diameters
at 473 and 532 nm pump wavelength. (c,d) Correlated SEM and
Raman (at 519 cm-1) images of the security tag, consisting of
through micro-holes with/without NPs. Scale bars are 1 µm and
500 nm, respectively. Blue-color areas highlight the encrypted
“FEFU” letters. Inset: optical image of the same array, obtained
with high-NA objective. Scale bar is 2 µm.

The phase composition of hemispherical NPs was
studied by Raman spectroscopy using various pump
wavelengths (473, 532, and 633 nm). The presence of an
intense peak at a frequency of 519 cm-1 confirmed the
nanocrystalline structure of silicon nanoparticles formed in
the process of laser-induced melting of amorphous silicon
and its rapid crystallization at nanosecond timescale.
Systematic studies of the dependence of the intensity of the
Raman signal at a frequency of 519 cm -1 on the NP
diameter made it possible to confirm the presence of
resonant optical properties in the fabricated nanoparticles.
The maximum intensity of the Raman signal was observed
for nanoparticles with a diameter of 180 and 205 nm at
Raman laser pumping wavelengths of 473 and 532 nm,
respectively (Fig. 1b). This feature is associated with the
excitation of geometric Mie resonances of electrical and
magnetic nature in nanoparticles [10], which allow, for a
fixed ratio of the diameter and pump wavelength, to
provide resonant localization of electromagnetic radiation
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Abstract. Crystallization process initiated in GST thin film under CW laser irradiation and influence of phase state of GST films on
optical properties of multilayered GST/ITO/Al (GIA) structure were investigated. It was shown, that continuous laser exposure leads
to significant changes of the optical contrast and Raman spectra of extended areas modifying by CW laser irradiation. Range of changes
corresponds to the phase transition of amorphous GST thin film into crystalline state. The energy range of crystallization is in the
interval from 0.11 to 0.22 mJ/µm2. The difference in reflectivity change between two phase states is 8 r.u. The threshold energy value
of GST material degradation is more than 1.10 mJ/µm2. Based on obtained results recording mode of optically uniform large-size
image on the surface of GIA structure was selected, which allowed demonstrating a possibility of formation of different crystalline
fractions for tunable multilevel active photonic devices and display application.

1. Introduction
Information display systems are currently an important
and actively developing area in the field of active
photonics. Phase change materials (PCMs) have been
widely used for non-volatile tunable optical applications in
the visible light range, such as optical switches and
modulators [1], light filters [2], metasurfaces and
metastructures [3], computer-generated holograms [4],
reflective nanopixel display technologies [5] and so on.
PCMs, in particularly Ge2Sb2Te5 (GST) thin films, are
characterized by rapid reversible structural transformations
from amorphous into crystalline states under low-energy
thermal, optical or electrical excitation. They have many
excellent unique properties, such as high optical contrast
(~30%) and low switching time (< 500 ps) between two
phase states [6] and non-volatility. These advantages make
it
possible
to
develop
color
multilayer
GST/ITO/Al/substrate (GIA) structures for information
display systems. In these structures the primary color can
be varied in a wide range, according to the thin film
interference phenomenon, and is determined by the ITO
thickness, and the GST phase state effects on the tint of the
GIA structure and its reflectivity.
Dynamic tunability and reversibility in such devices is
achieved by laser exposure on GST layer, however the
switching modes and operational capabilities of such
structures haven’t been definitely established. So, the aim
of this work is investigation of the crystallization process
of the Ge2Sb2Te5 thin films by continuous wave (CW) laser
crystallization and influence of GST states on the optical
properties of GIA structure for tunable multilevel elements
for different display application.
2. Experiment
The thin films of multylayered GIA structures were
deposited on thermally oxidized silicon substrates by the
magnetron sputtering. Structural analysis of as-deposited
GST films by X-ray diffraction method (Rigaku Smart Lab)
shown, that they have an amorphous state.
The layers thicknesses were chosen according to the
simulation results so that the color of the GIA structure
corresponded to the RGB-colors. The simulation in

Mathcad was performed with using of Fresnel’s formulas
and refractive index n(λ) and extinction coefficient k(λ)
obtained by ellipsometry for each layer. In these paper we
demonstrate experimental results of red color GIA structure
with combination of layers's thiknesses of GST – 10 nm;
ITO – 160 nm; Al – 100 nm. The layer thicknesses were
controlled by stylus profilometer (KLA Tencor P-7).
Reflectivity of formed GIA structure was investigate by
spectrofotometry.
CW crystallisation of GST thin film was done by
multipurpose equipment (Integra Spectra) including a laser
optical system, a scanning electron microscope and a
Raman spectrometer. This combination makes it possible
to carry out complex research of the surfaces engineering
by laser radiation.The formed structures were irradiated by
CW laser (λ = 532 nm, Pmax=5 mW, 1 Hz) with energy
density in a range from 0.001 to 1.200 mJ/µm2 in a scaning
mode. During irradiation, the focus of the laser beam was
controlled and checked by focusing on the probe of an
atomic force microscope. A focused beam diameter was 1
µm. Structural changes of the modified regions after laser
exposure were studied by Raman scattering from the whole
area of the irradiated sites. The optical contrast of the
modified areas was calculated by changes in reflectivity.
3. Results and discussions
Fig. 1 shows the surface of the explored multilayer GIA
structure modifying by a CW laser irradiation. The size of
formed extended regions corresponds to the scanning area
and is 5x5 µm2.
It can be seen that increasing of irradiation energy is
accompanied by a monotone change in the surface
reflectivity. After CW laser irradiation of the thin film
surface all optical changes of the GST films can be divided
into 4 different groups (Fig. 2).
The 1st group includes area with no reflectivity changes
or with insignificant changes (up to 0.070 mJ/µm2). Raman
scattering results for these irradiated areas show that GST
thin films are in the initial amorphous state (Fig. 3 (a)).
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Fig. 1. The map of formed extended areas on the GIA structure
surface after CW laser exposure (point number and energy density
(mJ/µm2) marked in the upper left and lower right corners,
respectively).

The 2nd group is extended areas with monotonous
decrease of reflectivity (energy density range from 0.07 to
0.22 mJ/µm2). Comparative analysis of the changes in the
optical contrast and the differences of the Raman spectra
shapes (Fig. 3 (b)) revealed, that these monotonous changes
correspond to the phase transition of the GST material from
amorphous into crystalline state. The maximum reflectivity
changes value during the phase transition is 8 r.u. This
difference in optical properties is quite enough to detect
states with various crystalline fractions by optical methods
which were formed after CW irradiation. It should be noted
that the change in optical properties is detected at lower
laser fluency than beginning of crystallization process
detected by Raman scattering: at 0.07 and 0.11 mJ/µm2,
respectively. It can be explained by the lower sensitivity of
Raman scattering method compared to optical
measurements.

Fig. 3. Raman spectra of formed extended areas after CW laser
irradiation: (a) 1st group is amorphous state; (b) 2nd group is
phase transition, (c) 3rd group is fcc state) and 4nd group is
degradation of GST material.

Such complex approach (analysis of changes in optical
contrast and Raman spectra) makes it possible to use these
multilayer GIA structures for recording of tunable optical
images for display application and multilevel optical
devices. Optical image in fig. 4 demonstrates the recording
a large-size pattern (40x40 µm2) with a maximum contrast
after CW laser irradiation with 0.22 mJ/µm2.

Fig. 4. The pattern (40x40 µm2) recorded by CW laser.

Fig. 2. Reflectivity of GST thin film after CW laser exposure.

The 3rd group includes extended regions, the reflectivity
within is higher than in the region of the initial amorphous
film and doesn’t change for energy density in the range
from 0.22 to 1.08 mJ/µm2. Raman spectra obtained from
these areas corresponds to the GST225 spectra in the
crystalline state with fcc lattice (Fig. 3 (c), red graph).
In areas exposed to CW irradiation with more than
1.08 mJ/µm2 (the 4th group), degradation of the GST
material and its partial evaporation are observed. These
processes are accompanied by increase in reflectivity.
Partial evaporation is confirmed by the decrease of the
areas of obtained Raman spectra (Fig. 3 (c), black graph).

4. Conclusions
Crystallization processes initiated in GST thin film by
CW laser irradiation was investigated. It has been
established that the energy range for crystallization of
amorphous GST thin film with fcc-structure are in the range
from 0.11 to 0.22 mJ/µm2. Such laser irradiation leads to
the significant changes in the reflectivity and Raman
spectra of modified extended areas. Additionally, threshold
energy value of GST material degradation was established:
degradation begin under irradiation of more than 1.1
mJ/µm2. Recording mode accompanied by the formation of
optically uniform large-size image on the surface of GIA
structure was also determined: the energy density and
scanning speed are 0.22 mJ/μm2 and 1Hz, respectively. The
results of this work demonstrate a possibility of the
formation of layers with different crystalline fractions for
tunable multilevel active photonic devices and systems of
display applications.
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Dependence of nanosecond laser damage threshold of
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Abstract. Here the nanosecond-laser-induced damage thresholds of tin gold, silver and gold-silver alloys of various compositions in
air and water have been measured for single-shot irradiation conditions. The experimental results are analyzed theoretically by solving
the heat flow equation for the samples irradiated in air and in water taking into account vapor nucleation at the solid-water interface.
The damage thresholds in water for noble metal are found to be considerably higher, by a factor of ∼1.5, than the corresponding
thresholds in air. While for tin these values are the same. These observations can be explained by the scattering of light by a boiling
liquid.

1. Introduction
Pulsed laser ablation in liquids (PLAL) is an efficient
and flexible technique for colloidal nanoparticles synthesis
[1]. The method is universal with respect to particle
material and the produced nanoparticles are characterized
by high purity when PLAL is performed in water. A variety
of complex nanosystems such as alloyed particles with a
variable stoichiometric ratio, core–shell nanoparticles, and
unique highly active bimetal hydroxide particles, difficult
or even impossible to be fabricated by other methods, can
be generated by PLAL in a one-step process. Moreover,
recent developments of the PLAL technique demonstrate a
high productivity of nanoparticle synthesis of industrialscale production when the method can be more economical
than the well-established wet-chemical synthesis [2,3].
Despite widespread use, the many aspects of PLAL are
poor understood. The presence of liquid makes the process
much more complicated as compared to conventional laser
ablation in vacuum or an ambient gas. Apart. Firstly, the
liquid medium can participate in the removal of material
from the irradiated surface, and secondly, many traditional
research methods (mass spectrometry, spectroscopy, etc.)
are limitedly applicable. Moreover, many experimental
results are controversial. In particular, data on the ratio of
damage threshold fluence of materials in air and in water
differ in different paper. In present work we compare
damage threshold fluence of several metals in air and water.
Also modeling of laser heating and vaporization was done
to demonstrate the procees taking place in the target and in
the water during the laser pulse.
2. Experiment & modeling
A five materials were used as the targets, metal tin, gold
and silver (both of 99.99% purity) and also two gold-silver
alloys with molar gold-silver ratios of 1:1 (AgAu) and 4:1
(AgAu4). The targets was irradiated by pulses of a
Nd:YAG laser (1064 nm wavelength, pulse of Gaussian
spatial and temporal profiles of 9 ns (FWHM) duration).
The peak laser fluence on the target surface was varied in
the range 1–13 J/cm2 using a beam attenuator consisting of
a half-wave plate and a Glan-Taylor prism. For ablation in
water, the sample was immersed into a rectangular glass
cuvette (25 ml volume) and irradiated horizontally (through
the sidewall and a 10-mm water layer). When calculating

laser fluences for PLAL conditions, the attenuation of the
laser beam by the cuvette wall and the water layer was
taken into account. In order to investigate the water
nucleation dynamics under PLAL of metals and, in
particular, to evaluate the effect of water vapor on the
propagation of the laser beam through the vapor bubble, we
have carried out time-resolved pump-probe reflectance
measurements for gold irradiation in air and water.
The theoretical analysis of laser-induced heating and
melting of the considered metal samples under ambient air
and water conditions was performed using a thermal model.
The model is based on solving the heat flow equation in its
one-dimensional form that allows the time evolution of the
temperature profile. In order to estimate the effect of water
vaporization in laser induced metal heating, modeling of
vapor layer formation near the irradiated surface has been
carried out. At the considered extremely high heating rates
the dominant bubble generation mechanism is the
spontaneous (homogeneous) nucleation due to thermal
fluctuations in liquid. Detail of model and experimental
setup may be found in [4,5]
3. Results and discussions
We systematically measure the damage thresholds of
tin, silver, gold, and their alloys in distilled water and in air
under nanosecond IR laser irradiation. It was found that the
damage thresholds of refractory metals in a liquid is ~ 1.5
times higher than in air. At the same time, the damage
thresholds of tin in a liquid is several percent lower than in
air. To analyze the obtained results, a numerical simulation
was carried out based on the solution of the non-stationary
heat conduction equation taking into account heat removal
to the liquid, as well as its homogeneous boiling near the
target surface.
Good agreement was reached between the experimental
values of damage threshold and the calculated values of
laser fluence at which materials reach their melting points
in air (Fig. 1). The calculated value of damage threshold of
refractory metals immersed into liquid were significantly
lower than the experimental ones despite of taking into
account heat removal from the target and increasing the
melting temperature under the influence of water vapor
pressure. However, we obtained the good agreement
between experimental and calculation result for tin. The
observed decrease in the threshold for refused metal in
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comparison with the case of irradiation in air was explained
by the decrease in the reflection coefficient of immersed in
the optical denser medium.
We underline the main difference between tin and noble
metals (gold, silver and their alloys) in respect of the nsPLAL process. The melting temperature of noble metals is
higher 1000 K those higher than a water vaporization
temperature (~ 600 K) obtained in calculation of ns laser
heating of the metal targets immersed in water. So, the
refractory metal melting follows after water vaporization
which occurs at an early heating stage. Formation liquidvapor interface near the target surface leads to scattering of
a fraction of the incident laser pulse. This assumption are
confirmed by a comparison of results probe-beam
measurements and calculation data of boiling moment. This
results in higher metal damage thresholds than the
corresponding values in air. In contrast, the Sn melting
temperature is well below 600 K so the laser-induced tin
melting occurs before water vapor nucleation and thus
before the scattering process starts and leads to energy
losses. As a result, the tin damage thresholds in water and
air (and in vacuum) are identical. On the other hand, this
indicates that, since the water-explosive vaporization under
tin ns-PLA usually also occurs early target heating stages,
the laser light scattering processes also take place in this
case. According to calculation, the energy losses due to the
scattering effects can reach up to 30% of the total pulse
energy that has to be taken into account when analyzing the
PLAL process even for low-melt targets

pure metals, both in air and water, explained by lower
thermal conductivities of the alloys. For all the investigated
metal samples, the thresholds the corresponding values for
air. Based on the model calculations for noble obtained in
water are considerably, by a factor of ∼1.5, higher than it
is demonstrated that this difference cannot be explained
neither by the conductive heat transfer to water nor by the
vapor pressure effect. Scattering of the incident laser light
by the vapor-liquid interface is suggested as a possible
mechanism responsible for the high damage thresholds in
water. This suggestion confirmed by the coincidence of the
thresholds for the modification of low-melting tin in water
and air. It is shown that the melting of tin occurs before the
boiling of the liquid and the scattering of light by vapor
does not affect the modification threshold.
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Fig. 1. The threshold peak fluences for noble metals measured in
air and water and calculated for air ambient conditions for all
studied samples as a function of gold fraction in the sample. The
line shows the data for the thermal conductivity of the gold-silver
alloy system.

4. Conclusions
We have systematically investigated the laser-induced
single-shot damage thresholds of metals in air and water.
The thresholds were determined by measuring the damaged area induced on the surface by a Nd:YAG laser (1064
nm, 9 ns) as a function of laser fluence. The experimental
results are analyzed theoretically by solving the heat flow
equation for samples irradiated in air and in water taking
into account vapor formation at the solid-water interface.
The thresholds measured in air agree well with the
calculated melting thresholds for all samples implying that
metal melting is responsible for the observed surface
damage. The damage thresholds of the Au-Ag alloy
systems are found to be substantially lower than those for
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Abstract. In this work we demonstrate fabrication of high-quality microscale binary optical elements on surface of chemically
synthesized CsPbBr3 perovskite microcrystals using femtosecond-laser projection lithography. We also demonstrate high quality
generation of high-order optical vortex beams and nanofocusing capabilities of resulted optical elements. Achieved results shows that
CsPbBr3 microcrystals can be used for fabrication of various complex 2D micro-optical elements and holograms by practically relevant
and gentle femtosecond-laser direct imprinting.

1. Introduction
Halide perovskites recently became a promising class
of materials for applications as light-emitting devices and
solar cells for their promising combination of optical and
optoelectronic properties [1-5]. Inexpensive process of
chemical synthesis for fabrication of humidity-robust
monocrystalline nanowhiskers and microplates was
recently adopted for use in number of applications such as
nanoscale coherent light sources and actively tunable
micro-optic devices. Tuning ability of the optical properties
through vapor-phase anion exchange reaction and ultrasmooth surface of chemically synthesized microcrystals are
grate qualities for realization of various micro-optic
devises. Common lithography-based fabrication methods
such as ion- and electron-beam milling are not only moneyand time-consuming for mass production but also cause
strong degradation of the perovskite photoluminescence
properties if complex modifications in fabrication methods
are not being used. Recently, gentle femtosecond (fs)-laser
processing appeared as a promising non-destructive
approach for perovskite micro- and nano-patterning [6-9].
Additionally, Wang Z et al. recently demonstrated
fabrication of Fresnel microlenses in halide perovskite
microplates by using direct laser ablation in scanning
regime with tightly focused fs-laser pulses [4]. However,
the quality of resulted optical elements was not perfect,
because typically multi-pulse scanning exposure of the
perovskite surface leaving rough deteriorated ablation layer
which prevents fabrication of high quality state-of-the-art
micro-optical devices.
In this work, we demonstrate fabrication of advanced
2D diffraction-optical elements in chemically synthesized
CsPbBr3 perovskite microcrystals via direct imprinting with
single-pulse fs-laser projection lithography. In particular,
fabrication of micro-scale Fresnel zone plates (FZP) for
generation of tightly focused laser beam, as well as binary
spiral micro-axicons and binary fork-shaped gratings
(FSGs) allowing generation of vortex beams in reflection
mode was demonstrated. Ultrafast laser-induced
thermalization rate and extremely low conductivity of the
CsPbBr3 material resulted in ultra-smooth ablation of
perovskite microcrystals. The achieved results highlight the

CsPbBr3 microcrystals as a promising material for
realization of various complicated 2D micro-optical
elements that can be directly imprinted using nondestructive and practically relevant laser technologies.
2. Experiment
Synthesized CsPbBr3 microcrystals were patterned by
regeneratively amplified Yb:KGW second-harmonic laser
system (515 nm central wavelength) with 200-fs laser
pulses (Figure 1). By passing laser beam with Gaussian
lateral intensity profile through appropriate amplitude mask
the complex intensity pattern was generated. Then, this
pattern was magnified and placed in focal plane of the dry
microscope objective with a numerical aperture (NA) of
0.95 using 4f-optical projection system. The beam shaping
amplitude mask were made via direct laser writing in 40
nm-thick Cr films supported by fused silica substrate
(CLWS-200). Surface characteristics of resulted perovskite
microcrystals with laser patterns was analyzed using
optical and scanning electron microscopes (SEM). The
focusing performance of the imprinted perovskite microoptics was studied by irradiating their surface by 515-nm
CW collimated beam while the generated intensity profiles
were captured in reflection at the corresponding focal plane
using the calibrated CCD-camera.
3. Results and discussions
We fabricated via fs-laser projection lithography on the
surface of CsPbBr3 microcrystals several practically useful
designs of binary optical elements such as spiral microaxicons, FZPs and FSGs (Figure 1). By using
corresponding mm-scale Cr amplitude masks and placing
them in focal plane of high-NA lens we imprinted all of the
optical elements in single-pulse laser regime. First, we
made calculations of the mask design for pattering of FZP.
Typical FZPs consists of a number of alternating
transparent and opaque rings with a specific diameters and
widths. The radius of a n-th ring is
𝑛𝜆
)
(1)
4
where n is an integer, λ is a wavelength of the incident laser
radiation. The FZP with10-μm diameter imprinted on the
𝑟𝑛 = √𝑛𝜆(𝑓 +
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surface of CsPbBr3 microcrystals is shown in Figure 2(a)
revealing smooth geometry of the fabricated radial grooves
with typical width of 300 nm and a depth of about 150 nm.
Using CW parallel laser beam with wavelength of 515-nm
for irradiation of fabricated FZP a tightly focused (1/ediameter of about 500 nm) laser spot was found few
microns above the patterned surface of CsPbBr3
microcrystal showing excellent performance of the
imprinted FZP.

Finally, we fabricated the FSG. Such optical elements
generate OVs with the opposite TCs (±m) in opposite
diffraction orders. Theoretical description of Fresnel and
Fraunhofer diffraction of a Gaussian laser beam by the
FSGs was presented in [11]. We produced the amplitude
mask for imprinting of the FSG with such design that
resulted pattern allows to generate OV beams with the TCs
m=±5. The imprinted perovskite fork-shaped grating is
demonstrated in Figure 2d.
4. Conclusions
To conclude, we demonstrated high-performing direct
fs-laser process for fabricating high-quality reflection-type
binary microscale optical elements such as Fresnel zone
plates, binary fork-shaped gratings and binary spiral microaxicons used for generation of tightly focused laser beams
and vortex beams generation.
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Fig. 1. Schematic illustration of the setup for fs-laser projection
lithography.

Further, using different amplitude masks we fabricated
two types of binary spiral axicons. This type of optical
elements can transform Gaussian laser beam into beam
with donut-shape intensity profile and a helical wavefront,
quasi-non-diffracting optical vortex (OV) or into special
type beam with extended focal depth [10]. The main
characteristic of the OV beams is their topological charge
(TC) m, a number of wavefront twists along light
propagation axis within a wavelength. In this work, we
fabricated two spiral axicons generating the OV beam with
the TC m=1 and 3. The imprinted micro-optical elements
are shown in Figure 2(b,c). Both fabricated optical
elements generate OV beam with TC m=1 and 3 above the
surface of CsPbBr3 microcrystal at the corresponding focal
plane.
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Fig. 2. Top-view SEM images of the CsPbBr3 microcrystal
surfaces imprinted with micro-optical elements including FZP
(a), binary spiral axicons (b,c) and binary fork-shape grating (d)
as well as there focal-plane intensity distributions at 515 nm punp
wavelength showing focusing characteristics of the imprinted 2D
perovskite optical elements.
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Abstract.
Recently,
sensors
using
surface-enhanced Raman
scattering
(SERS)
detectors
combine
with
superhydrophobic/superhydrophilic analyte concentration systems showed the ability to reach the detection limits less than femtomolar level. However, a further increase in the sensitivity of these sensors is limited by the impossibility of the concentration systems
to deposit the analyte on an area of less than 0.01 mm2. This article proposes a fundamentally new approach to the analyte enrichment,
based on the effect of non-uniform electrostatic field on the evaporating droplet. This approach, combined with optimized geometry of
a superhydrophobic/superhydrophilic concentration system allows more than a six-fold reduction of the deposition area. Potentially,
this makes it possible to improve the detection limit of the plasmonic sensors by the same factor bringing it down to the attomolar level.

1. Introduction
Various fields of microbiology, biochemistry, medicine
require development the techniques that allow to carry out
express detection substances in their aqueous solutions at
ultra-low concentration [1]. Significant attention in these
studies is given plasmonic sensors, mainly due to their,
non-invasiveness, and ultra-high sensitivity [2].
Performance plasmonic sensors may be significantly
increased by a targeted deposition of analyte molecules on
the surface of a sensitive element. One of the effective ways
to achieve this is to use superhydrophobic surfaces (SHPS).
Due to low adhesion of SHPS, the contact line of a droplet
of aqueous solution slides over such surface during
evaporation. As a result, the analyte is localized in
extremely small area, thereby providing a high deposition
density. This makes it possible to increase sensitivity of
plasmonic sensors [3].
The highest analyte localization results is demonstrated
by
hybrid
superhydrophobic
structures
with
superhydrophilic central target. Despite the fact that
specific
implementations
of
this
hybrid
superhydrophobic/superhydrophilic structures with a
central target may vary considerably in the materials used
and in the details of the surface design, they all currently
demonstrate a similar limit for minimizing the analyte
deposition area, which is about 0.01 mm2 [4].
In this work demonstrate more than six-fold reduction
in the deposition area achieved by action a non-uniform
electrostatic field on evaporating electrically neutral
droplet. Geometry modification of the hybrid
superhydrophobic/superhydrophilic structures in case of
the electrostatic action is also demonstrated.
2. Experiment
To create superhydrophobic peripheral part of the
hybrid structures we use a single piece substrate of
polytetrafluoroethylene (PTFE) on the surface of which
superhydrophobic pillars are made by direct femtosecond
(fs)-laser printing (Fig. 1a) [5]. Moreover, the surface of
these pillars in the process of laser ablation additionally
acquires a multimodal roughness. As a result, value of the
contact angle at such peripheral part is very large - about θ
~ 1640. The central target is also formed due to (fs)-laser
printing (Fig. 1b) in the form of a larger pillar with a nano-

rough surface, which is then covered with thin layers of Ti,
Au, and SiO2 (Fig. 1c) to make its sur-face
superhydrophilic (Fig. 1d).

Fig. 1. Manufacturing process of the initial design LITHS/Sstructures. (a) manufacturing of the peripheral superhydrophobic
pillars by laser pulses of 0,3 μJ, (b) manufacturing of nano-rough
relief of the central target by laser pulses of 0,1 μJ, (с) coating the
target in layers Ti, Au, and SiO2 by electron beam sputtering
through a mask (d) manufactured LITHS/S- structure.

We assume that falling of a droplet into the cavity
formed on the modified LITHS/S-structure can be avoided
when there is an additional vertical force that acts on the
droplet, which can compensate for the lack of capillary
force. To create such a force, we propose to place an
electrically neutral evaporating droplet in a non-uniform
electrostatic field (NEF). Due to the polarization of water
in the electric field, the drop acquires a dipole moment and
subsequently this dipole begins to "pull up" into the region
with a higher NEF gradient. The region with a higher NEF
gradient is located so that the droplet tends upward, to
compensate for the lack of capillary force.
In this work, the NEF is created by applying a potential
difference to the upper and lower disc Cu electrodes that
are significantly different in diameter (Fig 2a). In this case,
the droplet and the substrate are isolated from the
electrodes. The droplet is insulated by an air gap, and the
PTFE surface is insulated with a polytetrafluoroethylene
layer and an additional glass plate (the latter is also needed
in order to shift the droplet center slightly upward to the
region with a slightly higher NEF gradient). The insulation
is needed in order to avoid changing the wetting PTFE
surface under the action of the charges flowing into the
contact area of the droplet, and substrate. This
electrowetting effect, as discussed below, may arrest the
process of evaporative reduction of the contact region,
which is undesirable for the problems being solved.
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Fig. 2. A system for droplet evaporation in a non-uniform
electrostatic field (a) (for clarity, the scale is not observed) (b)
illustrates the dependence of the electrostatic force acting on the
droplet by diameter of the upper electrode. Solid curve analytical results, numerical simulation data are shown by dots.

If the electric field gradient is constant or changes little
within the droplet size, the force of electrostatic action on
the droplet can be calculated as
𝐅𝐞𝐥 = 𝜋

3
𝐷𝑤𝑎𝑡𝑒𝑟

8

𝜀𝑎𝑖𝑟

𝜀𝑤𝑎𝑡𝑒𝑟 −𝜀𝑎𝑖𝑟
𝜀𝑤𝑎𝑡𝑒𝑟 +𝜀𝑎𝑖𝑟

∇𝐄𝟐

(1)

where E – field strength; Dwater – droplet diameter; εwater
– dielectric constant of water; εair – dielectric constant of
air; ∇ – gradient operator. Analytical calculation of the NEF
distribution and the corresponding electrostatic force Fel is
performed using the method of images.
3. Results and discussions
Since the total duration of the formed pulse turns out to
be significantly shorter than the total duration of the
evaporation final stage (equal to  300 s at V0 = 5 μL), the
choice of the pulse timing is of great importance. In order
to successfully transfer the contact line to the target, it is
necessary to choose the onset of the pulse in such a way
that the voltage peak is reached a few seconds prior to than
the time of natural separation τ2→ of the contact line from
the row of pillars Rg+2. In this case the evaporation of a 5
μL droplet with a dissolved Rhodamine 6G (R6G) organic
dye used as an analyte at initial concentration 10-12 mol/L
illustrated in Fig. 3.

an accordingly increase in the depinning force directed to
the target. Microscopic observations (inset “c” in Fig 3)
show that at this time the droplet is elongated (which is the
direct reason for the decrease in CA) and rises upward. At
the moment when the maximum voltage is reached, the
droplet is detached from the pillars of the Rg+2 row and the
contact line is completely transferred to the surface of the
central target (inset “d” in Ошибка! Источник ссылки
не найден.3). This transition is accompanied by a leap in
the CA up to a value close to the initial one, but not yet
equal to it, since the droplet still retains its elongated shape
under the action of the field. Further, as the voltage
decreases, the CA is restored to its initial value, but this
happens when the droplet is already entirely on the target
surface. The droplet continues to be located on the target
even after the field stops acting (inset “e” in Fig 3), as a
result of which all the analyte is deposited on the surface of
the target
4. Conclusions
It is presented a fundamentally new technique that
allows control the evaporation of an uncharged liquid
droplet on a hybrid superhydrophobic/superhydrophilic
surface due to the action of a non-uniform electrostatic
field. The analyte enrichment system, obtained by
combining this approach with a special design for lasertextured
hybrid
superhydrophilic-superhydrophobic
platforms, outperforms any other analyte enrichment
system currently available and allows to realize targeted
delivery of molecules of the substance to areas less than
0.0016 mm2. This result is more than six times less than
recently achieved of 0.01 mm2 deposition area. It
potentially makes possible to reach corresponding
additional increase in the sensitivity of plasmonic sensors
based on SERS, as well as to significantly increase the
reliability and accuracy of the measurements at atto-molar
level. We believe that the approach has presented likely to
be used for trace chemical detection in many areas.
References

Fig. 3. Changes in CD and CA depending on the normalized
evaporation time on a modified LITHS/S-structure (g = 40 μm, 
= 84 μm, d = 14 μm) with action a pulse of non-uniform electric
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Abstract. Control over the radiative and non-radiative channels of the IR-emitting quantum dots (QDs) is crucially important to
improve performance of related devices. Here, we study spontaneous photoluminescence (PL) enhancement of mercury telluride QDs
coupled to plasmonic nanoantenna arrays supporting collective plasmon mode spectrally matching QD’s PL spectrum. Our systematic
studies revealed how PL enhancement varies with QDs layer thicknesses as well as laser excitation and emission collection conditions,
providing deeper insight into the QD/plasmonic arrays interaction.

1. Introduction
To date, near-infrared emitting quantum dots (QDs),
namely mercury telluride (HgTe), are considered the most
promising candidate for developing novel light-emitting
and photodetecting devices covering range from short- to
long-waves. However, some factors are reducing the
performance of QD-based devices: fundamental limitation
on the rate of spontaneous emission; nonradiative
recombination centers, arising from the QD’s structural and
surface defects; nonradiative excitation energy transfer due
to resonance energy transfer in the closely packed film once
QDs deposited on a substrate.
Previously [1], we have shown that most of these factors
can be overcome through combining QDs with plasmonic
structures having the resonances spectrally matching with
the excitation or emission bands of a QD, leading to
noticeable QDs photoluminescence (PL) enhancement. In
this work, by varying the QD layer thickness we
consequently studied the effect of excitation and emission
collection conditions on PL enhancement.
2. Experiment
The details for plasmonic metasurfaces fabrication and
quantum dots synthesis can be found elsewhere [1, 2].
Briefly, the plasmonic structures were fabricated through
direct ablation-free laser nanopatterning of 50 nm-thick
gold film on a glass substrate. Once laser pulse shoots gold
film, it locally melts and, following processes of dewetting
and resolidification, result in bump-like structure
formation, which is partially de-attached from the substrate
keeping at the same time the film consistency (inset in Fig.
1). The ordered arrays of nanobumps demonstrate complex
resonance spectra formed by first-order lattice plasmon
resonance (FLPR) in the infra-red region (the peak near
1.5µm, blue curve in Fig. 1) and a superposition of highorder lattice plasmon resonances and localized plasmon
resonances of isolated nanobumps in the visible range. The
FLPR position depends on the nanobump’ size and array’
period, while visible-range resonances mostly keep in the
same spectral range, probably due to the abovementioned
complicated nature.
In its turn, HgTe QDs were synthesized via selectivegrow cold injection technique allowing precise control of
QDs size and, correspondingly, the PL spectral maximum.
As a result, a batch of HgTe QDs with emission, spectrally
overlapping FLPR had obtained (Fig. 1).

Fig. 1. Absorption/photoluminescence (black and red curves)
spectra of HgTe QDs as well as reflection spectra (blue curve) of
plasmonic structures used in this study. HgTe QDs spectra were
normalized at maximum value within given spectral range. The
scheme of the experiment is shown in the inset.

To track the PL enhancing phenomena evolution with
QDs layer thickness, the as-prepared solution was diluted
down to 1011 dots/ml and deposited on spinning at 1000
rpm substrate. According to atomic-force microscopy, the
deposition technique allows to apply a monolayer of the
QDs, with an exponential increase of subsequent layer’
thickness reaching a 1-µm (that corresponds to the height
of the bumps) after the 10-th deposition cycle.
The experimental studies were carried out on F900
(Edinburgh Instruments) spectrometer combined with a
home-built micro-PL setup. To estimate the impact of
excitation from plasmon resonances in the visible range, the
solid-state lasers emitting at 685 and 880nm were used as
excitation sources (shaded peaks in Fig. 1). Newport Mseries microscope lenses with NAs ranging from 0.1 to 1.2
were used for excitation and emission collection.
3. Results and discussions
Owing to strong angular dispersion [3], Q-factor (e.g.,
ratio of full width at half maximum of the reflection dip and
the corresponding wavelength at the dip minimum) of the
collective plasmon resonances depends on the range of
incident angles of the pump radiation that is defined by the
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NA of the focusing lens. Noteworthy, the highest Q-factor
(≈10) of as-prepared nanobumps array FLPR was achieved
upon measuring the reflection spectra with low-NA optics
(NA=0.25), followed by its broadening and decreasing in
intensity with NA increasing. At excitation with NA=1.2,
the FLPR becomes almost indistinguishable from the
reflection spectra of the smooth gold film.
By applying QDs over plasmonic nanostructures the
FLPR position linearly redshifts to 2 nm per each 1 nm of
the deposited QD layer [4]. Linear dependence is preserved
up to 100-nm thick layer, meanwhile for thicker layers the
FLPR broadens (starting from 20 nm-thick layer) making
detection of its spectral position complicated. For a
monolayer of the QDs the PL intensity is comparable to
those measured from the same layer capping smooth Au
film used as a reference for normalization. This feature
indicates plasmon-mediated quenching of the quantum
emitter’s PL via non-radiative decay in the vicinity of
metallic surface. Further increase of the layer thickness
leads to a sharp increase of PL enhancement factor to ≈13
achieved for 12-nm thick layer thickness at NA = 1.2.
Noteworthy, for the lowest tested NA=0.25 maximal, 5fold, PL enhancement occurs for 50-nm thick QDs layer.
Systematic measurements performed for intermediate NA
values give the maximal PL enhancement achieved for QD
layer with the thickness ≈ 20-30 nm.
Noteworthy, for the smooth Au film reference once the
layer is relatively thin (12-15 nm that corresponds to 4-5
QDs monolayers), PL increases linearly with QD thickness
irrespectively of the used NA. Within the 20-70 nm
thickness range, PL grows with the lower slope. This
indicates that at a given thickness, non-radiative charge
transfer between QDs starts to dominate over radiative
processes suppressing the “effective” emission from the
QDs layer. Increasing layer thickness leads to achieving
some equilibrium between radiative and non-radiative
processes, resulting in resuming of PL increasing. At the
same time, PL intensity of the QDs covering nanostructure
array grows monotonically at least up to twice higher
thickness (for NA = 1.2), and even after that, no sharp
changes in its trend had observed. This behavior allows
suggesting the suppression of non-radiative charge carriers'
recombination channels once the QD is coupling to a
plasmonic structure. On the other side, the absence of PL
enhancement for thin QD layers highlights the existence of
quenching processes through intrinsic plasmonic losses,
which probably decays in a range between 6 to 12-nm layer
thickness (2 – 4 QD monolayers), wherein excitation with
any NA leads to PL enhancement. The results also highlight
that QDs capping smooth Au film emit light predominantly
in a vertical direction, resulting in absence of the PL
enhancement dependence versus collection angle, in a
sharp contrast to the QDs on the plasmonic nanostructure
array.
Combining the results obtained, one can conclude that
achieving the maximal PL enhancement requires the
reduction of non-radiative channels, both plasmonic and
QDs intrinsic nature. In this regard, the only way to fulfill
these issues is to use a thin, up to 20 nm QDs layer
separated from plasmonic structures with a spacer layer no
less than 6-nm thickness.

Fig. 2. PL enhancement factor versus the QDs layer thickness
measured for various NAs of the focusing lens used for excitation
and emission collection. Insert shows the PL intensity dependence
on QDs layer thickness measured from smooth gold film and
normalized on thinnest layer PL intensity.

4. Conclusions
We demonstrated that careful adjustment of excitation
and emission collection parameters leads to more than an
order of magnitude enhancement of spontaneous emission
of HgTe QDs coupled with periodical plasmonic arrays
with resonances spectrally matched to QDs absorption and
emission bands. The region of QDs layer thickness,
wherein plasmon-related quenching and dot-to-dot
resonance energy transfer have the minimal impact and,
hence the PL enhancement has the maximal factor, had
been determined.
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Abstract. Here, we demonstrated fabrication of anti-reflective surface textures on crystalline Si locally functionalized with a
photoluminescent molecular nanolayer via single-step femtosecond laser ablation. Laser ablation allows to produce hierarchical surface
morphology exhibiting remarkable broadband light-absorbing properties and creates optimal conditions for local morphology
functionalization by light-emitting Rhodamine 6G nanolayer. Developed anti-reflecting surface morphology facilitates optical
excitation of the Rhodamine 6G resulting in multi-fold enhancement of its spontaneous emission. Our approach holds promise for
realization of the multi-purpose photoluminescent chemosensor arrays functionalized with various organic quantum emitters.

1. Introduction
Detection of analytes at ultra-low concentrations is an
actual problem and important applied task for
environmental
monitoring,
medical
diagnostics,
microbiology and forensic analysis. The nanostructures
attracted great attention due to their extraordinary
properties, which offer great promise in the development of
chemosensing, facilitating the great improvement of the
selectivity and sensitivity of the current methods. In
particular, the structures with dimensions smaller than the
optical wavelength are capable of sharply amplifying weak
electromagnetic fields incident on the surface. The
enhancement of electromagnetic radiation amplitude can be
observed near the tips of the nanostructures as well as
within nano-gaps. This feature allows to use nanotextured
surfaces to create compact, efficient and highly sensitive
optical sensors [1]. Silicon represents inexpensive earthabundant material widely used for optoelectronic and
photonic applications. Modification of the Si surface using
femtosecond laser radiation is an inexpensive high-rate
technological process and easy-to-implement scalable
fabrication procedure of homogeneous nanotextured
surfaces exhibiting feature size below the optical
diffraction limit [2]; it is not a multi-step process and not
require using masks as for many chemical methods for
fabrication of the sensor elements.
Here, we proposed single-step technology allowing to
locally bind the organic light-emitting nanolayer in the
process of Si surface nanotexturing by fs-laser pulses.
Resulting anti-reflecting nanostructures facilitate excitation
of the Rhodamine 6G resulting in multi-fold enhancement
of its spontaneous emission rate making the developed
approach promising for realization of chemosensor arrays.
2. Experiment
The structures were fabricated by second-harmonic
(λ=513 nm) 200-fs laser pulses generated at pulse repetition
rates of 1 KHz. Laser processing of the Si surface was
performed at variable pulse energies (tens of nJ), scanning
speeds was 100 µm/s at single pass regime, the lateral
interval between laser scanning lines was 1 µm); the
electric-field polarization vector was oriented parallel to the
scan direction [3]. Laser beam was focused on the Si
surface by a dry microscope objective with a numerical

aperture (NA) of 0.4, yielding in a focal spot size of ≈1.5
µm. Laser-treated surface area was first processed
following a snake-like trajectory along one direction and
then, the textured area was laser scanned again along the
orthogonal direction with the same lateral interval. Laser
processing parameters allow to control the features of
surface morphology modification and to chose the
necessary conditions for obtaining structures with the
specified characteristics. The samples were processed in a
cuvette completely filled of solution with Rhodamine 6G
mixed with 95% methanol. The thickness of the liquid layer
above the Si surface was 4 mm. The fabricated sensor
elements were investigated by scanning electron
microscopy
(SEM),
correlated
reflection
amd
photoluminescence spectroscopy carried out at 473 nm
laser pump.
3. Results and discussions
The laser-textured surface structures on Si (Fig. 1(a))
with the of 5050 µm2 were fabricated in solution
containing functional derivative of Rhodamine 6G dye
bearing triethoxysilyl anchor groups by 200-fs linearly
polarized laser pulses at pulse energy ≈30 nJ and repetition
rate 1 KHz. Lateral interval between laser scanning lines
was 1 µm, while the scanning speed was fixed at 100 µm/s.

Fig. 1. Correlated SEM (a) and confocal laser reflection (b)
images of the laser-textured area functionalized with Rhodamine
6G nanolayer.

The fabricated surface textures were found to
demonstrate remarkable anti-reflecting properties (Fig.
1(b)). The reflection at 473 nm wavelength used for
confocal scanning of the textured area drops from ≈50% for
non-textured Si to around 2% upon its texturing with fslaser in the functionalizing solution. Low reflectivity of the
laser-textured Si originates from the enhanced light
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absorption by the multi scale surface features as well as
gradual decrease of the interface jump of the refractive
index by the densely arranged nanoscale surface features.
This allows the pump laser radiation to couple the surface
features more efficiently resulting in more efficient
excitation of the capping Rhodamine 6G nanolayer [4].
This results in averaged 20-fold enhancement of the
spontaneous emission (centered at 570 nm) from the
Rhodamine 6G nanolayer capping the laser-textured area
with respect to noise-like signal observed for surrounding
smooth Si area (Fig. 2(a,b)).

amplify the small signal from thin attached layers of the
sensory photoluminescence compound. The presented
direct laser nanotexturing technology is promising for the
manufacture of a multifunctional "pixelated" chip
containing different photoluminescent molecules locally
attached to specific nanotextured surface sites ("pixels").
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Fig. 2. Photoluminescence spectra and corresponding
photoluminescence map of the Rhodamine 6G capping lasertextured (1) and smooth (2) surface sites. The map size is
8080 µm2. The laser pump at 473 nm was used.

Characteristic photoluminescence also confirms the
local binding of the molecules to the fabricated
nanotextured Si surface. The enhanced photoluminescence
of the Rhodamine 6G can be related to the improved
photoexcitation via decreased Fresnel reflection at the
interface, local field enhancement of the pump radiation by
nanoscale surface features as well as enlarged surface area
increasing density of quantum emitters per surface area.
Additionally, non-metal surface morphology structures do
not suffer from the photoluminescence quenching as
opposed to plasmonic nanostructures [5]. The physical
representation of locally attaching a functional compound
as shown in [6]: the interacting with a high energy laser
pulse, local temperatures reach high values, allowing
silicon to actively interact with water in our 95% methanol
solvent. After laser processing the surface immediately
interacted with water to form surface silanol groups (Si–
OH). Then, at still relatively high temperatures, these
surface groups condensed with alkoxy (Et–O–Si) and
hydroxy (HO–Si) groups of functionalizing compound to
form Si–O–Si bonds via either alcohol or water elimination.
Such covalent bonding of sensory compounds to substrates
provides easier access for the analyte to the sensitive
receptors and preventing removing of sensory compound in
solutions analysis.
4. Conclusions
The surface functionalization of Rhodamine 6G at the
process of fs-laser texturing on crystalline Si is
demonstrated. The improved optical characteristics of
chemosensor, such as low average reflectivity and high
refractive index of hierarchical structures, are able to
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Abstract. Thermochemical laser-induced periodic surface structures (TLIPSS) have gained significant research interest due to
promising applications, where tunable and upscalable periodic surface morphologies are important, such as surface functionalization,
diffraction optics, sensors etc. Since TLIPSS form through the thermally stimulated chemical reaction, their morphology and chemical
composition are expected to depend on the incident laser radiation wavelength and ambient environment. However, so far uniform
TLIPSS were fabricated using near-IR laser pulses in air. We present the results of TLIPSS formation on the surface of titanium (Ti)
films by using fs-laser pulses with near-IR (1026 nm), visible (513 nm) and UV (256 nm) wavelengths in the air, vacuum and nitrogenrich environment. The linear dependence of the TLIPSS period on the laser wavelength is observed. Raman spectroscopy revealed the
presence of TiN along with TiO2 (rutile) prevalence for TLIPSS fabricated in the nitrogen-rich atmosphere.

1. Introduction
Laser-induced periodic surface structures (LIPSS) are a
periodic relief modulation that forms on the surface of
solids upon the impact of high-energy laser radiation [1]. In
addition to the more investigated LIPSS formed through
ablation of irradiated material, there is another type of
LIPSS formed due to thermally stimulated chemical
reaction of a material with the ambient environment
(oxidation, in the case of oxygen-containing media) –
thermochemical LIPSS (TLIPSS). Usually, interference
between incident light and the wave scattered from surface
defects is used to explain the TLIPSS formation [2]. This
interference creates the periodic temperature distribution
on the surface, which regulates thermochemical reaction.
Owing to extremely high uniformity achievable with fs
near-IR laser pulses, possibility to cover indefinitely large
areas by lateral scanning, and relative simplicity of a singlestep process, TLIPSS are promising in various practical
applications, such as surface functionalization, diffraction
optics, sensors, and more [2, 3, 4]. From the application
point of view, it is important to control the morphology
(period, orientation) of the periodic structures, which is
possible through the change of the laser wavelength and
polarization direction. However, only near-IR spectral
range was utilized for the uniform TLIPSS formation so far.
In addition, the thermally stimulated chemical process
enables regulation of the chemical composition of TLIPSS
by the change of the ambient reactive environment.
In this work, thermochemical LIPSS were formed on
titanium films upon fs-laser irradiation with near-IR (1026
nm), visible (513 nm), and UV (256 nm) wavelengths. To
study the influence of the ambient environment on both
morphology and chemical composition, experiments were
carried out in the air, vacuum, and nitrogen-rich
atmosphere, when using near-IR pulses.

2. Experiment
Samples used in the experiments were a two-layer Ti/αSi film with Ti being the top layer with a thickness of 90 or
180 nm produced by magnetron sputtering on a glass
substrate. A femtosecond laser with pulse duration of 230
fs was used to form TLIPSS at 1026, 513, 256 nm
wavelength at pulse repetition rate f of 50-200 kHz. The
sample scanning speed υ was varied within the range of
1-500 μm/s. The laser fluence F was altered to obtain
structures with the best regularity.
Different beam shapes were used in the experiments:
astigmatic Gaussian beam at λ = 1026 nm, flat-top stripeshaped beam at λ = 513 nm and ordinary Gaussian-shaped
beam at λ = 256 nm. During the TLIPSS fabrication,
samples were contained in a vacuum chamber. Laser
processing in vacuum (10-2 atm) and nitrogen-rich
atmosphere (2.5 atm) was performed at λ = 1026 nm.
TLIPSS surface morphology and inner structure were
investigated via scanning electron-microscopy (SEM) and
focused ion beam (FIB) milling. To analyze the chemical
composition, Raman spectroscopy with the laser pumping
at 532.1 nm and a 1-μm focal spot was used.
3. Results and discussions
The highly regular TLIPSS have been formed on 90 nm
thick Ti film upon near-IR laser radiation (λ = 1026 nm, F
= 90 mJ/cm2, υ = 1 µm/s) in air environment (Fig. 1a). The
TLIPSS are oriented along the polarization direction of
incident laser radiation and have a period of 853±20 nm.
Each protrusion has a width of ≈400 nm and consists of
TiO2 nanocrystallites with random orientation (Fig. 1d).
The protrusions are mainly composed of the rutile phase
according to Raman spectroscopy (see more information
below). More details about morphology were obtained
from SEM visualization of the transverse cross-sectional
FIB cuts (Fig. 1e). The TiO2 starts to grow from the Ti film
surface as a result of thermochemical interaction with
oxygen. Formed protrusion occupies a larger volume in
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comparison to intact film due to the porous structure of
rutile nanocrystals and a large Pilling and Bedworth ratio
RPB = 1.78 for titanium and its oxide.
When utilizing second-harmonic (λ = 513 nm)
radiation, highly uniform TLIPSS were formed having a
period of 416±17 nm at υ = 3 μm/s and F = 50 mJ/cm2
(Fig. 1b). The rutile protrusions show smoother surface
morphology in comparison to the morphology of the
TLIPSS produced with near-IR laser pulses. Similar to the
case of near-IR wavelength, faster scanning speed worsens
the regularity due to the degradation of the positive
interference-based feedback.

Fig. 3. Top-view SEM images of TLIPSS structures produced on
the 90-nm thick Ti film in air at (a) λ = 1026 nm, (b) λ = 513 nm
and (c) λ = 256 nm. A double arrow shows the polarization
direction. (d) The enlarged view of the single TiO2 protrusion of
structures produced at λ = 1026 nm. (e) SEM image of a crosssectional FIB cut made perpendicularly to the TLIPSS
orientation. (f) Measured and calculated averaged TLIPSS period
vs. incident laser wavelength. Inset shows schematic illustration
of the modeled geometry.

Fourth-harmonic (λ = 256 nm) laser pulses were used to
further reduce the TLIPSS period. The formation of the
structures with the period of 182±22 nm is shown at
maximal available laser fluence F = 35 mJ/cm2 and
scanning speed of υ = 1 μm/s (Fig. 1c). As in previous
cases, the protrusions are oriented along the polarization
direction and they have a lesser width of ≈100 nm. In
addition, the regularity of the TLIPSS formed at UV
wavelength is worse compared to the TLIPSS produced at
other harmonics.
The averaged TLIPSS period scales linearly with the
wavelength of the incident laser radiation (Fig. 1f). To
explain this dependence, we performed finite-element
frequency-domain simulations of the scattering of a
linearly polarized wave from an isolated TiO2 protrusion as
illustrated in the inset in Fig. 1f. The geometry of the
protrusion as well as optical properties of TiO2 (including
the influence of the porous structure) at different
wavelengths were taken into account. The results show a
good match with the experimental values confirming the
electromagnetic origin of the TLIPSS ordering. To study
the influence of the ambient atmosphere on the formation
of the TLIPSS protrusions, the following processing
parameters have been chosen: f = 200 kHz, F = 70 mJ/cm2,
υ = 1 μm/s. The TLIPSS regularity worsens in a vacuum,
while additional protrusions are formed between the

primary ones, which appears as noise on a 2D-DFT map
(inset in Ошибка! Источник ссылки не найден.b). The
TLIPSS formed in the nitrogen-rich atmosphere have a
similar period (≈940 nm) and better ordering (Ошибка!
Источник ссылки не найден.c).
Raman spectra averaged over multiple surface areas of
the produced TLIPSS revealed several bands appearing at
230, 320, 445 and 610 cm-1 (Ошибка! Источник
ссылки не найден.d). They indicate characteristic
vibration modes of rutile (except band at 320 cm -1). It
suggests that oxidation dominates in the formation process
even for TLIPSS produced in the nitrogen-rich atmosphere.
The line at 320 cm-1 is attributed to TiN, which can be seen
from the reference Raman spectra of crystalline TiN as well
as its amorphous phase. This band is present in the
spectrum of TLIPSS formed in the nitrogen-rich
atmosphere but undiscerned in the spectra for the TLIPSS
formed in air and vacuum.

Fig. 4. SEM images of the TLIPSS formed on the 180-nm thick Ti
film in air (a), vacuum (b) and nitrogen-rich atmosphere (c).
Insets show 2D-DFT (discrete Fourier transform) images. (d)
Averaged Raman spectrum of the TLIPSS produced in the
different ambient environments. Raman spectra of amorphous and
crystalline TiN are provided for comparison.

4. Conclusions
TLIPSS with periodicity of ≈850, 420 and 180 nm were
fabricated on Ti thin films using near-IR (λ = 1026 nm),
visible (513 nm) and UV (256 nm) radiation. The linear
dependence of the period on irradiating wavelength is
demonstrated supported by the numerical simulations. It is
shown that the ambient environment influences regularity
of the obtained TLIPSS as well as their chemical
composition. Raman spectroscopy revealed complex
TiN/TiO2 composition with dominating TiO2 (rutile)
component for TLIPSS produced in the nitrogen-rich
atmosphere.
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Study of the thermal stresses during TiO2 laser annealing
on sapphire substrate
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Oxide thin films are widely used for the design of
functional devices such as photoelectric converters or
sensitive elements of gas sensors. Their functionalities
depend on the physical properties and on the microscopic
interactions at the film/substrate interface [1,2].
The aim of our research is to investigate the thermoelastic stresses in thin TiO2 films on substrates obtained by
laser annealing and to analyze the occurrence and evolution
of thermo-elastic stresses and defects in the film-substrate
structure and to determine the conditions that prevent
cracks formation. It is necessary to find optimal conditions
for manufacturing TiO2 films on sapphire substrates for
microelectronics application and to improve not only
substrate quality but also films characteristics (i.e., reduce
defects, improve oxide quality as well as reproducibility
and stability of film parameters). The influence of the
technological process on thermo-elastic stresses in TiO2
films has been studied experimentally and with computer
simulation. We investigate the effects of material
properties, thin film structure and processing conditions on
the distribution of stresses.
Numerical methods allow us to carry out simulations
and determine the optimal parameters and modes of films
laser annealing. Two sequential steps have to be performed
for the thermo-mechanical stress analysis: (1) a pure
thermal analysis which provides temperature and heat flux
distributions in space and time, (2) a thermo-elastic analysis
to compute the mechanical stresses due to the temperature
gradients.
The finite element package ANSYS was used to
perform the thermo-mechanical analysis. The temperature
history calculation was applied as input for the structural
analysis. The transient thermal analysis was performed for
the temperature distribution in the titanium dioxide film on
the sapphire substrate [3].
For the experimental investigations a thin film of
tetraethoxytitanium (Ti(OC2H5)4) was brought up onto a
sapphire substrate with a thickness of 430 μm by
centrifugation (centrifuge SPIN NXG-P1, rotor rotation
speed of 2000-3000 rpm, application time of 30 s) [4]. After
pre-drying in the oven at 100-120 °C for 15-20 minutes (the
solvent and hydrolysis products have been removed from
the film before) and laser annealing is carried out using the
radiation of a pulsed solid-state Nd:YAG laser with a
wavelength of 1064 nm (film temperature of 500-600 ° C,
laser beam scanning rate of 1-20 mm/s, laser power of 3090 W).
The phase composition of the thin film structure was
investigated by powder X-ray diffractometry. The material
has a phase composition like the rutile modification of
titanium oxide.

We calculated the stress distribution in the TiO2 film –
sapphire structure caused from laser radiation. The general
purpose Finite Element code of ANSYS has been used to
simulate TiO2 film – sapphire laser annealing with variation
of laser processing parameters such as the scanning speed
and laser beam power.
The behavior of stresses in the processed material
strongly depends on the temperature gradients. The
maximum principal stress indicates the overall stress state
of material. When the largest principal stress exceeds the
uniaxial tensile strength [5] a crack might be initiated. The
tensile strength limit of TiO2 film on sapphire substrate is
333 MPa. If the maximum principal stress is less than the
tensile strength limit for titanium dioxide, no cracks
formation are expected.
The simulation results indicate that the thickness ratio
between the TiO2 film and the sapphire substrate plays an
important role in the laser annealing. The capability of the
substrate to diffuse the heat from the film enables a proper
temperature distribution inside the film, avoiding the
overheating of the surface. It has significant influence on
defects like cracks formation.
The increase of film thickness from 5 μm to 30 μm
decreases the maximum principal stresses. The stress
variation induced by the annealing is as much higher as film
thickness is low. It is possible to control and vary the value
of thermoelastic stresses in the film-substrate structures due
to changes of film annealing processing parameters:
substrate temperature, laser radiation power, film and
substrate thicknesses, pulse duration, sample movement
velocity, etc. Thereby one can optimize film properties for
the task and device design.
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Abstract. Broadband dielectric spectroscopy was applied to study properties and structure of subsurface (anodic) polarized layers in
alkaline silicate glasses forming in poling. A model of poled glasses is proposed. It is found that electric properties of the layers
essentially depend on the structure of anodic electrode used in glass poling. It is also shown that dielectric response of poled glass
samples is mainly determined by the electric properties of the submicron polarized layers and this gives an opportunity to reveal specific
properties of the layers rather than ones of the glass sample bulk. Revealed temperature dependence of DC conductivity of the polarized
layers obeys Arrhenius’s law, and determined activation energy does not depend on the electrode.

1. Introduction
Thermal poling of glasses is of interest because of a set
of reasons. Poling leads to the breaking of central symmetry
of initially isotropic glasses that allows the generation of
second harmonic and the Pockels electro-optical
phenomenon, as well as to the structuring of glass surface
and the formation of optical waveguides and other
structures on the surface of poled glasses1,2. A powerful
technique to study characteristics of materials, including
glasses, is the broadband dielectric spectroscopy (BDS),
which, basing on impedance measurements in a wide range
of frequencies and temperatures, allows getting
information about permittivity, conductivity, activation
energy and time scale of relaxation processes taking place
in materials under study. In this paper, we apply this
technique to characterize behavior of differently poled
glasses.
2. Experiment
In performed experiments, we concentrated on glasses
poled in blocking anode configuration3 with two types of
thin-film anodic and cathodic electrodes. For this we
deposited 50 nm gold film on both surfaces (25x25 mm 2)
of 1 mm thick commercial soda-lime glass slides (see glass
composition in Table) either onto virgin slide surfaces (AU
samples) or onto the surfaces previously covered by 5 nm
chromium sublayer (CRAU samples). The samples were
thermally poled at 573 K under 400 V DC4. After almost
complete decay of poling current, poled samples were
cooled down to room temperature, and then the applied
voltage was switched off. BDS study was performed using
Novocontrol
BDS80
ultra-broadband
dielectric
spectrometer (Novocontrol Technologies GmbH und Co.
KG, Germany) with a Novotherm-HT furnace in the
frequency range 0.2 – 3×105 Hz and at temperature varying
from room temperature to 700 K. The heating rate was 1
K/min.
Table I. Chemical composition of the Menzel glass.
Oxide
Wt%

SiO2
72.2

Na2O

K2O

CaO

MgO

Al2O3

14.3

1.2

6.4

4.3

1.2

3. Results and discussions
After poling the samples were studied with BDS. The
real part and the imaginary part of the complex impedance
Z* of the initial and two types of poled glasses in a wide
temperature and frequency ranges were measured. It was
found that poling resulted in significant changes in the
character of temperature dependences, namely: in the
appearance of steps and maxima whose positions move
with a change in frequency.
In poling with blocking anode, all positive charge
carriers are known to leave the subanode layer for the glass
bulk. It is obviously that permittivity and conductivity of
this layer (known as depleted layer) strongly differ from the
ones of the bulk (initial) glass. Thus, any poled glass
appears to be a typical bilayer structure. To calculate
impedance of such structure one should consider a serial
connection of the layers, that is, two parallel RC circuits
connected in series. Because the changes in the ion
concentration profiles (Na, Ca, etc.) are observed at the
thickness of about one (or several) micrometers, we believe
that the bulk of the poled glass sample has the same
structure and properties as the unpoled glass. Having the
complete information about the electrical properties of the
initial and poled glasses and about the thickness of depleted
layer, one can obtain information about the properties of the
layer. Taking a simple two-layer structure of poled glass as
the starting point, we can obtain expressions for the
components of the complex permittivity (ε*=ε'-iε'') of the
polarized layer in the form:
2

𝜀𝑙′

2

(𝜀𝑔′′ ∙ 𝜀𝑐′ − 𝜀𝑐′′ ∙ 𝜀𝑔′ )
𝑑𝑙
= ∙
,
𝑑 (𝜀 ′ − 𝜀 ′ )2 + (𝜀 ′′ − 𝜀 ′′ )2
𝑔

𝜀𝑙′′ =

𝑐

2
(𝜀𝑔′

𝑔

𝑐

2
𝜀𝑐′

∙ 𝜀𝑐′′ −
∙ 𝜀𝑔′′ )
𝑑𝑙
∙
𝑑 (𝜀 ′ − 𝜀 ′ )2 + (𝜀 ′′ − 𝜀 ′′ )2
𝑔
𝑐
𝑔
𝑐

Here, the subscript c refers to the whole structure that is the
poled glass sample, l - to the poled layer, and g - to the
initial glass. d is the thickness. The thicknesses of the
polarized layers was evaluated from the adsorption spectra
and were dAU=530±60 nm and dCRAU=650±25 nm.
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conductivity has a thermal activation character with one
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almost an order of magnitude higher than the AU sample.
The activation energies are almost the same and equal to
0.88-0.89 eV. Given the value of the found activation
energies, charge carriers could be sodium ions.
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Fig. Temperature dependences of permittivity and ACconductivity at 0.2 Hz frequency of 650 nm thick polarized
layer in CRAU specimen (a) and 530 nm thick polarized layer
in AU specimen (b).

Using the data for CRAU and AU samples and the
evaluated thicknesses of the polarized layers, we calculated
the temperature dependences of the permittivity and acconductivity of these layers, which are presented in Fig. for
0.2 Hz frequency. The permittivity and ac-conductivity of
the polarized layers are very low in comparison with the
initial glass, that should be expected, since most of the
charge carriers have left these layers. It is interesting that
the permittivity and ac-conductivity of the polarized layer
in the CRAU sample are several times higher than in the
AU sample. Supposedly, this is because trivalent gold
atoms effectively occupy non-bridging oxygen bonds
remaining after positive ions have left the subanodic layer
of the sample. This limits the number of free positions and
increases the length of the jump that significantly reduce
the value of glass conductivity (presumably, the
conductivity is conditioned by some amount of impurities
and defects), which has a hopping character. It is essential
that the conductivity which is supposedly related to gold
ions is low because of their very low mobility in glass. In
addition, given the character of the temperature
dependences, it can be stated that the polarized layer in the
CRAU sample has a complex structure, apparently at least
two-layer structure. The polarized layer in the AU sample
is also heterogeneous.
We compared the obtained characteristics of the
polarized layers with the temperature dependences of the
permittivity and ac-conductivity of the AU and CRAU
samples used the calculated thicknesses of the polarized
layers (650 and 530 nm) but not the thickness of the entire
sample (1 mm). We can conclude that the raw data on BDS
measurements give dependences just for the polarized
layer. This allows one to obtain additional information on

4. Conclusions
The permittivity and ac-conductivity of polarized
subanodic layer are very low compared to the initial glass.
This should be expected because the most of the charge
carriers have left subanodic region of the poled glass. It is
found that electric properties of the layer are essentially
conditioned by the structure of anodic electrode used in
glass poling. It is also shown that dielectric response of
poled glass samples is mainly determined by the electric
properties of the cations-depleted subanodic layers. BDS
measurements performed at different temperature have
shown that the temperature dependence of DC conductivity
of the polarized layers obeys Arrhenius’s law. The dc
conductivity of the depleted (polarized) layer of glass in the
case of the anodic electrode with chromium sublayer
proves to be about an order of magnitude higher compared
to the case of the gold electrode without the sublayer. But
the activation energies of the charge carriers in these
depleted layers turns out to be about the same and equal to
0.88-0.89 eV. Difference in the absolute values of
conductivity when activation energies do not differ can be
explained by the presence of gold ions which can penetrate
into the glass and block free position for charge carriers’
migration. Given the value of the found activation energies,
charge carriers could be sodium ions, but, by now, exact
their identification is the next challenge of this
investigation.
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Abstract. We propose an all-dielectric magnetic nanostructure based on periodic array of iron garnet nanopillars for all-optical spinwave excitation. By choosing proper wavelength of the optical pump pulses corresponding to the resonance in the transmittance spectra
of the structure we succeed in excitation several spin-wave modes. The localized nature of the optical modes inside nanopillars was
found to be responsible for multimode spin-wave excitation.

1. Introduction
The ability to control spin waves (and their quanta magnons) in magnetic materials opens up opportunities for
various applications, such as Boolean logic elements,
memory cells, sensors, and elements of quantum
computing [1]. Currently, nanophotonics brings a new
perspective to light-spin coupling in nanoscale magnetic
materials via optical modes excitation [2]. This approach is
gaining momentum in current ultrafast nondissipative alloptical control of magnetism. To increase light-matter
interaction plasmonic nanostructures made of noble metals
are widely utilized [3]. However dissipative nature of the
metals decreases the quality factor of the optical resonances
and leads to thermal heating. From this perspective, their
all-dielectric counterparts are lack of these drawbacks [4].
Here we propose an all-dielectric nanostructure
composed of bismuth iron garnet nanopillars (BIG) on SiO2
substrate. The geometric properties of the structure were
designed to localize electromagnetic energy inside the
nanopillars via specific optical states. It was observed, that
such localization induces complex spin-wave behavior
excited by the inverse Faraday effect (IFE).
2. Experiment
An experimental nanostructure was composed of twodimensional periodic grating of BIG nanopillars. The
period of the structure was 900 nm, the height and diameter
of the nanopillars were 500 and 450 nm correspondingly.
The structure was produced by electron beam lithography
technique. An atomic force microscopy image of the
sample is presented in the inset of Fig. 1.
Transmittance spectra of the sample in the 550-1000 nm
range consists of several resonant dips. The dips correspond
to localized optical modes excitation inside the nanopillar
[5]. Such optical modes are characterized by strongly nonuniform electromagnetic field distribution. We investigated
an impact of such field inhomogeneities on spin-wave
dynamics using optical time-resolved Faraday rotation
(TRFR) method (pump-probe technique) [6]. For pumpprobe measurements the sample was placed in the static
magnetic field generated by electromagnet in Voight
configuration. A circularly polarized laser pump pulses
falling on the sample excite the system from the ground

state via IFE [6] giving rise to spin-wave dynamics. A
delayed probe pulse of linear polarization passing through
the sample detect magnetization oscillations via Faraday
effect. The wavelength of the pump pulses was adjusted to
the dips in the transmittance spectra of the sample, while
the probe pulses wavelength was set to 525 nm. The pulses
duration did not exceed 250 fs. The polar angle of incidence
for pump and probe beams were 17 and -17 degrees
correspondingly.

Fig. 1. Transmittance spectra of the nanostructure at 17 degrees
of polar incident angle. Inset – AFM image of the sample and zcomponent of the IFE distribution.

3. Results and discussions
For the measurements the wavelength of the pump
pulse was set to be 730 nm that corresponds to the resonant
dip in the transmittance spectra of the sample. At the
resonance optical energy is highly concentrated inside
nanopillar. As a result, IFE effective magnetic field is also
localized and resemble a point source (inset of the Fig. 1).
Such a point source-like stimulate sophisticated oscillations
in TRFR signal (Fig. 2). The measured TRFR signal is
directly connected with magnetization z-component
oscillations and corresponds to spin waves. There are
distinct beats in the signal of TRFR. To identify the
frequencies of the observed oscillations we carried out
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Fourier analysis of the TRFR signals. Fig. 3 show fast
Fourier transform (FFT) spectra of the magnetization
oscillations.

resonances leads to multimode spin-wave dynamics in a
single nanopillar. The observed oscillations were found to
be BVMSW mode of different orders and the “edge”
modes. The multimode features of spin-wave dynamics in
a such all-dielectric magnetic nanopillar can be
implemented in multispectral magnon-based computing.
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Fig. 2. TRFR measurements of the sample.

There are 3 well-defined peaks in the FFT spectra. For
the case of 70 mT external field the peaks are located at 1.4,
2.23 and 3.18 GHz. The central one corresponds to
backward volume magnetostatic spin wave (BVMSW) of
0-th order, high-frequency satellite corresponds to 1-order
BVMSW, while low-frequency one is believed to
correspond to so-called “edge” modes. The high-order
modes are known to be caused due to standing wave
formation inside the nanopillar. The low-frequency mode
formation is mainly connected with demagnetization
effects in the nanopillar [7]. The frequency of the modes
increases with the increase of the external magnetic field
amplitude. For instance, the modes observed for 70 mT
shifted to 2.67, 3.51 and 4.43 GHz for 120 mT. Notably, in
the case of pristine film of the same thickness (~500 nm)
only 0-th order BVMSW mode is observed. Consequently,
the localized inhomogeneous optical excitation give rise to
high- and low-frequency spin-wave modes that can utilized
in nanosized multispectral spin-wave based devices.

Fig. 3. The Fourier spectra of the measured oscillations.

4. Conclusions
We investigated peculiarities of the optically exited
spin-waves dynamics in the all-dielectric BIG based
nanostructure. It was shown that localized nature of optical
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Abstract. Direct femtosecond laser nanopatterning of metal-insulator-metal (MIM) sandwich designed to support Fabry-Perot mode
in the visible spectral range was carried out to demonstrate high-resolution multi-color printing of structural colors in reflection. By
varying the applied pulse energy, the type of the surface modification (evolving form hollow nanobumps and nanojets to through holes
and spallative craters) can be controlled to tune the local surface reflectivity resulting in variation of the surface color observed in
reflection with ordinary optical microscope. Moreover, we demonstrated facile single step printing of multi-color images at resolution
up to 25,000 dots per inch justifying the applicability of the developed approach for structural color marking, optical information
encryption and anti-counterfeiting.

1. Introduction
Structural colors originating from the interaction of
broadband visible radiation with optically resonant
nanostructures are non-fading and stable against UV
radiation and thermal treatment as opposed to chemical dye
and pigments [1,2]. Utilization of optically resonant
nanostructures paves the way toward high-quality imaging
with the lateral resolution up to 100,000 dots per inch (DPI)
that overcomes the Abbe diffraction limit and makes the
boundaries between neighboring pixels indistinguishable
when observed with best dry microscope objectives.
Lateral resolution of structural colors technology is two
orders of magnitude higher comparing to those for best
commercial printers. In the near future, structural colors are
expected to revolutionize several technologically relevant
areas as optical filters, next-generation displays, color
marking and anti-counterfeiting of goods, etc. Moreover, a
wide range of available materials for realization of optically
resonant nanostructures makes the structural color
technology potentially CMOS-compatible.
Despite the well-known physics of structural colors
derived from standard bulk optics as prisms, thin films,
photonic crystals or diffraction gratings, the interest in
structural coloring of surfaces has recently refreshed. In
part, this can be attributed to recent advances in such areas
as nanophotonics, plasmonics and meta-optics, as well as
the spreading of high-resolution planar nanofabrication
technologies as electron- and ion- beam lithography that
allowed to shrink the size of the structural colored pixel
well below optical diffraction limit. Using semiconductor
materials with high refractive index and low dissipative
losses as well as plasmon-active metals [2,3], it is possible
to fabricate sub-wavelength nanostructures with resonant
optical response that can be tailored by varying
characteristic geometry of nanostructures and their
arrangement.
In spite of a new look borrowed from meta-optics,
majority of works used rather classical schemes based on
thin-film Fabry-Perot filters, percolated films and
diffraction gratings [4] being combined with standard
planar nano-resonators like nano-disks, and nano-holes,
whose planar geometry and arrangement are determined by
planar fabrication technologies. Additional functionality
and controllability over the single-pixel color and

brightness appears to be achieved using 3D optical
nanostructures. However, the ability to vary the height of
the optically resonant nanostructures in each individual
pixel of a color-coded picture cannot be implemented using
the time- and money-consuming planar lithographic
fabrication technologies.
Pulsed laser radiation is known to drive ultrafast solidliquid phase transition on the surface of the exposed
material that allows its sculpturing and subsequent
resolidification in the form of various surface nanomorphologies like nanoparticles, nanoripples and
nanobumps and nanoholes. The latter type of structures is
of particular interest as the 3D geometry of the nanobumps
can be easily controlled by varying only the laser fluence
and focusing conditions. Such structures can be imprinted
on the surface of all plasmon active metal films without
ablation (ejection of the nanoparticles) thus ensuring ultraclean and reproducible fabrication. Previously, by taking
advantage of geometry-dependent resonant scattering of
isolated nanobumps we demonstrated the direct laser
writing of plasmonic colors that can be observed in the
dark-field back-scattering regime [5]. Here, similar
femtosecond laser nanopatterning of metal-insulator-metal
(MIM) sandwich designed to support Fabry-Perot mode in
the visible spectral range was proved usefulness for highresolution multi-color printing of structural colors in
reflection.
2. Experiment
The samples for laser nanopatterning were MIM
(Au/Al2O3/Ag) sandwich structure coated above the silica
glass substrate via e-beam deposition. The thicknesses of
the layers allow to control the reflection spectrum of the
resulting MIM structure. In particular, it can be designed in
such a way to contain additional reflection dip in the visible
spectral range associated with a Fabry-Perot mode (Figure
1). Here, we chose the thicknesses of the Au/Al2O3/Ag
MIM layers as 40/120/400 nm. Nanopatterning was
performed with second-harmonic (515 nm) 200-fs laser
pulses coming from regeneratively amplified laser system.
Laser pulse were focused onto the sample surface with a
dry microscope objective having numerical aperture
NA=0.4. The incident pulse energy was varied using
motorized attenuator. The reflection spectra were measured
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with an optical microscope confocally coupled with the
grating-type spectrometer equipped with a CCD camera.

Fig. 1. (a) Series of reflection spectra of pristine (bottom) and
laser-patterned MIM surface. The surface nanotexturing was
performed at fixed pulse energy of 3 nJ by varying the periodicity
between the neighboring nanostructures. The spectra are
vertically offset for better displaying. (b) Corresponding
reflection image of the MIM surface patterned by varying the
pulse energy and nanostructures periodicity. Each patterned
square (pixel) has the size of 30x30 μm2. The image was captured
with optical microscope at NA=0.3 in reflection mode.

3. Results and discussions
Direct laser nanopatterning of MIM sandwich was
carried out by varying only the incident pulse energy from
0.1 to 10 nJ as well as the periodicity of the nanostructures
– from 0.3 to 2.5 μm. As can be seen, modulation of both
parameters changes local reflectivity of the surface
changing its color appearance in the optical microscope
(Figure 1). This feature is associated with formation of the
nanostructure on the surface of the top Au film of the MIM
sandwich via laser-induced melting and ablation.

micro-holes [6]. Absorption of the nanostructured surface
mediated by excitation of surface plasmon-polaritons
depends on the shape and geometry of the imprinted
nanostructures. Also, modification of the top Au film shifts
the spectral position of the Fabry-Perot resonance (with
respect to those for the pristine MIM sandwich). Both
features allow to tune the reflection spectrum of the surface
that renders it to change the color with respect to the
pristine surface exhibiting yellowish appearance. By
controlling the nanopatterning parameters at microscale,
multi-color images with high resolution can be imprinted
of the surface of MIM structures via direct laser writing
(Figure 2). Noteworthy, complete removal of the top Au
film makes the surface to have a white color owing to
broadband reflectivity of the bottom Ag film. Further
increase of the pulse energy allows to obtain the
nanotextured Ag film surface. Such nanotextured surface
absorbs light within broad spectral range making it
completely black thus enriching the color gamut with pure
white/black colors even for highly reflective sample.
4. Conclusions
Here, we demonstrated capabilities of direct
femtosecond laser nanopatterning for structural coloration.
Our approach is based on the designing and pattering the
MIM sandwich exhibiting resonant optical properties. We
demonstrated facile single step printing of multi-color
images at resolution up to 25,000 dots per inch justifying
the applicability of the developed approach for structural
color marking, optical information encryption and anticounterfeiting.
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Fig. 2. Large-scale (120 x 60 μm2) structural color image with the
of produced by direct laser printing on MIM sandwich structure.
14 different color tones varied by tuning the applied pulse
energy/period were used. The image was captured with optical
microscope at NA=0.3 in reflection mode.

Geometry of the Au surface modification produced by
single-pulse exposure varies from hollow parabola-shaped
nanobumps to upright-standing nanojets and through
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Abstract. In this work, we propose a technique for laser-induced deposition of nickel micropatterns from deep eutectic solvents (DES)
on the surface of oxide glasses. Solutions of deep eutectic solvents consisting of choline chloride, citric or tartaric acid, and nickel salts
were used as solutions for precipitation, and the fundamental possibility of obtaining bimetallic and metal-carbon structures was also
demonstrated. It is shown that irradiation with continuous laser radiation at a wavelength of 532 nm makes it possible to significantly
increase the rate of metal deposition and create micropatterns with good electrochemical properties, as well as high adhesion to the
surface, which makes it possible to use the synthesized patterns in practice, including for creating sensor platforms for electrochemical
analysis.

1. Introduction
In recent years, the development of simple and fast
methods for monitoring various biological analytes,
including dopamine, which is a marker of many psychiatric
diseases, and paracetamol (AP), (N-(4-hydroxyphenylacetamide), a widely used antipyretic and analgesic, has
attracted great interest from researchers around the world.
unreasonable intake of which can cause acute liver failure
and kidney damage in adults. The most attractive method
of electrode modification is the use of nanomaterials
instead of enzymes as sensor-active elements [1].
In this regard, the development of new sensors based on
porous electrically conductive metallic and bimetallic
micro- and nanostructures is of great interest.
A worthy alternative to existing technologies for the
production of microelectronic components, sensors of other
devices, can be direct laser writing methods, among which
one can single out the method of laser deposition of metals
from a solution, in which metal deposits are formed when
laser radiation is applied to the “substrate-solution”
interface. When using this method, a metal reduction
reaction occurs on the substrate surface at the focus of the
laser beam, which leads to the formation of various types
of microsized metal structures. In our work devoted to the
synthesis of copper on dielectric surfaces, it was shown that
when using DES as solutions for deposition, the speed of
laser writing can be increased by more than 150 times [3].
2. Experiment
The necessary amounts of choline chloride, acid, and
copper salt were mixed in vial. The ratio of acid to choline
was always kept to 1: 1, whereas the amount of nickel salt
was varied. Then, the vials were placed in a drying cabinet
at 120 o C. After the mixtures began to melt, they were
placed in a magnetic heating stirrer and mixed at 130 o C
until viscous homogeneous liquids were formed., The
resulting eutectic solvents placing on the substrates.
Then, we performed the deposition of nickel on the
surface of substrates with LCLD. In this set-up, a
continuous wave 532 nm diode-pumped solid state
Nd:YAG laser was used. The schematic pictures of the
entire procedure of the fabrication of nickel micropatterns
using DESs, is shown in Fig. 1. After laser synthesis, the
unreacted DES was washed off the glass with water.

Fig. 1. Technique of laser synthesis of materials in deep eutectic
solvents.

3. Results and discussions
In our previous works, it was demonstrated that LCLD
can be successfully used to fabricate enzyme-free sensor
platforms suitable for detection of various biologically
important analytes [4]. In the current study, we investigated
the general electrocatalytic properties of Ni micropatterns
deposited from DES with nickel (II) chloride. We tested
two quite important for medicine bioanalytes, DA and AP.
Fig. 2a demonstrates the CVs of Ni micropatterns recorded
in 0.1 M PBS (shown in dark gray) with addition of mixture
of 300 μM DA and 500 μM AP. In addition, here one can
see the possible electrooxidation reactions of DA and AP
that may occure on the surface of this electrode material.

Fig. 2. (a) The CVs of Ni patterns recorded at a scan rate of 50
mV s− 1 in solutions containing DA (blue) and AP (green)
individually and as a mixture (red). The amperometric current of
Ni patterns recorded in the presence of different concentration of
DA (b) and AP (c) at the potentials of 0.2 and 0.45 V, respectively.
Insets in (b) and (c) show the linear ranges of these analytes
detection. Possible reactions of the electrooxidation of DA and AP
are shown at the bottom.
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Fig. 2b and c illustrates a typical amperometric response of
Ni micropatterns. The observed linear ranges of
enzymeless detection of DA and AP are 1–300 and 5–500
μM, respectively (insets in Fig. 2b and c). The calculated
detection limits (LOD =3S/b, S is the standard deviation
from linearity, b is the slope of the calibration curve) are
0.11 and 0.34 µM, respectively. In addition, the estimated
sensitivity values are 124 µA mM− 1 cm− 2 for DA and 88
µA mM− 1 cm− 2 for AP, respectively.

Fig. 3. DPVs of Ni patterns recorded in solutions containing 300
μM of DA and various concentrations of AP (a) and vice versa (c)
recorded at amplitude of 0.05 V, pulse width 0.05 s and pulse
period 0.5 s. The linear dependences of the analytical signal on
the concentration of AP (b) and DA (d).

In real biological systems, both DA and AP may coexist
together. Differential pulse voltammetry (DPV) may
selectively identify one of them in the presence of another
avoiding the overlap of their oxidation potentials.
According to DPV studies, the linear range of DA detection
in the presence of AP is 1–100 μM, whereas for AP
detection in the presence of DA this range is equal to 5–500
μM (Fig. 3b and d). Moreover, such an important parameter
as adhesion to the substrate and stability were evaluated. As
a result, the synthesized nickel-based micropatterns in this
regard demonstrated good results during multiple tests.

Such materials acquire characteristic features and
significantly outperform individual components, since in
many cases synergistic detection is observed when
polymetallic enzyme-free enzymes are used. For the
synthesis of bimetallic composites in a Ni-Co-Cu mixture,
solvents with citric and tartaric acids based on chlorides and
acetates of cobalt, copper and nickel are found (organic
acid: choline chloride: metal salt1: metal salt2 1:1:0.5:0,5)
is synthesized using a continuous laser.
4. Conclusions
In this work, various physicochemical parameters of the
process of laser-induced deposition of nickel micropatterns
on a glass surface were studied and optimized using deep
eutectic solvents. As a result, the optimal laser power (700–
1000 mW) and scanning speed (0.25–0.33 mm*s-1) were
determined, which can be used to obtain conductive nickel
microstructures. Composite microstructures from DES
based on nickel, copper and cobalt were also synthesized.
The
electrocatalytic
properties
of
nickel
microelectrodes have also been studied. The observed
linear ranges of enzymeless detection of DA and AP are 1–
300 and 5–500 μM, respectively. The calculated detection
limits (LOD =3S/b, S is the standard deviation from
linearity, b is the slope of the calibration curve) are 0.11
and 0.34 µM, respectively. In addition, the estimated
sensitivity values are 124 µA mM− 1 cm− 2 for DA and 88
µA mM− 1 cm− 2 for AP, respectively.
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Fig. 4. SEM images of metal structures made from DES
containing chlorides of nickel (a), copper (b), cobalt (c), nickel
and copper (e), nickel and cobalt (e), copper and cobalt (f).

The next stage of research was the synthesis of
composite materials in DES; the fundamental possibility of
obtaining structural bimetallic particles under the influence
of laser radiation on the surface of oxide glass was noted
(Fig. 4).
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Abstract. Cerium dioxide nanoparticles were obtained by mechanical grinding and laser ablation. The characterization of mechanically
ground cerium dioxide nanoparticles was carried out by small-angle X-ray diffractometry. We studied the influence of the size factor
on the value of the band gap of cerium dioxide nanoparticles and studied the antioxidant properties of nanodispersed solutions of
cerium dioxide particles obtained by various methods in the course of the photocatalytic reaction, depending on their size
characteristics. The measurements were carried out in the visible and ultraviolet ranges using an optical spectrophotometer. It was
found that an increase in the speed of centrifugation of nanodispersed solutions increases the band gap of cerium dioxide nanoparticles.
It was found that ablated cerium dioxide nanoparticles more effectively exhibit antioxidant properties in a photocatalytic reaction than
particles obtained by mechanical grinding.

1. Introduction
Cerium dioxide has a wide range of applications in
various fields of both science and technology, as a catalyst
in automobile exhaust systems or solid state energy [1]. It
is noted in the works [2-5] that cerium dioxide
nanoparticles have the prospect of being used in the
biomedical field due to their powerful antioxidant
properties. That is, nanosized cerium dioxide inactivates
various radicals in biological systems, such as superoxide
О2-, a highly reactive short-lived hydroxyl radical ОH*.
The antioxidant properties of cerium dioxide nanoparticles
increase due to structural defects on surface of the particles
such as an oxygen vacancy. Laser ablation makes it
possible to obtain particles with these structural defects
[6,7].
2. Experiment
Experiments aimed at revealing the difference in the
effectiveness of antioxidant properties between ablated
nanoparticles and mechanical grinding cerium dioxide
particles ground in a mortar in a photocatalytic reaction of
methylene blue dye degradation were completed. The
photocatalytic reaction was carried out in the presence of
zinc oxide, and the oxidation of methylene blue was
recorded spectrophotometrically in the wavelength range
from 550 to 750 nm. Layers of cerium dioxide
nanoparticles were deposited on silicon wafers by laser
ablation. This method allows one to obtain CeO2
nanoparticles with surface structural defects of the oxygen
vacancy type, which determine their antioxidant properties
[7]. The source of laser radiation for the deposition of CeO2
nanoparticles was a pulsed fibre laser activated by diode
pumping IPG Photonics, with the "High Contrast" option
(radiation wavelength 1.06 µm, laser radiation intensity ~
109 W/m2, pulse duration 200 µs, pulse repetition rate up to
1 kHz). Pressed cerium dioxide of the class "chemically
pure" was used as a target. Also, a mechanical grinding
cerium dioxide powder was obtained from the same
material that was the target for ablation by grinding in a
mortar.
Subsequently, the ablated cerium dioxide nanoparticles,
ground cerium dioxide powder and zinc oxide powder were
dispersed. The dispersion was 40 minutes for each solution.
Then dispersed solutions were centrifuged in a

microcentrifuge. For two solutions of cerium dioxide, the
time and speed range of the centrifuge were from 10
minutes from 1000 to 5000 rpm, respectively, and for zinc
oxide were 5 minutes and 1000 rpm. Centrifugation was
carried out to increase the antioxidant properties of the
cerium dioxide particles and increase the catalytic zinc
oxide particles. In works [2, 4], it was found that in the
process of centrifugation it is possible to obtain dispersed
solutions, which are more pronounced properties, in
particular, antioxidant in comparison with non-centrifuged
solutions. This is because, despite the increasing substances
in the solution in general, there are several particles with a
nanometer range, which exhibit the most pronounced
antioxidant properties due to oxygen nonstoichiometry on
the surface of these particles. From the upper part of the
microtubes, centrifuged solutions were drawn up with a
syringe and a volumetric syringe of solutions constituting
80% of the volume of the microtube. Note that, from each
microtube, solutions of centrifuged zinc oxide particles
were poured into one solution to achieve homogeneity of
solid particles. Then the solutions were placed in cuvettes,
a solution of methylene blue was added, and the
photocatalytic process was carried out, which lasted 100
minutes.
3. Results and discussions
The size of mechanical grinding particles of cerium
dioxide was also evaluated. The analysis of the sizes of
mechanical grinding particles of cerium dioxide,
centrifuged at different speeds of the centrifuge, was
carried out by the method of small-angle X-ray
diffractometry. As a result, it was found that after the
process of centrifugation of the dispersed solution at a
centrifuge frequency of 1000 rpm, the limiting particle size
did not exceed 80 nm, at 5000 rpm – 40 nm, and without
centrifugation – 100 nm.
The dependence of the band gap of ablated cerium
dioxide nanoparticles on the centrifugation rate of their
nanodispersed solutions was studied (Fig. 1).
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Table I. Values of the rate constants of reactions k in systems in
the course of a photocatalytic reaction with the presence of zinc
oxide particles.

Fig. 1. Dependence of the band gap on the speed of centrifugation
of nanodispersed solutions of cerium dioxide, the solid line is the
approximating curve.

It was determined that with an increase in the speed of
centrifugation of nanodispersed aqueous systems of cerium
dioxide; the width of the band gap of nanoparticles of
cerium dioxide increases.
Figure 2 shows the results of experiments on the
antioxidant properties of cerium dioxide nanoparticles
obtained by various methods.

№

N1

N2

N3

N4

N5

N6

N7

k,
(min-1)

0.00
13

0.00
12

0.00
11

0.00
11

0.00
1

0.00
1

0.00
01

It follows from the tabular data that the rate constant of
methylene blue degradation increases in systems with
mechanical grinding cerium dioxide nanoparticles, which
indicates their weak antioxidant effect in comparison with
nanoparticles obtained by laser ablation.
4. Conclusions
Evaluation of the size of grinded particles of cerium
dioxide by the method of small-angle X-ray scattering
diffractometry showed that after the process of
centrifugation of the dispersed solution at a centrifuge
frequency of 1000 rpm, the limiting particle size did not
exceed 80 nm, at 5000 rpm – 40 nm, and without
centrifugation – 100 nm. Experimental data showed that
ablated CeO2 nanoparticles had more pronounced
antioxidant properties than mechanically ground particles.
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other solutions. In general, in systems with CeO2
nanoparticles obtained by laser ablation, antioxidant
properties are more pronounced than with mechanical
grinding cerium dioxide particles. The dependences were
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constants of reactions in the systems were obtained (Table
1).
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Abstract. Here, we applied direct laser-induced surface structuring to drive phase transition of amorphous silicon (a-Si) into
nanocrystalline (nc) Si imprinted as regular arrangement of Si nanopillars passivated with SiO2 layer. Along with surface morphology,
nc-Si/SiO2 volume ratio can be also controlled via laser processing parameters allowing to tailor optical properties of the produced
textured surfaces to achieve anti-reflection performance or partial transmission in the visible spectral range. By taking advantage of
good wettability, enlarged surface area and remarkable light-trapping characteristics of the produced hierarchical morphologies, we
demonstrated surface enhanced fluorescent sensor that allowed to identify metal cations providing sub-nM detection limit unachievable
by conventional fluorescent measurements in solutions.

1. Introduction
Nanostructures and nanotextured surfaces made of lowloss high refractive index (high-n) materials recently
emerged as an alternative platform for manipulation of the
radiative properties of quantum emitters [1,2]. Such
nanostructures allow to produce significantly enhanced
electromagnetic fields via excitation of Mie type
resonances or light trapping and focusing effects without
excessive heating of nanostructure-emitter system. Also,
comparing to their plasmonic counterparts, all-dielectric
nanostructures do not suffer from luminescence quenching
effects and passively cancel electron-driven catalytic
reactions [3]. By using mentioned advantages, novel
optical sensing platforms with advanced modalities can be
realized [4–9].
2. Experiment
Amorphous Si (a-Si) films of variable thicknesses were
deposited onto a borosilicate glass substrate by magnetron
sputtering and used as a sample for direct laser
nanotexturing. Laser processing was carried out with 230fs 1026-nm wavelength laser pulses generated by a
regenerativelyamplified Yb:KGW laser system (Pharos,
Light Conversion). Laser processing of the sample surface
was performed at a fixed pulse repetition rate of 0.2 MHz,
variable pulse energies (between 1.15 - 1.85 µJ) and
scanning speeds (between 1 to 100 µm/s) under the single
pass regime, where the electric-field polarization vector
was oriented parallel to the scan direction.
To assess the applicability of designed hierarchical
structures for SEF sensing, we developed novel
chemosensor with selective fluorescent response to Hg2+
cations.
3. Results and discussions
Surface morphology and composition of the LIPSS
tailored in a facile way by varying laser processing
parameters are expected to affect optical and electrical
properties of the patterned surface, opening pathways for
various sensing and optoelectronic applications. In
particular, the revealed geometry containing ordered and
isolated nc-Si micropillars explains previously reported
anisotropy of electrical conductivity measured for laser
patterned a-Si films as well as difference of the Raman

signal pumped with laser radiation polarized either along or
perpendicular to nc-Si grating. To highlight some potential
applications of produced structures, we started by
measuring their transmittance and reflectance in the visible
and near IR spectral range under normal incidence.
Analysis of the results revealed several key features
associated with modification of the surface. First of all, by
tailoring the laser processing parameters one can achieve
remarkable anti-reflection performance for a certain
morphology. More specifically, 3D conical arrangements
obtained at the slow laser scanning speed (V=1-3 µm/s)
provide less than 2% reflection of the normally incident
radiation within the probed spectral range of 450-1100 nm.
Moreover, 3D conical structures allow to completely
suppress the Fabry-Perot modulations in the reflection and
transmission spectra of pristine and even laser patterned aSi films. Secondly, by controlling the content on nc-Si via
one can also modify transmission properties of the
patterned area in either visible or near-IR part of the
spectrum.
Unique hierarchical nano/microscale morphology of 3D
conical structures being combined with their remarkable
visible light trapping, enlarged surface area and
reproducible up-scalable fabrication make these structures
useful for realization as various inexpensive sensor
platforms for surface enhanced spectroscopy. Such
dielectric nanotextures are promising for realization of
ultrasensitive devices based on surface-enhanced
fluorescence. Noteworthy, all-dielectric resonant structures
do not suffer from fluorescence quenching effects or
excessive heating inherent to their plasmonic counterparts.
Here, to highlight usefulness of produced morphologies for
mentioned applications, we demonstrate the ability to
increase sensing performance of widespread analytical
technique which is based on the use of fluorescent
chemosensors for solution analysis. Obtained samples were
used as substrates for deposition and analysis of test
solutions, containing Hg2+ analyte ions and Rhodaminebased probe (d108) with selective fluorescence response.
Our experiments validate the conical-shaped structures as
an efficient SEF substrate allowing facile analyte
deposition and subsequent detection of Hg2+ ions at sub-nM
concentrations. More specifically, hierarchical nano- and
microroughness capped with SiO2 layer renders the surface
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superhydrophilic. After removing from the analyte
solution, superhydrophilic surface is expected to retain a
thin liquid layer of the analyte facilitating its further
targeted deposition, while it completely drains from the
surrounding smooth a-Si film surface.
Averaged fluorescence intensity versus analyte
concentration gives the sensor detection limit of 0.5 nM
that can be calculated considering the signal-to-noise ratio
of 3. This result substantiates the structure as an efficient
SEF substrate that allows to improve the detection limit of
solution-based fluorescent approaches by 2 orders of
magnitude, without substantial complication of
measurement procedure. For demonstration, we realized
measurements in transmission geometry, i.e. the incoming
laser radiation excited the sensing layer from the substrate
side; however, similar measurements can be realized
directly in the reflection geometry substantiating flexibility
of the measuring procedure.
4. Conclusions
Here, laser-induced surface structuring was used to
drive phase transition of a-Si into nanocrystalline Si, that
was imprinted as regular arrangement of Si nanopillars
capped with SiO2 layer. Using unique morphologies with
their hierarchical roughness and remarkable light trapping
performance, we demonstrated promising SEF sensor that
could simplify bio-medical and environmental sensing,
where more complicated surface enhanced Raman
scattering/spectroscopy is currently used for quantitative
measurements at nanomolar concentrations Since
fluorescence is proportional to the molecular absorption
cross-section σa/4π ≈ 10−17 cm2/rad, it is a considerably
stronger effect as compared with Raman scattering whose
cross section σR is as small as ≈ 10−30 cm2/rad. Excitation
of measurable fluorescence requires lower intensity, which,
in turn, is favorable for reduction of photo-degradation of
analytes.
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Abstract. Here, we report one-step synthesis of hybrid Au@Si nanomaterial with unique composition and morphology via scalable
and high-performing pulsed laser irradiation of isopropanol solution containing commercial Si micropowder and AuCl4- ions. The
resulting hybrid nanomaterial represents sub-micron nanocrystalline Si grains embedded into Au surrounding forming micro-spheres
(MSs) additionally decorated with Au nanoparticles. Such unique structure and chemical composition of the Au@Si MSs permits to
efficiently absorb and enhance incident radiation within rather broad spectral range spanning from visible to near-IR making the
nanomaterial promising for plasmon-mediated amplification of linear and nonlinear optical effects.

1. Introduction
Hybrid nanostructures containing both high-refractiveindex semiconductors with low optical losses and noble
metals that support resonant oscillations of free electron
plasma (i.e. surface plasmons) are highly demanded for
various applications in sensors, optoelectronics and
nanophotonics. From this point of view, Si (as widespread
commercial semiconductor) and Au (as the most
chemically stable metal possessing visible-range surface
plasmons) provide an extremely promising combination for
the above mentioned applications towards integration of
plasmonics and all-dielectric nanophotonics within unified
nanostructures. In particular, optically resonant hybrid
Au@Si nanostructures were recently employed as efficient
nanoscale source of white light and higher harmonics, as
well as optical nanoantennas permitting to manipulate
electromagnetic waves at the nanoscale and boost
photoluminescence (PL) of attached quantum emitters via
the Purcell effect.
In this paper, we introduce a one-step synthesis of
hybrid Au@Si microspheres (MSs) with unique
composition and morphology via scalable and highperformance pulsed laser irradiation of isopropanol
dispersion containing commercial Si micro-powder and
AuCl4 species. The resulting hybrid nanomaterial is shown
to integrate sub-micron nanocrystalline Si grains wrapped
by Au nano-mesh forming micronsized Au@Si spheres
with their surface decorated with Au NPs. The composition
of the Au@Si product as well as the crystalinity of its Si
grains were confirmed by energy-dispersive X-ray (EDX),
X-ray diffraction (XRD) and micro-Raman spectroscopy.
2. Experiment
Au@Si MSs were produced via LIL processing of
commercially available crystalline Si micro-powder
(Merck KGaA) following a simple experimental procedure.
First, to separate relatively large microparticles also
available in the as-supplied powder, 20 mg of starting Si
material was placed in 15 mL of isopropanol. Then 2 mL
of the prepared suspension was centrifuged at 2000 rpm for
1 min which permitted to precipitate larger micro-particles.
Then, 1.8 mL of supernatant was removed and placed to a
quartz cuvette, while 5 mL of isopropanol and 1 mL of 103
M HAuCl4 were added. The resulting mixture was placed
into the quartz cuvette and irradiated for 1 h using second-

harmonic (central wavelength of 532 nm) nanosecond laser
pulses with pulse duration of 7 ns (Ultra, Quantel). A
focusing lens with focal distance of 10 cm was used to
shape the laser radiation into a 2-mm diameter focal spot
that irradiated the continuously stirred mixture. The pulse
energy and repetition rate were fixed at 40 mJ and 20 Hz,
respectively.
Fabricated Au@Si MSs were investigated by scanning
electron microscopy (SEM), the elemental analysis by
energy-dispersive X-ray spectroscopy (EDX), composition
and crystal structure by using XRD technique and darkfield back-scattering spectrum were obtained.
3. Results and discussions
Fig. 1(a) demonstrates an SEM image of the
nanomaterial (drop-cast on Si substrate) produced upon
irradiating Si micro-powder dispersed in isopropanol in the
presence of HAuCl4. Irradiation of Si suspension in alcohol
for 1 h was found to convert all pristine Si micro-particles
with irregular geometry into spherically shaped Au@Si
micro-particles. A closer look at their morphology provided
by high-resolution SEM indicates their complex
morphological and chemical composition. More
specifically, the MSs are seen in Fig. 1(b) to contain
irregularly shaped Si grains, while gold, which appears
brighter in SEM contrast, fills in the space between such Si
grains forming Au@Si MSs. Separated Au nanoparticles
(or nanoclusters) can also be identified on the surface of the
prepared Au@Si hybrid structures.

Fig. 1. SEM images of Au@Si MSs produced via irradiation of
precursor microparticles shown in panel.

To characterize the produced material, first, we probed
chemical composition of the obtained Au@Si MSs using
EDX spectroscopy. To increase the measurement accuracy,
only 1-μm sized micro-spheres were captured by SEM and
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then probed by EDX. The measurements showed that for
the chosen laser processing conditions the amount of Au
detected in Au@Si MSs differed between 16 and 27 wt%
(Fig. 2(a)). It is believed that this value can be controlled
through the initial concentration of HAuCl4 in the
irradiated suspension, as well as through its irradiation time
which is also expected to affect the average size of obtained
Au@Si MSs.
Fig. 2(b) compares XRD patterns of as-prepared
Au@Si MSs (dropcast on crystal Si wafer) with that of a
bare Si wafer.

visible to near-IR. To illustrate this, Fig. 4 provides two
maps showing a strong enhancement (up to 102 at certain
points) of squared normalized EM-field amplitude (E/E0)2
near the surface of an Au@Si MS pumped at 1000 and 532
nm.

Fig. 4. Squared normalized electric-field amplitude (E/E0)2 near
an isolated Au@Si MS calculated upon its excitation by linearlypolarized plane wave from the top with 532- and 1000-nm pump
wavelengths.

Fig. 2. Characterization of Au@Si MSs. (a) EDX spectrum of 1μm-sized Au@Si MS averaged over 50 different MSs with
identical diameter. (b) XRD patterns measured from Au@Si MSs
(red curve) drop-cast on c-Si wafer (gray curve).

Crystalline structure of the produced Au@Si MSs was
probed using micro-Raman spectroscopy. A representative
spectrum of isolated micro-sphere, along with its
corresponding SEM and Raman images, are shown in Fig.
3(a), revealing a pronounced spectral shift (Λ) of the main
band that corresponds to the phonon mode of crystalline Si.
This band is seen to be blueshifted to ≈519.5 cm-1 with
respect to that of monocrystalline Si reference with its
maximum centered at 520.8 cm-1. Such a spectral shift was
observed for all probed MSs, with a typical value of Λ =
1.3 ± 0.5 cm-1 averaged over multiple measurements, and
can be attributed to the generally nanocrystalline structure
of Si grains inside the Au@Si structures.

4. Conclusions
To conclude, laser irradiation of commercial Si micropowder suspended in isopropanol containing AuCl4- ions
was used to synthesize a novel hybrid nanomaterial, in
which sub-micron Si grains were wrapped with Au
inclusions to form Si microspheres decorated with Au
nanoclusters (Au@Si MSs). The unique structure and
composition of the produced Au@Si MSs permits to
efficiently absorb and enhance incident radiation within a
rather broad spectral range spanning from visible to nearIR, thus making the material promising for amplification of
linear and nonlinear optical effects. To prove this, we
demonstrated nonlinear generation of broadband “hot” PL
in nanocrystalline Si grains stimulated by photoinjection of
high-energy carriers from Au surroundings upon excitation
with IR fs-laser pulses. Apart from a nonlinear optical
response, the produced nanomaterial is expected to be
useful for various promising applications where localized
plasmon-mediated electromagnetic fields are highly
demanded. Among others, one can envision applicability of
such Au@Si MSs as single-particle sensors based on
surface-enhanced PL/Raman scattering approach, or as
photothermal converters of optical radiation operating via
volumetric and localized heating. Such research directions
are in line with the scalability of laser irradiation in liquid
towards inexpensive gram-per-hour yields.
Acknowledgements
This work was supported by Russian Science
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Fig. 3. Optical characterization of Au@Si MSs. (a) Reference
SEM and Raman (at 519 ± 1 cm-1) images of isolated 700-nmsized Au@Si MS (top) and averaged Raman spectra of Au@Si MS
and monocrystalline silicon substrate (bottom).

Altogether, the Au nanoclusters densely arranged on the
surface of an Au@Si MS should permit to achieve
localization and enhancement of EM-field amplitude of
incident waves within a broad spectral range spanning from

354

Sixth Asian School-Conference on Physics and
Technology of Nanostructured Materials
Vladivostok, Russia, 25 – 29 April, 2022

V.p.12

Superhydrophilic surfaces obtained by nanosecond laser
treatment to enhance nucleate pool boiling heat transfer
S.V. Starinskiy*,1,2, Yu.G. Shukhov1, A.A. Rodionov1,2, A.V. Bulgakov1,3, A.I. Safonov1,
I. Malakhov1,2, V.S. Serdykov1,2, A.S. Surtaev1,2
1 S.S.

Kutateladze Institute of Thermophysics SB RAS, 1 Lavrentyev Ave, 630090 Novosibirsk, Russia
State University, Pirogova Str. 2, 630090 Novosibirsk, Russia
3 HiLASE Centre, Institute of Physics, Czech Academy of Sciences, Za Radnicí 828, 25241 Dolní Břežany, Czech Republic
2 Novosibirsk

*e-mail: starikhbz@mail.ru
Abstract. The presented research demonstrates the formation of hierarchical structure of single-crystalline silicon surface in narrow
range of nanosecond laser treatment condition. The surface after laser treatment is characterized by superhydrophilic properties (θ <
5◦) and retains them for a long time. The results showed that the laser texturing of a surface lead to the heat transfer enhancement
during boiling of saturated water over the entire range of heat fluxes. The heat transfer enhancement in the experiments was up to 234%
in compare of an ultra-smooth silicon surface.

1. Introduction
Fabrication of surfaces with extreme wetting properties,
namely, superhydrophilic and superhydrophobic ones, is a
hot field in material design engineering. Such materials are
very promising for a wide range of applications including
self-cleaning
fabrics
and
antifogging
surfaces,
anticorrosion, separation filters, biosensors and biochips
and many others [1] . There are two main approaches to
control the wettability, variation of the surface energy by
changing its composition and increase of the surface
roughness [2]. Laser processing is a very flexible
instrument for controlling both of these parameters for
different materials [3,4]. To date the laser treatment has
already been used by a number of scientific groups to
fabricate modified heat transfer surfaces to in- crease heat
transfer coefficient (HTC) and critical heat flux (CHF)
values during pool boiling [5]. However, studies devoted to
the features of boiling on laser-textured silicon surfaces are
still rare, which makes it impossible to carry out a detailed
analysis and determine the optimal modification
configurations of the surface. In present work we
demonstrate feature of formation of periodic
superhydrophilic microstructures on single-crystal silicon
surface by infrared nanosecond laser processing. It is
shown that such surfaces allows to increase HTC during
boiling process.
2. Experiment
The single-crystal silicon (100) wafers were used as
irradiation targets. The targets were irradiated by a
Nd:YAG laser operating at either fundamental (1064 nm)
or second harmonics (532 nm) outputs and providing linearly polarized Gaussian pulses with duration of 9 and 7 ns
(FWHM), respectively. The pulse repetition rate was 7 Hz
in all experiments. The laser processing was carried out in
a vacuum chamber where the air pressure was varied from
the base pressure of 0.01 mbar to 1 bar. To investigate
oxidation effects during silicon processing experiments
were also performed in pure argon and oxygen at 1 bar.
criterion). The average laser fluence at the target surface as
varied in the range 1–7 J/cm2. Individual spots were
produced by irradiating the same place at the surface with
different number of laser pulses N in the range 1–250. To
produce large laser-modified areas, several samples were

irradiated in the scanning regime. The details of the
procedure are described in [6]. Pool boiling experiments
were conducted using the setup, which detailed description
and the scheme could be found in [7]. As the working fluid,
deionized water provided by Milli-Q Synergy purification
system was used. The experiments were performed at the
saturation conditions under atmospheric pressure. To
analyze the dynamics of vapor bubbles during nucleate
boiling, the high-speed recording was performed using a
Phantom VEO410 video camera. Its maximum frame rate
in the experiments was 10,000 fps, the resolution was 0.083
mm per pixel. The temperature field of the ITO film was
recorded by a high-speed thermographic camera FLIR
Titanium HD 570 M with the frame rate of 1000 fps and
resolution of 0.17 mm per pixel
3. Results and discussions
The laser treatment of silicon surface at different
conditions was done. It was found that the self-organized
microstructure on single crystal silicon may be obtained by
multipulse nanosecond IR irradiation in very narrow range
of condition: laser fluence 3-5 J/cm2, number of pulses 2575. In this case the morphology of central part of laser spot
is mesh of orthogonal cracks (the step is 40-50 mkm) and
the microhillocks form on its cross. Formation of cracks
weakly depended on laser treatment conditions and
surrounding. However, the microhillocks forms only in
oxygen content background with pressure around the
atmospheric (Fig.1). It was analyzed the dependence of
silicon ablated mass on background pressure. It was found
that at pressures above 60 Pa the mass of the irradiated
target remains unchanged. The increase of oxygen partial
pressure lead to formation lager hillocks. The processing of
some area at founded regimes for microhillock formation
lead to contact angle transition of silicon from 55 o to 0o. It
is found that such bright properties are not achieved when
the surface is treated by a green laser or in an inert
background.
Using thermographic recording experimental data on
the dependence of the heating surface temperature,
averaged over time (10 s) and area, on the heat flux density
were obtained, and the corresponding boiling curves were
plotted for an untreated and laser-textured silicon surface
(Fig. 2). Comparison of the obtained data shows that the
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treated surface demonstrates the heat transfer enhancement
during boiling in the entire range of heat fluxes.

Fig. 2. Saturated water boiling curves, and during water pool
boiling on the untreated and laser-textured silicon surface.

Fig. 1. Optical (top line) and SEM (bottom line) images of laser
spots produced in argon (a,b), air (c,d) background gases at 1
bar. The wavelength is 1064 nm, fluence is 3.3 J/cm2, the number
of pulses is 50. The indicated compositions were determined by
the EDX method inside the corresponding square regions. For the
untreated silicon surface the composition was 0.4% of O and
99.6% of Si.

To study the heat transfer rate during boiling on the
laser-textured surface, at least 4 series of experiments were
carried out, both with increasing and decreasing the heat
flux density. Comparison of the obtained boiling curves
showed that the discrepancy between them is within the
measurement error. This indicates the high stability of the
obtained microstructures and the preservation of all surface
properties (wetting, roughness, capillarity, etc.) during
boiling experiments. A detailed analysis of the vapor
bubbles dynamics during boiling on the laser-textured
silicon surface was carried out to identify the mechanisms
and causes of the observed heat transfer enhancement The
laser treatment of the heating surface has a significant effect
on the boiling behavior. In particular, it can be seen that in
the regime of single vapor bubbles (q = 43 kW/m2) boiling
on the laser-textured surface is characterized by a
significant decrease in the size of vapor bubbles in
comparison with the reference surface. Analysis of the
video data shows that the waiting time for the appearance
of a vapor bubble is about 100 ms for boiling on the
untreated surface, while for the modified surface this value
is 2 orders of magnitude less (from 1 ms to 3 ms).
Therefore, in a number of cases, bubbles growing on a
modified surface before their direct detachment can merge
with already floated bubbles.

4. Conclusions
The presented research demonstrates the formation of
hierarchical structure of single-crystalline silicon surface in
narrow range of laser treatment condition. The morphology
is periodic hillocks in cracks crossing at microscale and
porous surfaces at nanoscale. Analysis of the modified
surface showed that laser treatment significantly changes
its wettability. In particular, the surface after laser treatment
is characterized by superhydrophilic properties (θ < 5◦) and
retains them for a long time. The results showed that the
laser texturing of a surface lead to the heat transfer
enhancement during boiling of saturated water over the
entire range of heat fluxes. The heat transfer enhancement
in the experiments was up to 234% in compare of an ultrasmooth silicon surface. Using the high-speed video
recording the effect of the laser texturing on the vapor
bubbles dynamics during pool boiling was studied.
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Abstract. The use of phase change materials makes it possible to use nanophotonic devices in different reconfigurable photonic
integrated circuits, including fully optical on-chip neural networks. Currently, Ge2Sb2Te5 is a functional phase change material which
is most commonly used in reconfigurable multilevel devices. However, the operating parameters of the developed reconfigurable
nanophotonic devices can be significantly improved by doping Ge2Sb2Te5. The effect of tin ion implantation on the amorphous
Ge2Sb2Te5 thin films is studied, as well as the performance of silicon nitride Mach-Zehnder interferometers and reconfigurable
multilevel balanced beam splitters based on them. The effective absorption coefficients for different tin concentrations of Sn-doped
Ge2Sb2Te5 are experimentally measured on the fabricated on-chip nanophotonic devices: the experiment have illustrated the possibility
of reversible recording of 9 logical levels.

1. Introduction
Phase change memory materials, in particular
Ge-Sb-Te [1,2], are widely used for rewritable optical
(DVD, Blu-Ray) and electrical (PCRAM) storage
application. This is due to significant changes in the optical
and electrical properties during phase transformations
between amorphous and crystalline states induced by short
and low-energy laser or current pulses. The high rate of
phase transformations (less than 16 ns), large optical
contrast, and the possibility of the formation of more than
ten states with different degrees of crystallization cause an
active research interest in searching new photonic areas of
their application. The use of phase change materials, in
particular, Ge2Sb2Te5 (GST225) makes it possible to use
nanophotonic devices in different reconfigurable photonic
integrated circuits, including fully optical on-chip neural
networks. However, the operating parameters of the
developed reconfigurable nanophotonic devices can be
significantly improved by doping GST225. The present
work focuses on the effect of tin ion implantation on the
amorphous GST225 thin films, as well as the performance
of silicon nitride Mach-Zehnder interferometers and
reconfigurable multilevel balanced beam splitters based on
them.
2. Experiment
The rib waveguide of the resonator was formed the first
stage of e-beam lithography and subsequent reactive-ion
etching. We used the second stage of e-beam lithography
combining with lift-off method for the formation of
GST225 active region on the resonator ring surface. Thin
films (~20 nm) of the GST225 composition were prepared
by DC magnetron sputtering at room temperature. A series
of samples with a different concentration of an Sn dopant
(5, 2, 1, 0.5 and 0.1%) was prepared on Multipurpose Test
Bench. The structure and elemental distribution along the
thickness for as-deposited and Sn-doped GST225 thin films
were checked by X-Ray diffraction and Auger electron
microscopy. Silicia coating layer was used to protect

against oxidation of the Sn-doped GST225 during the
investigation.
3. Results and discussions
The measured transmission spectra for the fabricated
devices with amorphous and crystalline GST225 covers in
comparison with data for the uncovered O-ring resonator
are presented in Fig. 1 e,i. It is seen that the deposition of
amorphous GST225 cover on the surface of the waveguide
leads to a decrease of the optical power, transmitted
through the waveguide (Fig. 1, e), and increase in the
optical losses. Comparison of the optical transmittance for
O-ring resonators with and without GST225 cover allowed
to identify the change in the Q-factor and the wavelength
peak shift.

Fig. 1. The optical micrograph of a fabricated O-ring resonator
(a); SEM image of the area with GST cover (b); HRTEM images
and Fourier transform patterns (c, f); 2D model cross sections of
the resonators (d, g); transmittance spectra for the fabricated
resonators (e, i). Images (c,d,e) and (f,g,i) show the results for the
a-GST and c-GST cover, respectively.
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Crystallization of the cover leads to a further change in
optical transmission. It was observed that crystallization of
amorphous GST film lead to a decrease of the transmitted
optical power (Fig. 1, i). This can be explained by the
differences of the complex refractive indexes of amorphous
and crystalline GST225 thin films. From the measurement
data, the GST225 effective refractive index was also
extracted depending on the ring waveguide width of the
resonator for a wavelength of 1550 nm. The influence of
the GST225 cover length and the width of the waveguide
in the ring part of the microcavity on the optical mode
distribution was simulated based on the ellipsometric data
and confirmed the experimental results.
XPS and Raman results showed that tin ion
implantation in GST225 leads to the effective replacement
of the Ge by Sn. Meanwhile, replacement of Ge atoms by
Sn is accompanied by the decrease of the binding energies
from 420 kJ/mol for the Ge–Te bond to 319,2 kJ/mol for
that of Sn–Te. Small amounts of dopants are sufficient to
change the properties of thin films. So, the results showed
that the Sn incorporation leads to the significant changes in
the amorphous GST absorption coefficient of the atop
waveguide, which plays a key role for the design of
complex tunable and neuromorphic PICs.
To confirm the possibility of using the Sn-doped
GST225 thin films to implemented a reversible multi-level
phase switching in integrated devices, we investigated
switching in a fabricated balance splitter on a chip. The
pump-probe experimental setup was used to form a single
optical pump pulses for switching the Sn-doped GST225
cell of a nanophotonic device. The time dependence of the
probe signal transmission demonstrating the multilevel
switching between the logical states for a sample with 2 at.
% Sn is shown in Fig. 2.

4. Conclusions
The effect of tin ion implantation on the properties of
amorphous GST225 thin films and influence of using such
films on the parameters of silicon nitride nanophotonic
circuits have been investigated. The Sn implantation led to
the following results having positive complex effect on the
energy consumption of laser switching processes. The
possibility to use the Sn-doped GST225 thin films for fully
optical multilevel reversible recording has been
demonstrated by experimental measurements of fabricated
on-chip balanced beam splitters. The reversible switching
between 9 different levels (3 bits) both sequentially and
through several levels without completely erasing the cell
was performed. It has the potential to improve the
characteristics of reconfigurable multilevel nanophotonic
devices using the GST225 thin films and developed on-chip
low power all-photonic circuits for post-von Neumann
arithmetic processing.
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Fig. 2. Time dependence of a probe signal during 50 ns of the
pump pulses absorption for the balance splitter on the basis of
GST225 with 2 at.% Sn thin film.

The 9 nonvolatile different levels (3 bits) for the
nanophotonic samples based on the Sn-doped GST225 thin
films were demonstrated. It should be noted that switching
between levels can be carried out both sequentially and
through several levels. This option is required to create
neuromorphic computations.
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Abstract. Transparent conducting materials (TCMs) provide low cost, processability and effective solution for the modern
optoelectronics. However, despite the progress in band engineering of the transparent conducting metal oxides (TCOs), near-infrared
(NIR) and middle-infrared (MIR) spectral ranges are unoccupied niches mainly resulted from the high free-carrier absorption in TCOs.
Several works have already reported partial IR transmittance of the thin film semimetals without any idea behind this phenomenon.
This study proposes thin film of the calcium disilicide (CaSi2) to fill this application gap for Si-based optical devices. Measured high
transparency and conductivity could be easily transferred for Si-based Schottky photodetectors operated in the NIR and MIR spectral
ranges and for transparent conducting top electrodes for Si cells owing to demonstrated partial transparency in the visible range as well.

1. Introduction
History and commercial application of the transparent
conducting materials (TCMs) have started with tin oxide
coating on glass substrate in the last century. Since
development of the large area deposition techniques, TCMs
have a wide variety of applications including energyconserving smart windows, display panels, electrochromic
films and front electrodes for solar cells. However,
simultaneous high electrical conductivity and optical
transparency within wide spectral range remain
challenging. Despite band engineering applied to metal
oxides [1] is an effective solution at least for the visible
wavelength region (VIS), there is an application gap in the
near-infrared (NIR) and middle-infrared (MIR) ones,
which are of interest for the Si-based optoelectronics. In
this work, we have succeeded in semimetal CaSi2 films
growth on Al2O3 substrates and demonstrated for the first
time partial optical transparency in the VIS spectral range
in addition to previously reported NIR-MIR optical
functions of the Si/CaSi2 and Si/CaSi2/Si heterostructures
[2]. After thickness and annealing temperature
optimizations, obtained CaSi2 coatings reached competitive
figure of merit in comparison with other widely known
TCMs applying as solar cells electrodes and demonstrated
ground-breaking NIR-MIR performance suggesting
photodetection applications in the frame of Si
optoelectronics and sensors.
2. Experiment
The CaSi2 films of different thickness were grown on
Al2O3(0001) substrate by solid phase epitaxy including
deposition of the Si/Ca bilayer followed by annealing at
~600°C in vacuum evaporation unit with base pressure of
1×10-6 Torr. The chamber is equipped with K-cells for Ca
and Si evaporation, quartz crystal microbalance sensor
(QCM) and rotating sample’s holder with resistive heater.
QCM sensor was used for monitoring the deposition rates.
A calibration factor was obtained by comparing the
thickness inferred from the QCM sensor with that of
measured by atomic force microscopy on a specially stepshaped film. Room-temperature optical properties were
recorded in the (200-3000) nm range using Cary 5000
spectrophotometer. Sheet resistance of the deposited CaSi2
coatings was calculated from the current-voltage

measurements under the known film’s geometrical area and
thickness.
3. Results and discussions
Thickness of the deposited CaSi2 films, roomtemperature sheet resistance and optical transmittance at
the telecommunication C-band (1550 nm) are summarized
in Table I. Next, we have evaluated NIR optical
performance of the TCM under consideration by
standardized figure of merit (FOM) [3] expressed as
follow:
FOM = −1 /( Rsheet  ln( T ))
(1) ,
where Rsheet and T are sheet resistance and optical
transmittance both measured at room temperature.
Maximal FOM values of 0.59 Ω-1 was calculated for 100
nm-thick CaSi2 film on Al2O3 substrate, which is superior
to that of well-established transparent conducting oxides
(CuScO2, ITO, ZnO, SnO and CdO) [4-6], and other
semimetals (ErAs and LuAs) [7, 8], whereas it contains
neither rare-earth nor toxic elements.
Table I. Optical and electrical parameters of the grown samples.
Sample

Film
thickness,
(nm)

Sheet
resistance,
(Ω/□)

Optical
transparency
@ C-band,
(%)

FOM,
(Ω-1)

A

12

70

69

0.068

B

19

29

65

0.130

C

29

68

60

0.042

D

36

238

44

0.006

E

43

14

41

0.096

F

55

15

70

0.341

G

100

7

67

0.594

H

167

6

50

0.290

It can be clearly seen that CaSi2 film thickness increase
resulted in non-monotonic behavior of the calculated FOM
as well as its components being in the denominator. This
fact can be tentatively originated from the previously
reported phase composition dependence from the total
thickness of the grown silicide film [9]. For instance,
imbalance in deposited Ca and Si and annealing condition
may results in CaSi2 hR3 polymorph growth rather than
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hR6 one. Optical and electrical transport properties of the
former phase are less well investigated due to the absent of
single-phase hR3 films or monocrystals. In addition, Si
deficit promotes calcium monosilicide (CaSi) formation
being topological insulator. Despite higher overall optical
transparency of the CaSi films compared to CaSi2 ones, 10fold lower electrical conductivity was demonstrated [10],
which dramatically drops performance of CaSi as TCM.
For deeper understanding of the obtained FOM values,
let us directly compare optical transmittance of the grown
CaSi2 coatings in the wide spectral range from 200 to
3000 nm covering UV-VIS-NIR-MIR presented in Fig. 1.
CaSi2 films permit from 10 to 75% of sapphire substrate
transmittance in visible wavelength. Three distinct features
can be pointed out: (i) the thicker CaSi2 film, the lower
overall optical transparency is observed; (ii) pronounced
interference starts when film thickness exceeded 30 nm;
(iii) decrease in film thickness is accompanied by blue shift
of the transparency edge.

-1

the FOM values of 0.05 and 0.15 Ω are calculated
separately for VIS (350-800) nm and overall (2003000) nm ranges, respectively, which leave a room for the
further improvements to be competitive with currently used
TCMs targeted on VIS region.

Fig. 2. Photographs of the CaSi2/Al2O3 samples demonstrated
partial transparency in the VIS region. Samples are placed from
top downward as CaSi2 film thickness increases from the thinnest
one (12 nm) to the thickest one (167 nm).

Fig. 1. Room-temperature optical transmittance spectra for CaSi2
thin film coatings of different thickness deposited on Al2O3
substrates. Data are normalized on transmittance of the substrate
used.

The first one resulted from increase in optical absorption,
as reflectance of the CaSi2 films is thickness independent.
The second feature is related to difference in refractive
indices of the Al2O3 and CaSi2. The last one suggests that
CaSi2 demonstrates optical properties similar to wide band
gap semiconductors or insulators with very high UV
absorption. Under this assumption, CaSi2 “band gap” is
thickness dependent ranging from 3.8 eV (transparency
edge at 325 nm) to 2 eV (transparency edge at 625 nm) for
the thinnest and the thickest samples, respectively. This
interesting behavior can be applied in UV and solar blind
photodetectors alongside with, for example, GaN or Ga2O3.
Finally, one may make certain of the CaSi2 films VIS
transparency paying attention to the photography series
shown in Fig. 2. The thinner CaSi2 coatings, the more
plainly Institute of Automation and Control Processes logo
is seen with its color changing from light yellow to deep
brown. Photograph of the optimized in terms of NIR FOM
CaSi2/Al2O3 sample (Sample G) is shown in Fig. 2 as well,
demonstrating country house seeing through it. It should
be noted that 100-nm thick CaSi2 film remains partial
optical transparency in the visible range. Providing one the
best room-temperature sheet resistance for the Sample G,

4. Conclusions
In this work, we succeeded in the growth of CaSi2 film
on sapphire substrate with neither protective nor
stabilization layers. Obtained transparent conducting
coatings preserve optical transparency no worse than 20%
in the NIR and MIR spectral ranges reaching maximum
transmittance of 67% at an important telecommunication
wavelength of 1550 nm in addition to low sheet resistance
of 7 Ω/□ at room temperature under optimized both CaSi2
thickness and growth conditions. Calculated TCM
standardized NIR FOM is superior to other modern
materials, while demonstrated for the first time partial VIS
transparency suggest CaSi2 to be applied as front electrode
for Si-based solar cells.
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Abstract. High efficiency perovskite solar cells are usually achieved with expensive hole transport materials (HTM). To bring this
technology to industry it is essential to find alternative HTM. Here we use the inorganic semiconductor CuSCN as HTM in inverted
device structure. We first studied the interaction between CuSCN and the perovskite solution by performing solubility test and found
out that CuSCN can be dissolved in perovskite solution. Then devices were fabricated using single-step deposition technique and
sequential deposition technique were first a PbI2 layer is first deposited that could overcome the potential incompatibility of the
perovskite solution with the CuSCN. Solar cells with Voc>1000 mV were successfully fabricated with the 2-step process but
demonstrated lower efficiencies compared to the 1-step process due to a lower Jsc.

1. Introduction
Within the last 10 years, halide perovskites have
become one of the most promising materials for
photovoltaic application: single-junction perovskite solar
cells have seen their conversion efficiency increased from
few percent to more than 25% close behind to the record
efficiency of reference silicon devices [1,2]. In addition,
their combination with silicon absorber in a tandem device
have proved to be able to overcome the theoretical limit of
efficiency for single junction silicon cell with the certified
efficiency approaching 30% [1,3].
Nevertheless, it remains many challenges to bring
perovskite materials to industry: upscaling, stability, and
choice of materials. For the later, one significant issue is to
find alternative hole transport material (HTM) that could
replace usual HTM such as PTAA and Spiro-OMeTAD
that are costly. Among possibilities, copper(I) thiocyanate
(CuSCN) appears as a promising material. Indeed, this
inorganic p-type semiconductor has numerous advantages:
low-cost, good electrical, optical properties, and thermal
stability, well aligned work function with perovskite
absorbers and low temperature deposition [4].
Despites these advantages, the use of CuSCN in
perovskite devices remains low. First reports highlighted a
potential degradation process at the interface between
CuSCN and the perovskite [5]. But later Arora et al.
showed the instability originated from the CuSCN/Au
contact interface and demonstrated an efficiency of 20.8%
by adding a reduced graphene oxide spacer at this interface
[6]. In inverted structure (i.e., the HTM is first deposited on
the substrate, see Fig. 3), there are few reports, but with
modest efficiencies ~17% [7].
In this work, we study the use of CuSCN in inverted
structure perovskite solar cells. The interaction between
this HTM and the perovskite solution is first investigated.
Then devices were fabricated using two different
deposition techniques of MAPbI3: 1-step antisolvent
deposition and 2-step sequential deposition.
2. Experiment
Solubility of CuSCN: 10 mg of CuSCN were added to
0.5 mL of anhydrous dimethylformamide (DMF) solutions
containing eventually PbI2 and MAI materials (see Table I
for the details). Solutions were then mixed rigorously and
with the help of an ultrasonic bath. The solutions showing
low solubility of the CuSCN, were subjected to

centrifugation at 4000 rpm during 2 min to highlight the
solid phase.
Table I. Parameters of solutions for solubility test of CuSCN and
qualitative results.
Samples

Solvent

PbI2 (M)

MAI (M)

Solubility
(Qualitive)

A

DMF

0

0

No

B

DMF

1

1

Complete

C

DMF

0

1

Complete

D

DMF

1

0

No

Device making: Fluorine-doped tin oxide (FTO)-glass
substrates were first patterned by laser ablation then
cleaned by ultrasonication in deionized water, acetone, and
then isopropyl alcohol (IPA). Prior the deposition of
CuSCN, samples were treated in O2 plasma. The compact
layer of CuSCN was deposed by spin-coating at a spin
speed of 2000 rpm during 30s, following by an annealing
step at 150°C during 10 min.

Fig. 1. Deposition techniques by spin-coating of halide perovskite
thin films: 1-step with antisolvent (a) and 2-step sequential
deposition (b).

For the single-step deposition technique (Fig. 1.a),
perovskite solution containing PbI2 (1M) and MAI (1M) in
9/1 DMF/ dimethyl sulphoxide (DMSO) was spin-coated at
a spin speed of 500 rpm during 15s then 3000 rpm during
25s. 15s before the end of the spin program, 500 µL of
diethyl ether was dropped on the sample. The film was then
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annealed at 100°C during 10 min. For the sequential
deposition method (Fig. 2.b), PbI2 solution (1M) in 9/1
DMF/DMSO was first spin-coated on the substrate at a spin
speed of 2000 rpm during 30s. After a waiting time of 2
min, 100 µL of a solution containing 40 mg/mL of MAI in
IPA was dropped cast at a spin speed of 5000 rpm during
30s, followed by an annealing at 100°C during 10 min.
After deposition of the perovskite film, subsequently
~25 nm of C60 and ~5 nm of BCP were deposited by
thermal evaporation. Finally, the top contact made of 80 nm
of Silver was thermally evaporated.
For PEDOT:PSS based devices: instead of the CuSCN
deposition step, PEDOT:PSS solution was spin-coated at a
spin speed of 3000 rpm during 60s followed by annealing
treatment at 140°C during 10 min. For HTM free devices,
FTO substrates were subjected first to O2 plasma during 10
min prior the perovskite layer deposition.
3. Results and discussions
A first question regarding the use of CuSCN in inverted
structure is to understand if the deposition of the perovskite
itself would damage the HTM layer. It is known that
CuSCN is difficult to dissolve in solvents and usually
diethyl sulfide or aqueous ammonia are used. We therefore
investigate the solubility of CuSCN in the perovskite
solution.

Fig. 2. Samples of CuSCN powder mixed in different DMF
solutions. See the Table 1 for the details.

As shown in Fig.2.a, CuSCN does not dissolved in
DMF. But, interestingly, if the DMF solution contains
perovskite precursors (i.e., PbI2 and MAI for MAPbI3
perovskite), CuSCN is completely dissolved (Fig.2.b). This
highlights a potential issue when using CuSCN in inverted
structure and bring the question if in such condition CuSCN
is not damaged during the process if not completely rinsed.
To understand better the mechanism, CuSCN solubility
was checked in DMF solution containing only MAI or only
PbI2. As shown in Fig.2.c, CuSCN is completely dissolved
in MAI solution likely by the formation of complexes with
I- and MA+ ions. On the contrary, in PbI2 DMF solution
(Fig.2.d), CuSCN is not dissolved, giving a strategy to
overcome this potential problem of dissolution of CuSCN:
to deposit the perovskite in a sequential deposition. Indeed,
in this method, PbI2 is first deposited and then MAI
solution in IPA is dropped-cast to form the perovskite
(Fig.1).
Devices were then fabricated: the structure is shown in
Fig. 3. Two different deposition technics were thus used:
one step with antisolvent and the 2-step sequential
deposition technic. In addition, PEDOT:PSS was used as a
reference device (1-step MAPbI3). The IV characteristics
obtained for several samples of different conditions are
shown in Fig. 3. CuSCN with 2-step perovskite deposition
displayed a remarkable Voc~1010-1020 mV, but a lower
FF compared to PEDOT:PSS devices. The best efficiency

obtained is 14.4%. Interestingly, devices with CuSCN
made with single step deposition of MAPbI3 showed
higher efficiency with a record at 15.4% thanks to a much
higher current despites a lower Voc. To be noted that
additional optimizations are needed for the sequential
deposition, a lower current could be explained by an
uncomplete formation of the perovskite.
Devices without HTM were made to compare and much
lower characteristic values were obtained. It is not clear if
CuSCN is still present for the 1-step deposition or if this
layer impacts the crystallization of the perovskite and its
interface with ITO. Investigations are ongoing.

Fig. 3. Architecture of inverted structure perovskite solar cells
fabricated in this work. Solar cells characteristics (i.e., Voc, Jsc,
FF and PCE) for different HTM configuration: PEDOT:PSS,
CuSCN in 2-Step or 1-Step MAPbI3 deposition, and without HTM.

4. Conclusions
In summary, we have employed CuSCN as HTM in
inverted perovskite solar cells. We showed that the
deposition of perovskite solution in 1-step was, in principle,
problematic as the solution may dissolved CuSCN.
Therefore a 2-step technic for the deposition of MAPbI3
was employed to overcome this potential problem: if high
Voc>1000mV were obtained, Jsc were quite low compared
to the 1-step process which, surprisingly, leads to higher
efficiency thanks to this higher Jsc. Optimizations are
needed to improve the 2-step deposition technique and
additional investigations are required to understand what is
happening at the CuSCN interface during the 1-step
deposition process.
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Abstract. Nanocomposite CuO/CNPs films have been synthesized on the glass substrate by the electrophoretic technique. The obtained
structures are investigated by Raman spectroscopy, atomic force microscopy, and scanning electron microscopy. A setup for measuring
the optoelectronic properties of nanocomposite films has been developed. It was established that with an increase in the irradiation
intensity from 10 to 60 mW/m2, the electromotive force (EMF) in the composite CuO/CNPs nanofilm increases from 0.5 to 1.1 mV.
The highest sensitivity of CuO/CNPs nanofilms is obtained using colloidal carbon systems centrifuged at a speed of 800-1000 rpm.

1. Introduction
Carbon nanomaterials based on carbon nanotubes,
graphene oxide, and fullerenes are populated by a great
interest in their properties, development of synthesis
methods, and industrial devices with advanced applications
of these nanomaterials [1]. Carbon nanomaterials are
nanosized carbon particles created by using the
centrifugation method. The sensory properties of carbon
nanoparticles produced from the single-walled carbon
nanotube using an electrophoretic method have attracted
attention due to their well-defined one-dimensional
nanomaterials. This study is interested in the sensory
properties of new nanocomposite materials based on
carbon nanoparticles with transition metals (copper,
titanium, zinc, …). A good method to improve the sensors'
applications is coating carbon nanoparticles with metal
oxides. Copper oxides are the most extensively studied
materials used in many other areas for semiconductors,
catalysts, and sensors [2]. Carbon nanoparticles coated with
copper oxide (CuO/CNPs) nanocomposite materials based
on ultraviolet (UV) sensors by using the electrophoretic
method, which has good charge transport and conductivity
properties and excellent absorption of light spectrum
properties of copper oxide (CuO). The formation of
structures of carbon nanoparticles systems with metal
oxides using electrophoretic synthesis is widely used for
the development of nanocomposite films in the field of
nanotechnology [3].
The aims of this work are to obtain carbon nanoparticles
depending on concentration and centrifugation method, and
to develop nanocomposite structures by controlling the
electrophoretic forces. In addition, due to the high
transparency in the visible range, as well as the ability to
absorb the light as sensory properties, carbon nanoparticles
can be used as effective sensors for solar optical radiation.
2. Experiment
The CuO/CNPs nanocomposite structures were
fabricated on the glass substrate with copper electrodes by
controlling the electrophoretic force. Firstly, the original
SWCNT (SWCNT TUBALL TM : 0,2%, lignosulfonate
vanisperse A: 1%, water: 98%, batch number
19HO05.N1.003) and distilled water (0.2 v/v%) were
mixed with an ultrasonic bath (Quick 218) for 30 minutes.
The f-SWCNT solution was centrifuged at 800rpm,
1000rpm, 5000rpm, 8000rpm, 10000rpm, and 13400rpm
using miniSpin (Eppendorf AG 5452, 22331 Hamburg) and

took 80% at the top of the volume. Then the carbon
nanoparticles (CNPs) solution was obtained and the 20% of
bottom tube was heavy metallic solution. The carbon
nanoparticles (CNPs) solution was applied using a pipette
(by the drop method) onto the surface of a glass substrate
with copper electrodes using the direct electric force for the
nanocomposite structures. The copper oxide nanoparticles
from the copper electrodes were coated with carbon
nanoparticles due to the direct electric current. After
evaporation, CuO/CNPs nanocomposite structures were
formed onto the glass substrate between the copper
electrodes during the electric field [4].
CuO/CNP nanocomposite film on the glass substrate is
applied with UV irradiation to the thin film area. The
sensitivity of the photocurrent of the nanocomposite
structure was measured by using the optoelectric device
(ADC L-CARD E2010D). The CuO/CNPs nanocomposite
structures are used to improve the ADC's sensitivity to UV
irradiation during the process.
The CuO/CNPs nanocomposite structures were
analyzed by Confocal microscopy, Raman scattering of
light (Omega Scope™ Confocal Raman microscope, 532
nm, 0.8 cm–1), the Atomic Force Microscopy (AIST-NT
SmartSPM), Scanning Electron Microscopy (JEOL JSM6610), and optoelectric measurements (ADC L-CARD
E2010D).
3. Results and discussions
The formation of CuO/CNPs nanocomposite structures
was deposited on a glass substrate between the two copper
electrodes after the evaporation process by the direct
electric force. It can see the formation of nanoparticle
structures on the glass substrate in the direction of static
electric field strength [5]. The process of electrophoretic
structuring of CuO/CNPs nanocomposite in the solution is
uniformly opposite to the direction of the electric intensity
vector by confocal microscopy. The chemical composition
of nanocomposite structures and their properties can be
confirmed by using Raman spectroscopy. An EnergyDispersive Spectroscopy (EDS) data shows that the
nanocomposite structures contain carbon (20.39%), oxygen
(7.14%), and copper oxide (6.5%). The result is that carbon
nanoparticles coated with copper oxide from copper
electrodes can stabilize the metal particle solution [6].
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Fig. 1. AFM images and particle size distribution of CuO/CNPs
nanocomposite structures centrifuged at 13400rpm.

The formation of CuO/CNPs nanoparticle structures
and their particle size were characterized by the Atomic
Force Microscope. The carbon nanoparticle solution is
obtained by the centrifugation method. In this case, the
diameter of the nanoparticles decreases as the
centrifugation speed increases. The result of particle size
dependent on centrifugation speed 13400 rpm was shown
in figure 1.

centrifugation speeds (> 5000 rpm), only carbon particles
with a limiting size of no more than 30–40 nm were
retained in the colloidal system [7], while at low speeds
(800–1000 rpm), both particles and carbon nanotubes were
present in the system. During the electrophoretic process,
carbon tubes were embedded in composite films, oriented
in the direction of the electric field from the anode to the
cathode. When carrying out optoelectric measurements,
carbon tubes could serve as conductors for the drain of the
EMF generated in the film upon irradiation with optical
photons. In this regard, the number of interphase
boundaries defining energy barriers for the flow of
conduction currents decreased, which led to a significant
increase in the sensitivity of composite CuO/CNPs
nanofilms.
4. Conclusions
In summary, a CuO/CNPs nanocomposite UV sensor
was fabricated on a glass substrate using the electrophoretic
method. We have established the effect of the centrifuge
velocity on particle size in carbon nanoparticle solution. A
setup for measuring the optoelectronic properties of
nanocomposite films was developed. It is shown that with
an increase in the irradiation intensity I from 10 to 60
mW/m2, the electromotive force E in the composite
CuO/CNPs nanofilm increases from 0.5 to 1.1 mV. The
highest sensitivity of CuO/CNPs nanofilms was obtained
using colloidal carbon systems centrifuged at a speed of
800-1000 rpm. High-performance UV sensors based on
composite CuO/CNPs nanofilms can find applications in
photovoltaics and biomedicine.
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Fig. 2. Dependence of the centrifuge rate of colloidal carbon
solutions on the sensitivity of the grown CuO/CNPs films.

Studies of the optoelectric properties show that with an
increase in the irradiation intensity I from 10 to 60 mW/m2,
the excited electromotive force E in the composite
CuO/CNPs nanofilm increases from 0.5 to 1.1 mV. The
influence of the conditions of obtaining films on their
sensory sensitivity C was also determined, which was
determined as

C=

E
,
I

where ΔE and ΔI are changes of the electromotive force
excited in the composite CuO/CNPs nanofilm and the
intensity of optical irradiation, respectively.
According to the results of optoelectric measurements,
it was found that with an increase in the centrifugation rate
of colloidal carbon solutions, the sensitivity of
nanocomposite films grown on their basis during the
electrophoretic process decreases. This result can be
explained as follows. The basis for colloidal solutions of
carbon particles were SWCNT TUBALL TM systems,
which consist of both carbon nanotubes and carbon
nanoparticles of various sizes and morphologies. At high
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Abstract. Butyrylcholinesterase inhibition and its change as a result of laser irradiation are demonstrated for the first time for a series
of newly synthesized phosphorylated arylaminomalonates and phosphorus functionalized thiazolotriazoles. The effect of compounds
structures on butyrylcholinesterase inhibition and its laser-activated change is revealed experimentally and confirmed by molecular
dynamics and docking modelling.

1. Introduction
Nowadays one can observe high interest of modern
fundamental science and medicine in the search for new
compounds, promising for the concept of photo-switching
of biological activity. Such compounds, which change their
bioactivity depending on the conformation that is changed
under the influence of light, form the basis of
photopharmacology, a rapidly developing interdisciplinary
direction that unites the efforts of scientists in the field of
biology, medicine, organic chemistry, materials science,
and laser chemistry [1].
The concept turned out to be fruitful and has already
demonstrated efficiency in photo-switchable antimicrobial,
anticancer therapy, ophthalmology, etc [2,3]. In world
practice, there are examples of the successful synthesis of a
number of new compounds demonstrating photoinduced
structural changes and, as a result, modulation of their
activity in relation to target tasks; some of these substances
are already undergoing preclinical studies [4].
Photopharmacology is based on the control of the
biological activity of compounds under the influence of
light, and the main advantage of the approach is the ability
to fine-tune such a process by controlling the parameters of
optical radiation – spectral and energy characteristics,
duration of exposure, and spatial localization.
All this opens the way to the creation of "smart drugs"
with the possibility of remote, non-invasive and precise
control of the area, duration and magnitude of their
therapeutic effect. The introduction of "smart drugs" into
medical practice will allow in the future to solve the
problem of uncontrolled in time and space activity of drugs
(including outside the body), which leads to side effects and
negative effects on healthy organs, as well as the
accumulation of biologically active substances in the
environment.
Photopharmacology is based on the design of
compounds consisting of two components - a "photo
switch" and a biologically active substance - a
"pharmacophore". At the same time, one of the main
problems that photopharmacology is currently facing, is to
ensure the preservation of the required activity of a drug
(pharmacophore) when conjugated with a photochromic
compound, which is a serious problem requiring the
development of independent solutions for each
combination of photoswitch-pharmacophore.

The latter circumstance determines the interest in the
development of substances that have both biological
activity and the ability to change it under the influence of
light. However, it should be noted that a limited number of
works reporting the successful use of this strategy should
be noted, with most of them devoted to the creation of such
substances for photodynamic therapy of cancer. In
addition, the extremely time-consuming and laborious
procedure for searching for compounds with significantly
different biological activity in different conformational
states is a limiting factor. In this regard, the relevance of the
development of compounds with photomodulated
bioactivity becomes even more important for the
development of photopharmacology.
Here we present unique substances demonstrating both
characteristics – bioactivity and “photo-switchable” ability.
The substances are presenting two different groups in
phosphonate family – phosphorus functionalized
thiazolotriazole molecules and phosphorylated 2arylaminomalonate compounds. In spite of different
structures, the synthesized compounds possess bioactivity
– butyrylcholinesterase (BuChE) inhibition that is changing
after compounds illumination with UV light.
2. Experiment
The objects of synthesis and investigation in the current
research are phosphorus functionalized thiazolotriazole
molecules (PFT) and phosphorylated 2-arylaminomalonate
compounds (PhAM). The PFT and PhAM compounds (Fig.
1) were prepared according to a reported earlier protocol
[5,6].
The choice of phosphonates for our research is
conditioned by two aspects – (1) academic interest in the
chemistry of halogen and alkyl/phenyl substituents in the
design of modern drug-like compounds and (2) prospects
of synthetic phosphonates as photopharmacological agents.
Here we present the synthesis, design, the
physicochemical characterization, investigation of the light
effect to the solutions of PFT and PhAM, study of the
biological activity of PFT and PhAM solutions before and
after laser irradiation. Biological activity was studied by the
example of butyrylcholinesterase (BChE) inhibition.
3. Results and discussion
Figure 1 shows structures of PFT and PhAM
compounds. Phosphonate groups are marked out with red
ellipse.
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Fig. 1. Structures of (a) PFT and (b) PhAM compounds.

The most surprising result of our research was found to
be the demonstration of the laser-induced change of BChE
inhibition due to the formation of PFT and PhAM
conformers associated with the phosphonate group
twisting. Laser-induced 3D geometry reorganization of the
PFT and PhAM compounds leads to the fundamental
change of the inhibition mechanism and loss of sitespecificity due to the change of interaction region, the
release of the glycine site, and increased strain energy of
protein-ligand complex. It is important to note that PFT and
PhAM demonstrate opposite effect to laser irradiation in
terms of sign of BChE inhibition change – PFT compounds
decrease inhibition, while PhAM increase inhibition as a
result of laser irradiation. The uncovered photosensitivity
and bioactivity of PFT and PhAM makes them promising
compounds for clinical therapy as photopharmacological
agents.
The newly synthesized phosphorus functionalized
thiazolotriazole molecules and phosphorylated 2arylaminomalonate compounds demonstrates both features
– photoswitch and pharmacophore functions. A
combination of “photoswitch – pharmacophore” properties
in one molecule is a rarity and makes the suggesting
compounds prospective as a molecular basis for the design
of photocontrolled pharmacologically active substances
based on the mechanism of phosphonate group
phototwisting.
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The current-voltage and photoelectric properties of porSi/Si-p/Si-n diodes with different porous layer’s thickness
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Works on the creation of LEDs based on porous silicon
heterostructures on single-crystal silicon with a built-in p-n
junction are well known [1,2]. They focused on two issues:
increasing the efficiency of electroluminescence and
improving the stability of this type of LEDs. It is known
that the formed LED structures based on porous silicon
during operation in ambient conditions lose up to 75% of
their integrated electroluminescence intensity for half an
hour [2], which is associated with a decrease in the injection
of carriers from porous silicon due to the rapid oxidation of
nanocrystals in an applied electric field even at room
temperature. At the same time, the question of the influence
of the thickness of the porous silicon layer in a Si wafer
with a built-in p-n junction on the current-voltage and
photospectral characteristics of diode structures remained
unexplored.
In this work, porous silicon layers were created on ntype Si(100) wafers with a resistivity of 0.1 Ω cm with an
epitaxial layer of p-type silicon (3 microns) with a
resistivity of 7–10 Ω cm by anodizing in a solution of
HF:C3H8OH = 1:1 at two current densities: 10 and 20
mA/cm2, etching times from 10 to 30 minutes and under
illumination with a 150 W tungsten halogen lamp from a
distance of 30 cm from the sample. A home-made Teflon
attachment with a platinum wire cathode was used for
anodizing and a copper anode, which was pressed through
a layer of conductive silver paste to the reverse side of the
silicon sample with the burnt Au-Sb contact. The edges of
the front surface of the sample with an area of up to 1 cm2
were protected with a special varnish. After anodizing, the
samples were washed in deionized water and dried in a flow
of dry nitrogen. After mechanical removal of varnish
residues and wiping with isopropyl alcohol, a layer of
aluminum was applied to the PC surface at room
temperature in a high vacuum through a square-shaped
mask with a square hole in the center. Next, the samples
were placed on silver paste in the package of the integrated
circuit, and ultrasonic welding of Al wire with a diameter
of 20 μm was carried out from Al-plating to the pads of the
microcircuit package. At room temperature, the currentvoltage characteristics were measured in the dark and under
illumination with a tungsten halogen lamp based on a
stabilized power source and a microvoltmeter. The spectral
characteristics of the photoresponse were studied using a
setup based on a monochromator with a radiation source, a
modulator, and a differential amplification system.
Studies of the current-voltage (C-V) characteristics of
all diodes in the dark and under illumination showed that
currents through them are observed only for samples with
an anodizing time of 10 to 25 minutes at a current density
of 10 mA/cm2, and with an increase in current density to 20
mA/cm2 and times from 15 up to 30 minutes, currents do

not flow through the diodes, both in the dark and in the
light. This fact is associated primarily with an increase in
the thickness of the porous layer and its tree-like structure,
which ensures the rapid oxidation of the PS layer. At short
anodizing times at both current densities, a single-layer
structure of the PC layer with a moderate density is retained
[3], which ensures conductivity and retains it for a long
time (up to 6 months). An increase in the etching time at a
minimum current density from 10 minutes (sample #2-1) to
25 minutes (sample #2-8) led to a decrease in the shortcircuit current and, conversely, to an increase in the open
circuit voltage (samples #2-5 and #2-7). A diode with a
current density of 20 mA/cm2 and an etching time of 10
minutes (sample #2-3) showed the maximum short circuit
current density and the minimum open circuit voltage.

Fig. 1. Spectral dependences of photoresponse (a) and
photocurrent (b) of PS/Si p-n diodes (#2-1, #2-3, #2-5, #2-7, #28) and reference Si p-n diode.

Registration of the spectral characteristics of the
photoresponse and photocurrent showed (Fig. 1 a,b) that
sample #2-1 with a minimum PC layer thickness of 0.675
µm has the maximum photoresponse and photocurrent [3].
With an increase in the thickness of the PC layer from 0.8
µm to 1.09 µm and 2.7 µm, a decrease in the amplitude of
the photoresponse (Fig. 1a) and photocurrent (Fig. 1b) is
observed. A characteristic difference between the spectra
of working diodes and a reference diode based on a silicon
p-n junction is an increase in the short-wavelength
contribution and a shift in the maximum of the spectra to
the short-wavelength region, which is associated with the
generation of electron-hole pairs in the wide-gap PC layer
and their separation by the field of the p-n junction. A band
model of photodiodes is constructed to explain the
dependence of the photoresponse on the PC layer thickness.
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Abstract. This work demonstrates an approach to obtaining nanoalloys of the two-component Cu-Rh system by the method of
successive vacuum-thermal evaporation of components followed by heat treatment of a thin film. Arrays of Cu-Rh nanoislands with
ratios of 25/75, 50/50, 75/25 at.% were formed on the TiO2 layer. The TEM study showed that, at any proportions of the composition,
nanoislands are a single-phase solid solution. Arrays of nanoislands were used as photocausalizers in the visible and ultraviolet ranges.
It has been established that by changing the proportions of the nanoalloy components it is possible to control the yield of photocatalytic
reaction products depending on the spectral range.

1. Introduction
In the last two decades, metal nanoparticles (NPs) have
attracted the attention of researchers due to their various
extraordinary mechanical, physical, physicochemical
properties, which differ from the bulk properties of the
corresponding materials [1]. Of particular interest are
bimetallic NPs, which exhibit a combination of properties
associated with the two constituent metals. The alloy of
interest to us is the Cu-Rh system, which, according to
some studies, is not capable of being in a single-phase state
[2].
Also of interest to us is the effect exhibited by
nanoparticles, is the enhancement of the photocatalytic
effect and the extension of the operating wavelength range
for materials such as TiO2. With rising CO2 emissions, the
ability of titanium oxide to convert a greenhouse gas into a
fuel is of increasing interest, as is the ability to improve the
efficiency and spectral work range of this process by adding
bi-metallic nanoparticles [3].
2. Experiment
The formation of nanoalloys of the Cu-Rh system was
carried out by the method of vacuum-thermal evaporation
and condensation on an unheated surface, followed by
vacuum annealing. For the deposition of Cu, a resistive
evaporation method was used. Subsequent deposition of Rh
was carried out by the method of electron beam
evaporation. The amount of the deposited substance was
controlled using a quartz resonator. At the end of the
formation the samples were annealed in vacuum at a
temperature of 350 °C for 30 minutes. For all vacuum
processes, the residual pressure in the chamber was
~ 1 × 10–5 Torr. In this way, samples of three different
compositions were created: Cu0.25Rh0.75; Cu0.50Rh0.50 and
Cu0.75Rh0.25. The required thicknesses of metal films for
obtaining alloys with the indicated compositions were
obtained on the basis of quartz resonator data (Tab. I).

Table I. The values of the thicknesses of the metal layers in the
studied samples.
Alloy
composition

Rh
(wt.
%)

Cu
thickness
(Å)

Rh
thickness
(Å)

Total
thickness
(Å)

Cu0.25Rh0.75

83

4

14

18

Cu0.50Rh0.50

62

7

8

15

Cu0.75Rh0.25

35

13

5

18

Samples of nanoalloys of the above three compositions
for TEM studies were formed on a substrate of a singlecrystal KCl salt with 20 nm thick layer of an amorphous
carbon, which was previously deposited by magnetron
sputtering. Samples of nanoalloys for the study of
photocatalytic activity were formed on a stainless steel grid
with a cell size of 55 μm and a cross-sectional diameter of
40 μm. Before covering by alloy, grid was etched in
HF:HNO3:H2O solution and was covered by
electrophoretic suspension deposition in a layer of powder
photocatalyst TiO2 with a thickness of 6.5 μm.
The microstructure, composition, shape, and size of the
obtained Cu-Rh nanoalloys were investigated by highresolution TEM on a JEOL JEM-2100 Plus electron
microscope. The surface morphology of TiO2/Cu-Rh
samples was studied using Helios G4 CX two-beam
scanning electron microscope. The study of the surface of
the samples was also carried out using Jeol Jamp-9510F
Auger electron spectrometer.
Photocatalytic measurements were carried out in the
visible and ultraviolet light range using a continuous flow
reactor equipped with a heating element, quartz window,
and optical water filter (to cut IR and UV radiation). The
area of the photocatalyst surface exposed to
electromagnetic radiation was ~ 10 cm2. The process was
carried out under following conditions: the temperature of
the
reactor
30 °C,
the
reaction
mixture
5% vol. H2O/95% vol. CO2; and total gas flow 1.0 ml/min.
The first measurements were taken after at least 2 hours on
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stream. The analysis of reaction products was carried out
by an on-line gas chromatograph equipped with a flame
ionization detector and a capillary HP PLOT/Q column.

range. In the course of research, it was found (Fig. 3) that
the synthesis rate increases in the first 1.5 hours, and then
drops by 20-25% of the maximum value in 4 hours.

3. Results and discussions
A TEM study (Fig. 1) of the samples showed that a thin
film of the Cu-Rh alloy is an array of nanoislands of various
shapes, not exceeding 10 nm in thickness. An XRD sample
study of Cu50Rh50 showed that the alloy has a cubic crystal
lattice with a lattice constant of a = 0,372 nm. This constant
is practically the average value between the constants of
copper (a = 0,362 nm) and rhodium(a = 0,380 nm).

Fig. 3. The rate of formation of acetaldehyde at visible radiation.
Fig. 1. Results of investigation of Cu50Rh50 alloy samples by
transmission electron microscopy: (a) Typical layer image; (b)
Selected area diffraction pattern.

SEM study (Fig. 2) of the morphology of samples for
photocatalysis showed that the average thickness of the
TiO2 layer on the stainless steel mesh is 6.5 µm. The layer
itself is homogeneous and has a developed surface. Due to
the small size of nanoislands, they could not be detected by
this method.

4. Conclusions
Sequential evaporation of metals followed by heat
treatment of condensate at a relatively low temperature of
350 °C makes it easy to obtain a Cu-Rh nanoalloy in the
form of a single-phase solid solution with a controlled
content of components and lattice constant. Controlling the
parameters of the Cu-Rh alloy makes it possible to use it
for photocatalytic applications, thereby optimizing the
composition of the photocatalytic system. The modification
of TiO2 with Cu-Rh nanoalloys showed that, under UV
irradiation, the highest activity of generating acetaldehyde
was demonstrated by a sample with a ratio of components
of the Cu-Rh alloy of 75/25 at.%. Highest generation of
methanol was observed for Cu-Rh 50/50 at.%. While in the
visible range highest generation of acetaldehyde was
observed for Cu-Rh
25/75 at.%.
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Fig. 2. SEM images of a TiO2 layer on a stainless steel grid: a)
general view of a grid covered with TiO2 layer; b) a section of a
grid with TiO2 layer showing the thickness of the deposited layer;
c) morphology of a TiO2 layer at high magnification.

In the course of studying the photocatalytic reduction of
CO2 in the presence of water vapor on the surface of the
samples, it was found that methanol and acetaldehyde are
synthesized in the UV spectrum, and only acetaldehyde is
synthesized in the visible spectrum. The best result in
methanol production was shown by the TiO2/Cu0.5Rh0.5
sample in the presence of UV radiation, and in the
production of acetaldehyde - TiO2/Cu0.25Rh0.75 in the visible
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Abstract. The work on studying spectral sensitivity of photovoltaic cells based on carbon nanotube arrays is presented. It was found
that samples with semiconductor nanotubes showed a photoresponse similar to an optical rectenna or a photodiode, depending on the
topology design. The samples showed photosensitivity in a wide spectral range from UV to IR.

1. Introduction
A significant increase in the performance of solar cells
based on a Single-Walled Carbon Nanotubes (SWCNTs) –
Silicon (Si) heterojunction was achieved by international
researches [1]. It is assumed that at the interface between
materials, the main mechanism of charge separation is
either a p-n junction, or a Schottky junction, or a metalinsulator-semiconductor (MIS) junction [2]. Mechanisms
corresponding to p-i-n-photodiode and optical rectenna
were also observed [3]. However, due to the initially
different physical characteristics, namely chemical purity,
conductivity type, size of the active working area,
manufacturing technology, etc., there is no single
explanation for the internal processes that occur in
photocells. The photocurrent generation in SWCNTs can
be caused by the photoelectric effect [4], when the
photocurrent is generated due to the electric field, and by
the photothermal effect [5], in which the photocurrent is
generated due to the difference in the Seebeck coefficients.
Photogeneration mechanisms directly describe the
properties of individual SWCNTs, but for practical
applications, thin films and arrays are more often chosen,
since significant differences will be observed between
single nanotubes and a bulk sample.
The creation of integrated optical elements based on
carbon nanotubes expands the possibilities for using
photosensitive elements based on CNTs [6]. This work
presents study on spectral sensitivity of photovoltaic cells
based on SWCNTs arrays. It is shown that when using the
same SWCNTs films, differences in topology affect the
spectral response and the photogeneration mechanism.
2. Experiment
Substrate KEF 4.5 (100) was choosen as the basis for
manufacturing of the “strip” sample. Initially, the substrate
was subjected to chemical treatment with further oxidation
at a temperature of 1000 °С (thickness of silicon oxide
under metallization 200 nm). Next, an Al film (300 nm)
was deposited. To form the topology, photolithography was
performed followed by etching of Al and SiO2 films to Si.
The final operation is cutting the wafers into individual
chips. The production of the type “comb” sample was
carried out similarly, but with the addition of a gas-phase
etching operation of SiO2 (thickness of 100 nm) under the
metallization layer, before the final operation. SWCNTs
suspensions with a concentration of 0.1 mg/ml (SG65i
Sigma-Aldrich catalog no. 773735, ~ 95 % semiconducting
tubes with ~ 41 % of (6,5) chirality) were used in the work.

SWNTs were deposited by the spray method. The average
number of spray passes was 500 times.
To study the spectral sensitivity of experimental
photovoltaic cells, current-voltage characteristics (I-V
curves) were obtained in the UV–near-IR wavelength
range. To clarify the characteristics, similar studies were
also carried out for commercial samples: Si pin diode
(Hamamatsu S1337-1010BR) and Schottky diode based on
Si heterojunction (KEF 4.5 (100)) - Al. When measuring,
the probes were placed on the upper metal platform and on
the substrate of the structure.
The studies were carried out with setup for measuring
the parameters of dye-sensitized solar cells (SCS10-PEC,
Zolix). The device uses a 500 W xenon lamp as a radiation
source. Each experimental sample was installed as close as
possible to the light beam, so that the active area was fully
illuminated. In addition, a study was carried out to assess
the effect of temperature on the operation of photocells.
The purpose of the study was to find patterns of changes in
the main parameters of photocells at different temperatures
under constant illumination, as well as to establish the
effect of elevated temperature on the rate of radiation
degradation of devices.

Fig. 1. Structure of photosensitive elements before SWCNTs film
deposition: (a) type “strip”, (b) type “comb”.

I–V measurements of samples under heating were made
using a Cascade Summit 12000 semi-automatic probe setup
and a Keysight B1500A semiconductor analyzer. The
heating of the table, on which the samples were located,
was carried out by activating the control unit of the system
and the chiller. Heating was held up to 110 degrees for 4
hours.
3. Results and discussions
The I-V curves obtained for the "strip" and "comb" type
samples had the same line shape for different wavelengths.
The key difference was that for the "strip" type, the I–V
curve passed through the second quadrant, and for the
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"comb" type – through the fourth quadrant. Both curves
also showed rectifying characteristics. The passage of the
curve through the second quadrant characterizes the device
to operate in a similar way to a rectenna. When light is
directed at the “strip” sample, electronic oscillations arise
inside the metal–SWCNTs junction similarly to oscillations
inside the antenna. This correlates with changing of the
Fermi level at the diode barrier, which leads to a shift in the
I–V curve. In reverse bias, due to the presence of a wide
barrier at the SWCNTs/SiO2/Si interface, the minimum
current is observed. It is assumed that since the difference
in performance between SWCNTs and the air-resistant
metal (Al) is too small to create sufficient asymmetry for
optical rectification, further structure optimization will be
necessary to control electron tunneling.
The I–V curve of the “comb” sample passes through the
IV quadrant, similarly to photodiodes, which indicates that
the device generates rather than consumes electricity, i.e.
photoelectric effect is observed.

Fig. 2. Spectral sensitivity of photovoltaic cell of type “strip”.

Figures 2, 3 present the selective spectral sensitivity to
different wavelengths of current Isc and voltage Voc for
experimental samples. Moreover, the position of the
maxima (in absolute value) of the current I sc and voltage
Voc by wavelength differs significantly between the
samples. It is assumed that the features of the topology of
the samples contribute to this difference.
The results obtained for the “strip” sample suggest that
the photon-to-current conversion efficiency is higher at
those wavelengths where SWCNTs more actively absorb
incident radiation. Thus, most of the photons will be
"captured" by the nanotubes and will tunnel down into the
silicon substrate. For the “comb” sample, the region of
maximum current and voltage values coincides with the
active operating range of Si photocells, which suggests that
the Si substrate makes a significant contribution to the
photo-EMF generation. That is, the design for the “comb”
makes it possible to enhance the contribution of the silicon
substrate to current generation. Similar studies of
commercial samples (p-i-n diode and Schottky diode) were
performed. The spectral sensitivity of the p-i-n diode
corresponded to the sensitivity of Si. For the Schottky
diode, a close to linear dependence of the Isc and Voc was
observed over the entire wavelength range.
The study of the temperature dependences showed that,
when the experimental samples are heated, the absorption
edge shifts, which is associated with a narrowing of the
crystal band gap, and the number of generated pairs
increases.

Fig. 3. Spectral sensitivity of photovoltaic cell of type “comb”.

The narrowing also leads to an increase in dark current
and decrease in Voc. Long-term heating showed a decrease
in resistance, Isc and Voc.
4. Conclusions
The work presents a study on characterizing
photosensitive structures based on SWCNTs – Silicon
heterojunctions. Experimental samples with different
topologies were selected for analysis. Spectral sensitivity
and temperature dependence (degradation with time during
heating and illumination) were studied for the samples.
Comparison with control samples (p-i-n-diode, Schottky
diode) was carried out. It was found that the “strip” design
generates power in the II quadrant, which is typical for the
photoresponse of an optical rectenna. The "comb" circuit
works like photodiodes, but has less usable output power.
It was also found that the spectral sensitivity of the “strip”
sample has a similar wavelength dependence with a p-i-n
diode, but the operating wavelength range is wider and
starts from the UV region. Long-term heating of
photovoltaic cells showed a decrease in the efficiency of
devices. The main difficulty in determining the mechanism
of charge separation at the SWCNT film – silicon interface
is due to the fact that film comprises semiconductor and
metal nanotubes with different diameters and chirality,
which affects conductivity type.
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Abstract. Monte Carlo (MC) simulation for light propagation in scattering and absorbing media is the gold standard for studying the
interaction of light with biological tis-sue and has been used for years in a wide variety of cases. The interaction of pho-tons with the
medium is simulated based on its optical properties and the original approximation of the scattering phase function. Over the past
decade, with the new measurement geometries and recording techniques invented also the corresponding sophisticated methods for the
description of the underlying light-tissue interaction taking into account realistic parameters and settings were developed.

From optical imaging, one can now expect the same
breakthrough in the field of non-operative diagnostic
methods that was provided by X-ray and computed
tomography at that time, thanks to the use of non-ionizing
radiation and its non-invasiveness [1]. Diffuse reflectance
spectroscopy (DRS), near infrared spectroscopy (NIRS),
diffractive
optical
tomography
(DOT),
Raman
tomography,
fluorescence
tomography,
optical
microscopy, optical coherence tomography (OCT) and
photoacoustic (PA) imaging are among the most widely
used in modern times. optical methods in biomedicine, and
their potential is far from fully understood [2-3].
The modeling of light propagation in a medium is based
on the absorption and scattering characteristics that
dominate the propagation of light in biological tissues. The
usual approach to modeling the propagation of light in a
medium is to use the radiative transfer equation (RTE).
Effective solutions or approximations of this equation for a
heterogeneous medium (tissue) are still an open question
[4].
Modeling the propagation of light in biological tissue
based on the MC method has become an important tool for
understanding the intricacies of the interaction of light with
matter in complex environments. In addition to efficient
algorithms, the approximations underlying the model are
the key to recent advances in this field. An intensive research is currently underway to develop more
comprehensive yet effective modeling tools that take into
account all aspects of the system itself, as well as take into
account all relevant environmental influences [4]. In
addition, the trend indicates the use of more anatomically
realistic geometries and the development of more userfriendly modeling tools. The further development of
biophotonics lies in the ever-increasing processing power
of computing systems and artificial intelligence concepts
such as the concepts of machine learning, deep learning and
data analysis.

Fig. 1. Depth-resolved distribution of absorption probability of
reemissed Raman photons in the 4-layer bCar+ink solution (top).
Simulated Raman photon fluence (bottom).
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Abstract. In this work, a comparative study of the features of the transient lateral photovoltaic effect (LPE) at pulsed illumination in
the hybrid T/SiO2/Si (T = Fe, Fe3O4, TiO2) structures is represented. The amplitude of the photoresponse signal corresponds to the LPE
sensitivity, which is 31, 142, and 477 mV/mm in structures with the top layer of metal, semi-metal, and semiinsulator, respectively.
The rise time and the fall time of photoresponse signal are determined by the RC-circuit design induced by the hybrid structure in the
near-contact region, depending on the conductivity of the top layer.

1. Introduction
Lateral photovoltage in hybrid structures based on
SiO2/Si is generated due to the difference of the charge
concentration arising as a result of nonuniformly irradiation
and of subsequent asymmetric diffusion of the charge, the
magnitude of the lateral photovoltage varying linearly with
a change of the light spot position [1-3], that may be used,
for example, in position-sensitive detectors (PSD) [3, 4].
The operating characteristics of the PSD are the sensitivity
of the lateral photoelectric effect (LPE) and LPE
nonlinearity [2-4], as well as the rise time and fall time of
the photovoltage signal at pulsed illumination [3, 5]. The
LPE sensitivity is usually interpreted using the diffusion
theory of charge carriers [1-7]. However, in the literature
on LPE, there is still a dualism of opinions about the
mechanism of lateral conductance in hybrid structures. So
in works Ref.[5-7], the current transfer of photocarriers
along the inversion layer at the SiO2/Si interface is
assumed, while the authors of works Ref.[2, 3] believe that
the conductance occurs along the top layer of the hybrid
structure. In our opinion, one of the directions in the study
of this LPE problem is the investigation of the transient
characteristics of the photocurrent in hybrid structures with
different conductivity of the top layer. This work presents
a study of the transition LPE in hybrid structures T/SiO2/Si
(T = Fe, Fe3O4, TiO2), in which Fe is a metal, Fe3O4 is a
semimetal, and TiO2 is a semiinsulator.
2. Experiment
The samples were prepared on n- and p-type singlecrystal Si(001) substrates. An ultrathin SiO2 layer ~1.5 nm
thick was formed on the Si substrate surface in nitric acid
(68% HNO3) at 121°C for 10 minutes at the final stage of
cleaning before loading the samples into a vacuum
chamber.
Fe and Fe3O4 films were formed by equipment Katun
on an oxidized Si(001) surface by deposition of iron at a
rate of 2.5 nm/min in a vacuum and oxygen atmosphere
with PO2 = 10-6 Torr, respectively. TiO2 films were formed
by the sol-gel method [8] ex-situ on the oxidized silicon
surface. The film thickness was measured by the spectral
ellipsometry and the atomic force microscopy.
To measure the photovoltage, aluminum contacts
(2-1) mm with a distance of 2 mm between them were

deposited on the film surface. Illumination was realized by
a He-Ne laser with = 633 nm and with a radiation power
incident on the sample surface of 0.3 mW. The
measurements of the photovoltage dependences U(x) and
U(t) were carried out using a Keitly-2000 and an AKIP4115/5A digital oscilloscope, respectively.
3. Results and discussions
For a comparative study, Fig. 1 shows the dependences
of the lateral photovoltage on the laser spot position at the
optimal thicknesses of the top layer for the T/SiO2/Si (T =
Fe, Fe3O4, TiO2) structures. The optimal thicknesses were
determined for an iron film in Ref.[6], for a magnetite film
in Ref.[7], and for titanium dioxide it has not been
published. The different range of optimal thicknesses is
most likely due to the mechanisms of film growth.

Fig. 1. LPV on light position in the hybrid T/SiO2/Si (T = Fe,
Fe3O4, TiO2) structures.

As can see in Fig. 1, an increase of the resistivity of the
top layer leads to an increase of the LFE sensitivity.
However, we have previously shown in Ref.[6, 7] that an
increase of the LPE sensitivity is due to the value of the
built-in potential at the SiO2/Si interface, and the highest
sensitivity is observed for structures in which an inversion
layer is formed at the SiO2/Si interface. In MOS structures
such as Fe/SiO2/Si and Fe3O4/SiO2/Si, this condition is
satisfied on n-type substrates [6, 7], while in the
TiO2/SiO2/Si heterostructure, an inversion layer is formed
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at the SiO2/p-Si interface. It can also be seen in Fig. 1 that
the polarity of the lateral photovoltage changes when the
type of substrate conductivity is changed.
In our previous works [6, 7], we proposed a twochannel model of lateral current transport along the
inversion layer at the SiO2/Si interface by analogy with
work Ref.[9]. However, in the TiO2/SiO2/p-Si structure, the
resistance of the titanium oxide film is orders of magnitude
higher than the resistance of transition metal films;
therefore, the decrease of the LPE sensitivity with an
increase of the TiO2 film thickness is due not to a decrease
in its resistance, but to voltage losses at the contacts
because of the high film resistance in the transverse
direction. The study of transient LPE can also provide
important data for determining the mechanism of current
transfer of nonequilibrium photocarriers in hybrid
structures.
The time profiles of the laser pulse at room temperature
for the Fe/SiO2/n-Si, Fe3O4/SiO2/n-Si and TiO2/SiO2/p-Si
structures are shown in Fig. 2, from which it can be seen
that an increase of the top layer resistivity leads to both an
increase of the photovoltage signal amplitude and a change
of the photoresponse signal shape. It is easy to see in Fig. 2
that the amplitude of the photoresponse pulses corresponds
to the LPE sensitivity in the investigated structures, that is,
it is determined by the value of the built-in potential.
Whereas an increase of the rise time and fall time in the
Fe3O4/SiO2/n-Si and TiO2/SiO2/p-Si structures is
associated with an increase of the multilayer system
resistance.

silicon near-surface layer and the silicon oxide layer. For
the Fe3O4/SiO2/n-Si structure, the active resistance of the
film in the transverse direction is successively added to the
above mentioned RC filter of the SiO2/Si interface. In the
case of a TiO2/SiO2/p-Si heterostructure, an
complementary RC filter of the film is added to the RC
filter of the SiO2/Si interface, which takes into account the
impedance characteristics of the TiO2 film.
Thus, the generality of studying the transition LPE in
structures with different conductivity of the top layer can
be achieved using the equivalent circuits of the hybrid
structure.
4. Conclusions
It was found that the slowing down of the
photoresponse process in the Fe3O4/SiO2/n-Si and
TiO2/SiO2/p-Si structures is associated with a change of the
RC characteristics of the electrical contact. From the point
of view of transient LPE, the most promising candidates for
LPE-based PSDs should be considered hybrid
Fe3O4/SiO2/n-Si structure with a semimetallic top layer,
which have the high LPE sensitivity and the relatively short
photoresponse time and relaxation time.
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Fig. 2. LPE photoresponse in the hybrid T/SiO2/Si (T = Fe, Fe3O4,
TiO2) structures.

In this work, the rise time is defined as the time required
to increase the photovoltage from 10% to 90% of the peak
photovoltage (Umax), and the fall time is defined as the time
required to reduce the photovoltage from 90% to 10% of
Umax. The rise time in the Fe3O4/SiO2/n-Si structure is 8 μs,
which is ~ 2 times longer than in the Fe/SiO2/n-Si structure,
where it is 3.9 μs, and ~ 7.6 times shorter than the rise time
in the TiO2/SiO2/p-Si structure. A significantly large
difference is observed for the fall time. From the analysis
of the falling edges of the photovoltage signal, the fall times
are 3.8, 53, and 240 μs in the structures Fe/SiO2/n-Si,
Fe3O4/SiO2/n-Si, and TiO2/SiO2/p-Si, respectively.
To explain the obtained results, we considered three
versions of the equivalent circuit for three types of the top
layer conductivity. For the Fe/SiO2/n-Si structure, the
transient characteristics will be determined only by the RC
filter, which consists of the distributed characteristics of the
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Abstract. In this work, we study the lateral photovoltaic effect in the TiO2/SiO2/p-Si structure. It was found a giant lateral photoeffect
was observed in the TiO2/SiO2/p-Si heterostructure due to the formation of high built-in barrier at the SiO2/p-Si interface (i=0.62 eV).
Optimum relationship of the LPE sensitivity and nonlinearity is 477 mV/mm and 9%, respectively. It was found that both the thickness
dependences of the sensitivity and the timing data of the photoresponse under pulsed illumination are associated with a change in the
parameters of the equivalent electrical circuit. The reason for the significant rise time and fall time is the impedance characteristics of
the TiO2/SiO2/p-Si structure in the near-contact region.

1. Introduction
The lateral photoelectric effect (LPE) is a characteristic
feature of semiconductor structures and serves as an
effective method for studying the properties of
nanomaterials and nanostructures [1]. It is known [1, 2] that
LPE occurs when a laser beam nonuniformly irradiates the
surface of a pn-junction or a heterojunction, and a large
number of electron-hole pairs are excited and then
separated by this pn junction in the illuminated region by
means of a built-in field. Thus, the difference in electrical
potentials is created due to the carrier concentration
gradient between the illuminated and non-illuminated
regions, which leads to lateral diffusion of nonequilibrium
photocarriers from the illuminated region to the contacts [2,
3]. Interest to this effect is due to the linear dependence of
the lateral photovoltage (LPV) on the laser spot position
between the electrodes, which can be used, for example, in
position-sensitive detectors (PSD) [1]. One of the ways to
improve the characteristics of LPE-based PSD, which are
the LPE sensitivity and LPE nonlinearity [1, 3] as well as
response times under pulsed illumination [4], is a select of
the top layer material with high resistivity [4, 7] and with
large work function [1, 3-5]. The large work function
provides significant band bending at the SiO2/Si interface
(preferably with inversion layer [4, 5]), and the low
conductivity shifts the optimal film thickness to the range
guarantying the formation of a homogeneous built-in
barrier [6, 7].
2. Experiment
TiO2 films were formed on the oxidized silicon surface
by the sol-gel method [8]. To measure the photovoltage,
aluminum contacts (21) mm with a distance of 2 mm
between them were deposited on the film surface.
Illumination was occurred by a He-Ne laser with
= 633 nm and with a radiation power incident on the
sample surface of 0.3 mW. The measurements of the
photovoltage dependences of U(x) and of U(t) were carried
out using a multimeter Keitly-2000 and an digital
oscilloscope AKIP-4115/5A, respectively.
3. Results and discussions
Previously, we studied the Fe/SiO2/n-Si [5] and
Fe3O4/SiO2/n-Si [9] structures, in which LPE was observed,

and an increase in the resistivity of the top layer led both to
an increase in the LPE sensitivity by 4.7 times and to a
decrease in nonlinearity from 6 to 5%. In both cases, there
was a dependence of the LPE parameters on the top layer
thickness. In this work, low-conductivity TiO2 films doped
with manganese [8] were chosen by us as the top layer
material that satisfies the above properties [1, 3, 7, 9].
The band diagrams were preliminarily constructed for
the TiO2/SiO2/Si structure. Taking into account that TiO2
films are a semi-insulator with a band gap of 3.1 eV and a
work function of 5.87 eV [10, 11], it was found that a large
built-in potential i=0.62 eV at the SiO2/p-Si interface is
formed in the TiO2/SiO2/p-Si heterostructure, whereas in
the TiO2/SiO2/n-Si structure i=0.16 eV. Thus, it was
found that high value of the LPE sensitivity should be
expected in the TiO2/SiO2/p-Si structure, in which an
inversion layer is formed at the SiO2/p-Si interface, as well
as in the structures previously investigated by us [5, 9].
The dependences of the lateral photovoltage on the laser
spot position in the TiO2/SiO2/p-Si structure at different
thicknesses of the top layer are linear these were
parameterized by the LPE sensitivity and the LPE
nonlinearity. The LPE characteristics in the TiO2/SiO2/p-Si
structure at different thicknesses of the top layer are
presented in Table. 1, from which it can be seen that the
optimal thickness of the top layer exists for the LPE
sensitivity, as well as for the previously studied structures
[5, 9], while the dependences of the LPE nonlinearity
decrease nonlinearly with an increase of the top layer
thickness.
Table I. LPE Parameters of Samples
Sample

NonDeposition Sensitivity,
linearity,
time, min
mV/mm
%

Rise
time,
s

Fall
time,
s

A

40

45

17.4

13

35

B

45

605

21

53

252

C

50

477

9

30

240

D

55

217

10

20

46

The maximum LPE sensitivity equal to 605 mV/mm is
achieved when a titanium dioxide film is deposited for
45 min (sample B). However, at this film thickness the LPE
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nonlinearity is 21%, which exceeds the threshold of 15%
[3]. Based on the requirements to the performance
characteristics for the PSD, in this case, sample C with the
LPE sensitivity of 477 mV/mm and nonlinearity of 9%
should be chosen as the optimal thickness.
Usually, the change in the dependence of the LPE
sensitivity on the top layer thickness is explained from two
points of view [6]. On the one hand, a decrease of the LPE
sensitivity in the range of small thicknesses is associated
with a film discontinuity and, accordingly, a decrease in the
height of the built-in barrier [7]. The LPE maximum is
achieved when the film becomes continuous, and the height
of the built-in barrier becomes homogeneous [7, 9]. On the
other hand, a decrease of the LPE sensitivity with a further
increase in the film thickness results in a decrease in its
resistance, which leads to short-circuiting of two measuring
electrodes. However, in the TiO2/SiO2/p-Si structure, the
resistance of a titanium oxide film is orders of magnitude
higher than the resistance of transition metal films [3, 5, 6];
therefore, a decrease in the LPE sensitivity with an increase
of the TiO2 film thickness, in our opinion, is due not to a
decrease of its resistance, but due to voltage losses at the
contacts because of high film resistance in the transverse
direction.
The high value of the LPE nonlinearity in the
TiO2/SiO2/p-Si heterostructure, in our opinion, is due to the
strong morphological roughness of the film since it is
known [12] the morphological roughness of TiO2 films can
reach 30-50% of the film thickness, and the nonlinear I–V
characteristic of heterostructure.
The time dependences of LPV at a pulsed illumination
were also investigated. It was noted that the photovoltage
signal in the TiO2/SiO2/p-Si structure is characterized not
only by a high pulse amplitude, corresponding to the LPE
sensitivity, but also by rather long rise time and fall time,
Table 1. In this work, the rise time is defined as the time
required to increase the photovoltage from 10% to 90% of
the peak photovoltage (Umax), and the fall time is defined as
the time required to reduce the photovoltage from 90% to
10% Umax.

As can see in Fig. 1, in contrast to conventional MOS
structures, in this case, in the transverse direction, a
complementary RC filter for the TiO2 film is added to the
RC filter of the SiO2/p-Si interface, taking into account its
impedance characteristics, which slow down the
photoresponse.
4. Conclusions
Thus, the choice of a semi-insulator as the top layer
allows us to conclude that lateral photoconductivity in the
TiO2/SiO2/p-Si heterostructure occurs along the inversion
layer and the near-contact regions, while the titanium
dioxide film serves only to generate a built-in potential at
the SiO2/p-Si interface. The LPE characteristics obtained
during the study of the TiO2/SiO2/p-Si structure make it
possible to consider this structure as a promising candidate
for optoelectronics.
References
[1] C. Hu, X. Wang, B. Song. Light: Science & Applications 9
(2020) 1-9.
[2] J.T. Wallmark. Proceedings of the IRE.45.4 (1957) 474-483.
[3] C. Yu, H. Wang. Sensors. 10.11 (2010) 10155-10180.
[4] X. Wang, B. Song, M. Huo, et.al. RSC Advances 5.80
(2015) 65048-65051.
[5] T.A. Pisarenko, V.V. Balashev, V.V. Korobtsov,
A.A. Dimitriev, V.A. Vikulov. Defect and Diffusion Forum
386 (2018) 137-142.
[6] X. Huang, C. Mei, J. Hu, D. Zheng, Z. Gan, P. Zhou,
H. Wang. IEEE Electron Device Letters 37 (2016) 10181021.
[7] S. Rahmatallahpur, M. Yegane. Physica B: Condensed
Matter 406.8 (2011) 1351-1356.
[8] D.P. Opra,
S.V. Gnedenkov,
S.L. Sinebryukhov,
A.B. Podgorbunsky, A.A. Sokolov, A.U. Ustinov, …
V.V. Zheleznov. Chemical Physics 538 (2020) 110864.
[9] T.A. Pisarenko,
V.V. Balashev,
V.A. Vikulov,
A.A. Dimitriev, V.V. Korobtsov. Physics of the Solid
State 60.7 (2018) 1316-1322.
[10] A. Kiejna, T. Pabisiak, S.W. Gao. Journal of Physics:
Condensed Matter 18.17 (2006) 4207.
[11] G. Xiong, R. Shao, T.C. Droubay, A.G. Joly, K.M. Beck,
S.A. Chambers,
W.P. Hess,
Advanced
Functional
Materials 17.13 (2007) 2133-2138.
[12] J. Lias,
S.A. Shahadan,
M.S.A. Rahim,
N. Nayan,
M.K. Ahmad, M.Z. Sahdan. Jurnal Teknologi. 78 (2016) 103.
[13] T.A. Pisarenko,
V.V. Korobtsov,
V.V. Balashev,
A.A. Dimitriev. Solid State Phenomena. – Trans Tech
Publications Ltd, 312 (2020) 92-97.

Fig. 1. Equivalent circuit of the lateral conductivity in the
TiO2/SiO2/p-Si structure.

Large value of time parameters in the TiO2/SiO2/p-Si
heterostructure, in comparison with the previously studied
structures [5, 13], can be explained on the basis of the
equivalent circuit, Fig. 1. Since the top layer in the
TiO2/SiO2/p-Si heterostructure is a semi-insulator, current
transfer through it does not occur, and this conduction
channel is shunted by the inversion layer and the transverse
conductivity in the near-contact region.
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Abstract. Here we present a combination of numerical and experimental methods to investigate the parameters of the photonic nanojets
generated by titanium dioxide truncated cones. The technological approach to create uniform ordered arrays of the microparticles was
successfully developed. Depending on the microparticle spatial ordering and propagating media the effective length of the photonic
nanojet can reach from 4 to 8λ. It was found that the sensitive layer (chitosan polymer/luminescent dye) shows up to 3.5-fold
photoluminescence enhancement under photonic nanojets excitation. The abovementioned parameters of the photonic nanojets provide
promising results in the field of optical sensorics both in gaseous and aqueous media.

1. Introduction
At present, the photonic nanojet (PNJ) effect is
considered as an alternative to plasmon structures for
transmitting light at the nanoscale, that is the basis for
creating new fully optical computing devices [1, 2]. The
possibility of overcoming the diffraction limit causes the
development of additional fields of PJ application to create
systems of high-resolution optical microscopy (so-called
nanoscopy [3]), submicron optical waveguides [4], and
optical integrated circuits [5], as well as various kinds of
sensor systems [6-8].
In turn, the strong dependence of the PNJ cross-section,
effective length, and maximum intensity on the geometry
and material of the microparticle, the refractive index of the
environment, the wavelength, and the polarization of the
exciting radiation, requires choosing the optimal kind of
particle for specific tasks. Many theoretical studies of the
photonic nanojets are carried out for optical contrast values
(the ratio of the refractive indices of a parental
microstructure and the environment) that are difficult to
achieve in practice, and particles of complex geometry, for
example, combinations of several cylinders separated by
hemispheres. Obviously, for all the advantages of photonic
nanojets formed by such structures, the experimental
implementation of even one of them is an extremely
difficult task, and creating an array is practically
impossible.
In this regard, our work was aimed on the one hand to
accurate numerical simulations of PNJ parameters varying
the parental microstructure geometry. And, on the other
hand, we did develop a technology to obtain the photonic
nanojet generating titanium dioxide microparticles ordered
in arrays using generally available methods and standard
technological approaches of silicon microelectronics.
2. Numerical simulations and experimental technique
The interaction of incident radiation (λ = 0.535 μm)
with TiO2 (refractive index (RI) is 2.445) microparticles
was simulated by the finite-difference in the time domain
method. The intensity of the plane monochromatic
radiation source was 1 a.u. The size of the uniform cell was
1 nm3. The boundary conditions were set as a perfectly
matched layer in all x, y, and z dimensions for the case of
one microparticle, while for the ordered particle array the
boundary conditions were periodic (x, y axes) and perfectly
matched layer (z, that is light propagation direction). The

modeling was performed for truncated cones with a base
diameter D equal to 2 μm, height h = 0.65 μm, and base
angle α 60°. The PNJ propagation media was the air with
RI=1 or optically active layer with a RI=1.545 (chitosan
polymer at 40% relative humidity).
The ordered arrays of titania truncated cones were
obtained by the following steps: (I) An electronic resist
layer (2 mass % of polymethyl methacrylate (PMMA) in
chloroform) was spin-coated on the preliminarily prepared
glass substrate. (II) The PMMA coating was further
annealed in a muffle furnace at 120 °C for three hours.
(III) Writing of microparticle array templates by electron
beam lithography. (IV) After writing, the templates were
developed in an isopropyl alcohol/water solution (9:1) to
etch the resist. (V) Vacuum deposition of titanium dioxide
at a rate of 0.01 Å/s. (VI) After deposition, the sample was
washed with acetone in an ultrasonic bath for a minute to
completely remove the PMMA film. (VII) Covering of
fabricated structures by sensitive layer via spin-coating of
chitosan polymer/dye solution. The Nile red or rhodamine
6G dyes were used depending on the analyte type during
sensor response studies. The technique developed allows
creation of ordered arrays of microparticles placed in the
corners of the squares or hexagons with a period (a distance
between the microparticles) of 2.5 or 4 µm. The square area
of each array was 200x200 µm.
The images of the titania truncated cone ordered arrays
were obtained by scanning electron microscopy (SEM). We
directly observed the photonic nanojets using a home-built
experimental setup described in detail in [9]. The sample is
illuminated (λ = 532 nm) from the bottom side, while the
images of the PNJs were captured by the CCD device via
scanning in a plane perpendicular to the Z-axis with a step
of 0.1 or 0.2 μm for air and sensitive layer covering the
arrays, respectively. The optical signal from the sample is
collimated by a 0.9 NA microscope lens and then split for
two equal paths. One path was directed to the CCD camera,
and the other part went to a fiber-optic spectrometer with a
fiber input adjusted to the center of the image.
3. Results and discussions
Numerical simulations show that in the air single titania
truncated cone demonstrates two light localization maxima
inside the microparticle (Fig. 1a). Outside the
microstructure, low intensity photonic nanojet decays fast
and becomes undistinguishable at 2.5 μm apart from the
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Fig. 2. SEM images of the TiO2 microparticles ordered in squares
(a) and hexagons (d). As well as the images of PNJs obtained by
direct experimental observations: at the maximum of PNJ
intensity (b and e); enhancement of the photoluminescence of the
sensitive layer (c and f) for square and hexagonal packaging
respectively. The sensitive layer is chitosan containing rhodamine
6G. The scale bar on SEM images is 10 µm, all images are on the
same scale.
Fig. 1. Numerically simulated profile of PNJ generated by single
TiO2 microparticle propagating in air (a) and dry chitosan (b).
White solid lines are calculated intensity distribution along Zaxis; salmon solid lines correspond the data obtained
experimentally. White dashed line shows the position of the TiO2
truncated cone.

surface. In its turn, in a dry chitosan film PNJ propagates
up to 4 μm from the parental truncated cone. (Fig. 1b). In
addition, the intensity of the photonic nanojet in its
maximum in the chitosan polymer is 5-times higher
compared with the air environment.
For the arrays of microparticles, the constructive
interference of light beams diffracted by the neighboring
particles was observed. In the case of the dense square
packing of truncated cones (the period is 2.5 μm), the
effective length of the PNJ can reach up to 10 μm. Further
increase of the period to 4 μm leads to PNJ characteristics
similar to the single microparticle (Fig. 2a). On the other
hand, hexagonal ordering with the period 2.5 μm leads to
the quenching of the PNJ at 3.5 μm apart from the cone
surface (Fig. 2b).
One can note that the characteristics of the PNJs
obtained by direct experimental observations are in good
agreement with the numerical simulations. This fact
indicates that the technology developed is effective for the
formation of the arrays of microparticles generating the
photonic nanojets with the required parameters.
It is important to add that up to a 3.5-fold increase in
photoluminescence intensity of the active layer (chitosan
polymer with rhodamine 6G or Nile red dyes) was observed
under PNJ excitation compared with the reference area (i.e.,
the area without the TiO2 microstructures). In addition,
preliminary studies of the possibility of sensor response
enhancement of the sensitive layer via PNJ excitation have
been conducted. It was obtained that square packed arrays
of titanium dioxide truncated cones exhibit the sensor
response to ethanol vapors with an estimated limit of
detection (LOD) equal to 0.04 ppm. That is more than an
order of magnitude lower than the LOD for freepropagating light excitation (0.6 ppm). As to the metal ion
presence the studies in swollen chitosan media has shown
0.1 ppm LOD compared with 1 ppm from the reference
area.

The obtained results confirmed the perspectivity of the
chosen approach to excite the sensitive layer by PNJs to
increase its sensor performance.
4. Conclusions
The parameters of the photonic nanojets generated by
TiO2 truncated cones had been characterized by numerical
simulation, followed by direct experimental observations.
The technology based on the common approaches of silicon
microelectronics to obtain uniform microparticle arrays
different spatial symmetry was developed. Photonic
nanojets generated by titania truncated cones demonstrate
3.5-fold enhancement of the photoluminescence of the
sensitive layer, and high sensor response.
Acknowledgements
This work was financially supported by the Russian
Science Foundation (project 20-72-00066).
References
[1] D. K. Gramotnev and S. I. Bozhevolnyi. Nat. Photonicics 4
(2010) 83.
[2] B. Born et al. Nat. Commun. 6 (2015) 8097.
[3] H. Yang et al. Nano Lett.16 (2016) 4862.
[4] S. Yang and V. N. Astratov, Appl. Phys. Lett. 92 (2008)
261111.
[5] Luk’yanchuk B.S. et al. Opt. Mat. Exp. 7 (2017) 1820.
[6] Y.-C. Li. Light: Sci. Appl. 5 (2016) e16176.
[7] Ghenuche P. App. Phys. Let. 105 (2014) 131102.
[8] H. Yang et al. Nano Lett. 15 (2015) 1730–1735.
[9] K.A. Sergeeva et al. Sens. and Actuat. B: Chem. 305 (2020)
127354.

380

Sixth Asian School-Conference on Physics and
Technology of Nanostructured Materials
Vladivostok, Russia, 25 – 29 April, 2022

VI.p.08

Facile fabrication of a TiO2 NW-based glucose sensor by
direct ink writing
A. Tarasov*,1, S. Dubkov1, D. Gromov1, R.M. Ryazanov2, L. Volkova3
National Research University of Electronic Technology “MIET”, 124498 Moscow, Russia
Scientific-Manufacturing Complex «Technological Centre», 124498 Moscow, Russia
3 Institute of Nanotechnology of Microelectronics of the Russian Academy of Sciences, 119991 Moscow, Russia,
1
2

*e-mail: bloggger4@gmail.com
Abstract. This paper presents the results on the synthesis of titanium dioxide nanowires and the formation of sensitive elements of
glucose biosensors on their basis by direct ink writing (DIW). Nanowires were synthesized by the hydrothermal method in an alkali
solution. Results were obtained on the morphology of nanowires at different temperatures and times of synthesis. The effect of thermal
treatment on the crystal structure of TiO2 nanowires was also studied. Printing ink was prepared on the basis of suspensions of various
compositions. The resulting structures showed sensitivity to a glucose solution at a micromolar concentration.

1. Introduction
Currently, biosensors are an attractive object of study
due to their high sensitivity and high detection rate of
substances with low concentrations. The structure of a
biosensor based on the measurement of the current-voltage
characteristic can detect many organic substances such as
antibodies, dyes, etc. One-dimensional semiconductor
materials are used as a sensitive element in such sensors.
[1]. The use of one-dimensional nanoobjects opens up new
possibilities for creating biosensors with a lower sensitivity
threshold. However, such biosensors are disposable, since
cleaning the sensitive element of the sensor is practically
impossible. The solution to this problem can be the use of
TiO2 nanowires as a sensitive element of a biosensor [2].
TiO2 is a material with photocatalytic properties that allow
surface cleaning under ultraviolet light. In nanowires, in
comparison with films, there is no depletion and
accumulation of charge carriers on the surface and in the
bulk of the structure, which contributes to the detection of
a small amount of a substance. One of the promising
methods for forming sensitive elements of a sensor is
robocasting, which makes it possible to form structures
directly from suspensions.
2. Experiment
Synthesis of nanowires.
Titanium dioxide nanowires were obtained using the
hydrothermal synthesis method. For synthesis, 0.3 g of
commercial TiO2 powder (Degussa P25) and 50 mL of 10
M NaOH aqueous solution were putted into a Teflon-lined
stainless autoclave. Fill factor 1/2. Then the autoclave was
heated in a muffle furnace and kept for a specified time.
The autoclave together with the muffle furnace was cooled
down to room temperature. After synthesis, the nanowires
were washed in a 0.1 M HCl solution to neutralize alkali
residues and Na ions. Then it is necessary to remove the
remaining acid by washing in deionized water with
constant stirring and heating. The nanofilaments were
filtered and added to water again. Washing was carried out
up to normal pH = 7. Then, the nanowires were dried at
100 °C in air.
At the beginning, the dependence of the morphology of
nanowires was studied at different synthesis times. The
synthesis temperature was constant and amounted to
250 °C. Synthesis time 3, 6, 9 and 12 hours. Then, the

dependence of the synthesis temperature on the nanowire
morphology was studied. The synthesis was carried out for
12 hours at temperatures of 150 and 200 °C.
Annealing of nanowires.
To study the effect of thermal post-treatment on the
crystal structure of titanium dioxide nanowires, annealing
was carried out. Annealing was carried out in air for 4 hours
at temperatures of 500, 700, and 900 °C.
Ink preparation.
For the formation of sensitive elements of the glucose
sensor by direct printing, two inks were prepared. The first
option was based on an aqueous suspension. 20 mg of TiO2
nanowires were added to 20 ml of deionized water, and
ultrasonic treatment was carried out. The second version of
the ink was based on an aqueous solution of polyvinyl
alcohol (PVA). PVA (20 g) was added to 20 ml of
deionized water, stirred until complete dissolution, 20 mg
of TiO2 nanowires were added, and the ink was sonicated.
Drawing contacts.
Silicon with an oxide layer 100 nm thick was used as a
substrate for the glucose sensor. It was deposited with gold
contacts 100 nm thick with a step of 5 mm using vacuumtremic evaporation.
Printing of sensitive elements of sensors.
The formation of sensitive elements of the sensor by the
DIW method was carried out on a modified 3D printer with
a specially designed print head, inside which a syringe with
ink is fixed. Nozzle diameter 0.4 mm, heated table
temperature 100°С. When using inks with polymer,
subsequent heat treatment is necessary to burn out the
polymer. Burning was carried out in air at a temperature of
600 °C for 10 minutes.
Measurement of the current-voltage characteristic.
The study of the sensory properties of titanium dioxide
nanowires was carried out by measuring the currentvoltage characteristics of the sensitive layer coated with 10
μl of 5, 10, and 100 μM glucose solution. An Agilent
e3647a power supply, a Keithley 6485 picoampimeter, a
Keithley 2700 multimeter, and a probe station were used
for measurements.
3. Results and discussions
The obtained nanowires were studied by SEM. After
three hours of synthesis, single nanowires formations and
large agglomerates are observed. As the synthesis time
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increases, the number of agglomerates decreases.
Minimum number of agglomerates is observed after 12
hours of synthesis (Fig. 1). The average length of the
nanowires was 6, 7 and 8 μm for 6, 9, and 12 hours of
synthesis, respectively. Therefore, a 12-hour synthesis was
chosen as the most optimal one.

4. Conclusions
In this work, a facile synthesis of TiO2 nanowires was
demonstrated. The average length of nanowires was 6, 7
and 8 μm for 6, 9 and 12 hours of synthesis for 250 °C. The
dependences of the crystal structure on the annealing
temperature were obtained. Anatase is formed after
annealing at 500 °C, a mixture of rutile anatase at 700 °C
and rutile at 900 °C. The obtained ink showed that viscosity
is an important parameter for DIW printing. This was
demonstrated using two suspensions as an example. A more
viscous PVA aqueous solution showed better layer
morphology. Based on such ink, a glucose sensor was
created. The sensor showed sensitivity to micromolar
concentrations of glucose solution.
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Fig. 1. SEM images of nanowires after (а) 3, (b) 6, (c) 9 and (d)
12 hours synthesis at 250 °C.

After that, the temperature dependence of synthesis of
nanowires was studied. At 150 °C, no growth of nanowires
is observed. At 200 °C, the average length of nanowires
was 4 μm, which is two times less than in synthesis at
250 °C. Therefore, a synthesis mode of 250 °C and 12
hours was chosen.
At 500 °C annealing, mainly anatase and TiO2-B peaks
are observed. After annealing at 700 °C, peaks
characteristic of rutile appears. Rutile peaks dominate after
annealing at 900 °C. It is believed that the highest catalytic
activity is observed in samples that are an anatase-rutile
mixture. Therefore, annealing at 700 °C was chosen for
further work.
When printing with water-based ink, a non-continuous
layer is formed. This can be explained by the low viscosity
of such inks. The use of ink based on PVA water solution
gives the best result.
After annealing, only nanowires remain on the silicon
wafer surface. These nanofilaments have a preferred
direction. The direction is the same as the movement of the
print head. This effect can affect the sensitivity of the
sensor.
The obtained current-voltage characteristics (Fig. 2)
demonstrate the sensitivity of the sensor to low
concentrations of glucose. With an increase in glucose
concentration, the conductivity of the sensitive layer
increases.

[1] F. Patolsky, G. Zheng, C. M. Lieber. Nanowire-based
biosensors. 78(2006)4260.
[2] H. Jeong, J. Yoo, S. Park, J. Lu, J. Lee. Biosensors.
11(2021) 149.

Fig. 2. Volt-ampere characteristic as a function of glucose
concentration.
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For anodizing n-type silicon wafers, regardless of its
electrical conductivity, it is necessary to ensure the
generation of holes, which are minority carriers. This can
be done in two ways [1]: (1) by applying a critical electric
field to effect electrical breakdown, and (2) by illuminating
with radiation sufficient to generate holes due to the
photoelectric effect. It is known that IR illumination from
the reverse side of the substrate provides the generation of
electron-hole phases, their separation, and the diffusion of
holes to the front side of the substrate, which is under the
action of a negative potential, which leads to the formation
of macroporous structures during anodization [1,2].
However, under conditions of illumination from the front
side of the silicon substrate [3], depending on the
parameters of anodization and the degree of its doping, the
formation of a two-layer structure was observed, consisting
of a thin nanoporous layer and a thicker macroporous layer.
However, complex studies of anodization in silicon with a
built-in p-n junction, to our knowledge, have not been
previously carried out.
In this work, the formation of a porous layer in a thin ntype layer epitaxially grown on p-type silicon at two
anodizing current densities and different anodizing currents
is studied and a comparison is made of transverse
cleavages, surface morphology, reflection spectra, and
photoluminescence spectra.

Fig. 1. SEM image of the morphology of sample #2_6 anodized at
10 mA/cm2 and 25 min. The upper left inset shows an enlarged
image of the red rectangle. The upper right insert shows crosssection SEM image. The bottom left insert shows PL spectrum at
room temperature.

For anodizing, single-crystal silicon Si(100) wafers of
p-type conductivity with an epitaxial layer of n-type
conductivity were used. Layers of porous silicon (PS) were
formed at two anodizing current densities (10 and 20
mA/cm2) and etching durations from 10 to 30 minutes, as
well as using illumination with a 150 W tungsten lamp

during the anodizing process. After washing in deionized
water and drying in a flow of dry nitrogen, the samples
were
examined
by
optical
reflectance
and
photoluminescent (PL) spectroscopy, as well as by
scanning electron microscopy (SEM).
When anodizing with a current density of 10 mA/cm 2
for up to 15 minutes, the formation of a relatively
homogeneous PS layer with a low density of punctures is
observed, which has a high PL intensity at a laser
wavelength =405 nm and a very low one at =532 nm.
This indicates its high porosity [3] and the generation of the
PL signal only in a thin PS layer. With an increase in the
duration of etching to 25 minutes, a network surface
structure is formed (Fig. 1), which grows deeper into a treelike structure (Fig. 1, upper right inset) with a thickness of
about 5.24 µm. The high PL intensity at =405 nm (Fig. 1,
bottom left inset) quickly drops to almost zero at =532 nm,
which confirms the localization of PL in a thin PS surface
layer (Fig. 1, upper right inset). An increase in the etching
time to 30 minutes led to an increase in the PS thickness to
7.2 μm. At the same time, a relatively smooth layer up to 2
µm thick, but with microcracks and punctures, is observed
on the surface, which then passes into a tree-like structure.
The PL spectra at 405 nm and 532 nm also confirmed the
localization of the PL signal in the thin upper PS layer.
Registration of reflectance spectra in the UV-VIS range
showed that in layers with a tree-like structure, a sharp
decrease in reflection is observed over the entire range,
which indicates an increase in irretrievable light losses in
such layers. The latter are associated with the loss of PL
intensity upon localization of light (532 nm) in them.
An increase in the anodization current density to 20
mA/cm2 led to the formation of a two-layer PS structure,
which includes a thin homogeneous PS layer and then a
tree-like structure. The thickness of the entire PS layer
increased with the etching time (10, 15, 30 min) from 4.5
µm to 17.4 µm. The position of the maximum in the PL
spectrum practically did not depend on the etching time,
and the intensity of the PL peak decreased with increasing
etching time, which is confirmed by a decrease in the PL
intensity upon going from =405 nm to =532 nm and PL
localization mainly in the upper PS layer, but with variable
porosity. It turned out to be maximum for the minimum
etching time.
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