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NTEGRA PRIMA KEY FEATURES

VERSATILE TOOL FOR SCANNING PROBE MICROSCOPY

NTEGRA Prima integrates more than 40 techniques commonly used in Scanning
Probe Microscopy (SPM), spectroscopy and lithography. Consequently, NTEGRA
Prima is an ideal SPM tool for thoroughly investigating the physical and chemical
properties of samples with the highest possible precision and performing
high-resolution scans.

SIMULTANEOUS OPTICAL CONTROL AND SCALABLE POSSIBILITIES

An integrated optical viewing system with a resolution of up to 1 ym allows targeting
the tip and controlling the measurement process in real time. The NTEGRA Prima
system supports all types of scanning required for various samples. It can be used
for scanning by sample, by probe or simultaneously by both methods. This also
increases the scanning range to up to 200 pm in the XY plane and up to 20 pm
along the Z axis.

PRECISE AND ACCURATE

NTEGRA Prima has built-in closed-loop capacitive sensors for all axes (X, Y, Z).
These sensors measure the actual scanner displacement and compensate for
parasitic piezoceramics properties including non-linearity, hysteresis and creep
with extremely low noise level. This enables closed—loop control on the small
fields — just what you need for precise lithography with perfect and accurate
linearity.

MODULAR DESIGN
The NTEGRA Nanolab is designed with an open hardware and software architecture.
This allows various compatible assemblies and components to be used in the
instrument using a simple plug&play method. Due to the modular organization,
the specialization of the basic atomic force microscope can be easily changed
or expanded. This design provides the unique ability to configure the instrument
for specific applications and specific research techniques.

LARGE SELECTION OF OPTIONAL FEATURES

Thanks to its open architecture, the functionality of the NTEGRA Prima
can be significantly expanded. The modular design allows the system
to be supplemented with external magnetic field measurements, sample
temperature experiments, near—field optical microscopy,

Raman spectroscopy, and many other options.
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APPLICATIONS

Materials science: electrical, magnetic
and mechanical properties; polymers
and thin organic films; biology/
biotechnology; nanomaterials/
nanostructures; nanomachining/
nanomanipulation
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Nano- and microparticulation for remote controlled drug
delivery systems
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Abstract. The paper reviews the most recent advances in elaboration variousanidnoanoparticles particles and ultrafilm coatings
for controlled drug delivery and cell stimulation. Especial attention is given to exploration of remote physidatstguide and
activate biological function. These physical stimuli appropriate for remote drug delivery are magnetic field, ultraduuenat lige
delivery systems should contain nanostructures susceptible to these signal. We focus on two desetefewant to use
polyelectrolytes capsules with carbon nanoparticles as method for cell tracking and coating of medical devices witlugtigiahske
coating. Perspectives are limitations are discussed.

1 Introduction precipi_tate insigje vv_ells upon drying. Sealing results on

: formation of microsized aibubble what can keep water

One of thechallengesn the honanotechnology field spjuble molecules inside the chamber until it released upon

today is development of micro or nased delivery remote signalling via ultrasound or glit. Such
systems comprising different functionalitigsresumably mjcrochamber film can be deposited on various medical
for local sensing, tracking and medical cargo deliveryevices including catheters, stents and implants. Thus, once
These systems should be able to ship and to carry bioac{ie medical device coated with microchamber film with
substaces to prelefined site and unload it in designedryg is placed in the body the release can be stimulated by
time and place predominantly with remote physicgjtrasound. Exanips are given on in vivo studies and
signalling. For decade, so called Layey-Layer (LbL) clinjcal trials. Also, these microchambers can be separated
assembled capsules have been intensively studied owingde, the film onto individual polymer printed capsules
their ability to encapsulate a wide rargfechemicals from made of hydrophobic polymemnd can be of different
complex biomacromolecules and for their permeability ¥hapes [1,2]These capsules have the same advastay
be modified and their responsiveness to different fact@gsm of encapsulation capacity as microchambers in
and functionalities to be tailored in one capsule entityarticular small molecules entrapment, stimulating release
Current research leads to the fabrication of carriers wWgRg possibilities for cell uptake.
remote guiding and activation by optical, magnetic and Ejaporation of microchamber coating as well as other
ultrasound addressing, what envisages unique applicatigag, developments in micr@nd nanostructured mais

as multifunctional biomaterials, including intracellulapn surface found clinical application, which are now under
entering and irvivo delivery with remote controlled cjinical trials.

release of (bierhemicals cargoWhile LbL capsules )

gained a tremendous attention due to their flexibility to addExperiment

extra functionality by incorporation of responsive polymedexperimental details are given in referenced works][3
and/or nanopatrticles. In general, there are limitation f rResuItS and discussions
LbL capsule application relevant to relatively low™

scalability and problematic large scale manufacturin®.1. Photoconvertible capsules

Neverthel_ess, these capsules find a good perspectives ifbpotoconvertible labels for cell trackingrea key

cells studies. Here, we report on novel developments of Usgyroaches for solving complicated medical and biological
ofcarpon nanoparticles incorporated in capsules and en%m?olems (e.g., studying metastatic, embryogenesis, and
to swnqh capsuk_a fluprescence whileese capsules ar€issue regeneration processes). Currently, photoconvertible
internalized by biological cells. Up to now there varioys,emprane dyes and proteins are used for this purpose, but
cells lines ranging from macrophages and cancerous cg{{gy usually havedisadvantages such as low stability,

to fibroblasts and neuron capable to internalize Capswe?éﬁuirement for genetic modification, etée explore

few micron sized. o photoswithable labels based on capsules over tracking of
Another development the pageghlightsis relevant to mesenchymal stems cells

the areaof elaboration ofdefined polymer structures on  The markers wereobtained from polyelectrolyte
pz_:ltterned surfaces. Polymer layers can be deposition %ferocapsules using hydrothermal neiyesis for the
widely used PDMS stamps forming, so calledycapsulation of Rhodamine B and the formation of carbon
microchamber arrays enabled to accommodate variQygctures serving as catalysts for conversion in the
biologically active moleculesThese chambers can b&ansyles. The photoconvertible effect and spectral shifts
sealed over with another thin made of polymeric layers re shown using confocal microscofigure 1 The
resulted structure is pulled off to form free standingsiake of markers io cells demonstrated no effect on

microchambers. Entrapment of water soluble mc_"““'@ﬁotoxicity, morphology, proliferation and motility of
into sealed chambers is performed by hydrophobic layggs.

such as plylactic acid and water soluble molecule make
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554 nm

(Cefazolin) and/or immunsuppressor (prednisolone and
its derivatives) drugs paved a way to clinical trials to treat
diseases such as connective tissue growing reduction via
the local suppression of inflammatory after balloon
dilatation of urethral catheter with ultrasound induced
release; prolonged {8 month) release oprednisolone
from the surface of the biliary stent to minimize biliary and
pancreatic stenting complications (restenosis due to
overgrowth of connective tissue); prolonged release of
cefazolin from 3D printed
surface to preventhé risk of possurgery implant
associated infectior{s].

>, DS, RhB
St 4 g
ol UP

Fig. 1. Photoconversion of rhodamine containing capsules
presence of carbon nanoparticles as dome in Demina edal [
Labelling and tracking of indidual cells using cianine dyé&].

The photoconversion efficiency of the synthesize
markers depends on the irradiation wavelength, laser poy
density, and time of exposure and was associated with Igﬂge 2. PLACEtechnology with two different model drug (as dyes)

hypochromic shift of the fluorescence peak (up 1045  gnapjing sequential release of two componesis [
nm). These markers are actively internalized by various

types of cells (mesenchymal stromal cells, macrophages,At present, the developed dretuting coatings fulfils a
myoblasts, etc.) without causing pronounced effects oanmber of unique clicial demands such as fully optimized
toxicity, morphology, and mobile properties. Théo coating various medical devices, able to incorporate wide
photoconversion of markers inside Isetlid not lead to r ange of medi cal reageeases Wi
death. Cells usually captured several capsules, which mkihetics what is achived by layered deposition. Competitive

it possible to assign each marked cell to its own individuadivantages are: adopted for encapsulatf@vailable drug

color code and reliably identify each of them over timérms, used FDA approved polymers, scalable
Capsules are limited in their exchange between cells andnufacturing (including additive technologies as 3D
principal of cell tracking might be used on different dyes asint), high payload capabilities (drug to polymer ratio is

well []. The listed properties, as well as the high stabilityp to 10:1), sensitive to external stimulation for triggered
provided the opportunity to detect a selected and labetdg release on damt demand

cell in monolayers, spheroids, and tissues after cgll

. Conclusions
transplantation overfv days or weeks.

As discussed above, the modern methods of maord

3.2. Drug eluting microstructural coating of implantable nanofabrication can enhance their use in drug delivery and
medical devises tracking and sensing biologically important materials.

Drug-eluting coatings on implantable medical deviceslthough we consider here two different more recent
with programmed release of various medical componemggplicatiors. Carbon nanoparticles used for photochemical
on demand is an actual task for modern developmentreéctions on dye contribute to cell tracking analysis. In this
peronalized medicine. Despite of significant progress application there is no need for high production of capsules
that area there is still limited number of currently existings one would not need millions of capsules. While
methods of producing coatingsvhich go beyond the application for coating medical dees does need
laboratory towards clinical trials. Mainly, the problems iscalability and automation at production. Currently, there is
medical exploitation of drugluting coatings are relevantan intensive research for neural cell stimulation via piezo
with encapsulation efficiency and proper retention of drignd magnetoelectric nanoparticles, where high production
in biodegradable polymer coating, programming releagad not necessary. Thus, balance of envisaged use and
and appropriate scaling up facilities. scalablity is essential to consider while tackling new

We have elaborated film fabrication and on implarftorizons in particulation for biomedical use.
deposition methods tencapsulate and retain Variouicknowle daements
bioactive compounds with small molecular weight and high ) 9 ) ) )
water solubility. The polymer used for this coating are Russian Science Foundation grant-62500019 is
PLA, PLGA, PCL with approval for medical use. Releas@knowledged for support this work
of these components can be defined_ as polymer degradafi@ferences
or, if needed can be triggered on site by ultrasound. Lo[ziéi V. Kudr avt?eva, GB{ SukhorukovAdv. Mater.2024,
of active componentcanreach20® 0 Og/ ¢ m2 bag7e7EP T an
surface with retention in body up to several weeks. The $§ o A. Sindeeva, Z.V. Kozyreva, A.S. AbdurashitovBG.
called PLACE (Printed Layered Adjustable Cargo  sukhorukovAdvances in Colloid and Interface Science
Encapsulation) technology is scdlaland can be applied 340(2025) 103462
for coating implants with complexed shape witf8] P.A. Demina, O.A. Sindeeva, A.M. Abramova, E.S.
programmed release of druffs]. At present, successful Prikhozhdenko, R.A. Verkhovskii, E.V. Lengert, A. V.

preclinical studies on deposition and release of antibacterial Sapelkin, 1.Y. Goryachevai.B. Sukhorukov. ACS Appl.
Mater. Interface43(2021) 19701
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[4] Z.V.Kozyreva, P.A. Demina, O.l. Gusliakova, G.B.

Sukhorukov. O.A. Sindeeva. J. Mater. Chem1B(2024)
12672

[5] P.l. Proshin, A.S. Abdurashitov, O.A. Sindeeva, A.A.
Ivanova, G.BSukhorukov. Polymer$4(20)(2022) 4318
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Non-hermitian singularities in all-dielectric metastructures:
from bound states in the continuum to exceptional points
and bulk fermi arcs

Bogdanov A.A.%?

1 Qingdao Innovation and Development Center, Harbin Engineering University, Qingdao, 266000, China
2 School of Physics and Engineering, ITMO University, Saint-Petersburg 197101, Russia

Non-Hermitian singularitie$ exceptional points (EPs), Short bio
bulk Fermi arcs, Rayleigh anomalies, and bostades in
the continuum (BICs) exhibit unique wave phenomena
with transformative potential in photonics [1,2]. While EPs
enable extreme sensitivity, Fermi arcs bridge Hermitian
and norHermitian topology, and BICs offer infinite
radiative quality factors Here, we theoretically and
experimentally investigate these singularities within
isolated dielectric and periodic  metastructures.
Specifically, we predict exceptional BIC (ERC) states in
vertically  coupled dielectric  metasurfaces  [3],
experimentally émonstrate bulk Fermi arcs in single
dielectric resonators [4], and explore the previously
unstudied link between EPs and anapole states [5].
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Research progress on Ba-Si compound thin films for
energy applications
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Abstract. SemiconductinddaSkt and BaAgSis are promising as thin film solar cells and thermoeleefpjglicationsrespectivelyFor
BaSk, the photoresponsivityhas been used as a key measeauseét is proportional of carrier lifetime in materials. We will show
that the photorespsivity has been improved by more than 200 times for the past five yeaddition, ghin-film solar cell structure
consisting of an electron transport layer and a hole transport layer is pregentedBaAgSis, the first demonstration of epitaxial
thin-film growth on Si(111), evaluation of thermoelectric properties, and investigation of preferential occupation site by argurit
presented.

Semiconducting Bagiand BaAgSiz are both Zintl same value as BaSiill be presented and the progress of
phasebs? and expected to be used as #film solarcell® the research will be dissged.
andthermoelectrig(TE) materials;® respectively. In this
paper, the progress of the research in emecherial is
presented.

BaSk is an indirectbandgapsemiconductor with a
forbidden bandwidth of about 1.3 eV, and has a large
optical absorptin  coef fi ci ent“ceikateedi
energies higher than 1.5 éMn a unit cell, BaSicontains
Si tetrahedra as shown in Fig. Both Ba and Si are
abundant elements. Solar cells are being considered as an
application of this material. In 2016, wehdeved an energy
conversion efficiency approaching 10% in -8@aSk/n-Si
heterojunction solar cellsing BaSi epitaxial films grown
by molecular beam epitaxy (MBEY! Since then, we have
been working on improving the quality of Ba$lm as a Fig. 1. Crystal structure of BaSi
light atsorbing layer using spectral sensitivity as an —r
evaluation index. Compared with the photocurrent densﬂyr | Vbas= 0.1V Cdoping
obtained when a bias voltage (0.1 V) is applied to thezBané A
film in the direction directly across the film, we have
achieved an improvement of about020mes in thepast
yearsas shown in Fig. 2. This is due to our improved =
understanding of the recombination centers of carriersg 10} ogene +i‘;’ﬂgmg -
formed in the forbidden band, which we have been workingS S-stepgrowth
to avoid. Our understanding of the defect species in theg
sample haglso advanced, and by considering the oxygeng
contained in the film, we have reached the stage where th&

Hsupply +B-doping O

mANY

Hesupply . Postanneallng 1

VAsdoplng

Under Sirich conditions

experimental results obtained by the electron sping 1F Understmchlometna:ondltlons 3
resonance method can be explained by -firsiciples T E m Under Barich conditions ]
calculations, including the defect structii*é? and both I R
theoretical and experimental research on Balsas 2016 2017 2018 2019 2020 2021
advanced dramaticallyln the sputtering method, the Year

oxygen concentration in BaSiilms is high (>16°cni®),  Fig 2. Improvement in photocurrent density of BaSims
and postannealing at high temperatures above the glagfculated byintegrating the product of the AM1.5 spectrum and
softening point is neceary to control the conduction typethe external quanturrefficiency spectrum derived from the
by impurity doping®. Therefore, we have determined thathotoresponse spectrum whetbias voltage of 0.1V is applied
a device structure in which an undoped Béfhin with between surface (ITO) and rear (Al) electrodles.

high spectral sensitivity is sandwiched between an electron
transport laye(ETL) and a hole transport layéHTL) to
separate photogenerated carriers is effeéfiveQuite
recently, we have achieved high photoresponsivity of Ba
films on glass substrat®.The small electron affinity of 3.2
eV for BaSi makes it a candidate for many ELT materials
On the oher handijt seems uneasy tiind suitable HTL
materiasfor BaSk due to the small ionization potent{#P)
of BaSi at 4.5 eV Several materials witlPs of almost the

Ba,AgSiz is also a Zintl phase with the formal charges

Ba*, Agh, and [Si]*® in the BaAg-Si systent'® and

§rystallzes with space group Bfidd (No. 70). Its lattice

2onstant isa = 1.479 nmp = 0.853 nm, and = 1.961 nm.

The compound is described aBagAgSis)is. Figure 3
shows the crystal strucutre of BaySis, whereinSi forms

a hexagon and is in the sam plane as Ag. In the-axis

direction, the Ag/Si and Ba g@hes are stacked alternately

and equally spaced. Reports on the TE properties of this
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material are fairly limited;*®wherein thezT of p-typebulk  Acknowledgements
sample was very high, 0.52 at 323 K. However, there has This work was financially supported in part by JSPS

been no report on its basic properties such aggrimnd KAKENHI (Grant Nos. JP19KK0104 JP21H04548and
gap Ey), ionization energy, dopants for controlling It9P24KK0083. A part of this work was supported by

carrier type and thinfilm formatoin. iAdvanced Research I nfrastr
BaeAgSis films were formed by MBE using elementahamp t e c hno |l o gy in Japan (ARII

Ba, Ag, and Si sources. Since the Si forms hexagopg{ycation, Culture, Sports, Science and Technolagy

structure, we chose Si(111) substrates for -fiin ypjyersity of TsukubgdJPMXP122BA002).
deposition. By preciously controlling the deposition rate of

each element, we have succeeded the formation Rsiferences

BaAgSis films for the first time. Figure 4 shows the (@]J1] H. K. Janzon, H. Schafer,
out-of-plane and (b) irplane XRD patterns of the grown  Chem.372 87 (1970).

film. The diffractoin pealpositions are perfecytly matched?2] G. Cardoso, W. CarrillCabrera, M. Schultheiss, K. Peters,
between the Si and the grown films, meaning the epitaxial @nd H.G. von Schnering, Anorg. Allg. Cher825, 285
growth of BaAgSis films. The band gap of this material (1999.

3] T. Suemasu and D.B. Migas, Phys. Status Solid218,
was measured to be around 0.1 eV from the temperat I]e 2100593 (2022).

dependence of resisitivi). Regarding the prefrentia [4] Y. Koda, R. Akichi, and M. Mesuda, TOSOH Regcfino.
occupation site of group 13 and 15 eleméhtByst- Rev.65, 63 (2021).

principles calculation revealed that wHe{P) replaces one [5] K. Kajihara, Y.Koda, T. Ishiyama, S. Aonuki, K. Toko, S.
Ba, Ag, or Si site, the formation energy becomes the Honda, M. Mesuda, and T. Suemasu, J. Afilys.135,
smallest when the Si site is substituted, and the conductivity 075107 (2024).

type becomes_r_ype (n,type)' respectivelyin terms of the [6] K. Morita, Y. Inomata, and T. Suemasu, Thin Solid Films
position of the Fermi levelEpitaxial films exhibited an 508 363 (2006). . .

excellent performance with a high Seebeck coefficient aHf#i D: TSukahara, Stachi, H. Takeuchi, R. Takabe, W. Du, M.

. : - Baba, Y. Li,K. Toko, N. Usami, and TSuemasu, Appl.
— 1 — 1
a highpower factor §=296¢V K'!, PF = 250eW m' Phys. Lett108, 152101 (2016).

K'} near room temperatuf@11 K), making them highly (g s yachi, R. Takabe, K. ko, and T. Suemasu, Appl. Phys.
promising for flexibleTE applications.”) First-principles Lett. 109, 072103 (2016).

calculationsrevealed that B is the most suitalpeype [9] T. Suemasu, Jpn. Soc. Appl. Phys. Review 230431 (2023).
dopant for BaAgSis, while group 15elements likeP, As, [10] T. Sato, C. Lombard, Y. Yamashita, Z. Zu,Benincasa, T.
andSbare ntype dopantsOur findings pave the way for ~ Toko, S. Gambarelli, and T. Suemasu, Agiitys. Express
the application of this new thermoelectric material in 12 061005 (2019).

thermoelectric power generation. [11] Y. Cao, JM. Mouesca, S. Gambarelli, and T. Suemasu, Jpn.

J. Appl.Phys.62, SD1009 (2023).
[12] T. Sato, M. Mouesca, A. Barra, D. Gourier, M. Imai, T.
o Si o %% o5 Suemasu, rid S. Gambarelli, Act. Materialia78, 120230

o Ba W (2024).

[13] H. Hasebe, K. Kido, H. Takenaka, M. Mesuda, K. Toko, D.B.
o Ag %:%

Migas, and T. Suemasupn. J. Appl.Phys.62, SD1010
(2023)
[14] R. Du, S. Aonuki, H. Hasebe, K. Kido, H. Takenaka, K.
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Fig. 3. Crystal structure of BsAgS. Effenberger, Jpn. J. AppfPhys 50, 05FA0L (2011).
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Desing of nanomaterial and nanostructure for thin film
thermoelectric generator

Nakamura Y.
Graduate School of Engineering Science, Osaka University

Abstract. Towards standlone power spply for 10T sensors, thin film thermoelectric generator from low temperature wasted heat has
been expected. For its realization, dimensionless fighireerit zT, described a§s T/k;, is required to be high, whe®is Seebeck
coefficient,s is electrical conductivity, anéis thermal conductivity. However, the correlation among three thermoelectric properties
makes it difficult to increaseT.

Nanostructuring is one of the pnising approaches to increaZd by controlling three thermoelectric properties. Furthermore,
nanomaterials are drawing much attention because their inherent low dimensionality can bring low thermal conductityiehigh ¢
mobility, and high Seebeck dfieient. In these strategies, nanostructure and nanomaterial design armbnisdlled formation of
these thin films are required.

We have developed various kinds of original veelhtrolled nanostructures and nanomaterials: For examgbgssd filmsncluding
ultrasmall nanodots of group IV semiconductor with controlled interfaces, strains, crystal orientations, and compostiens. Th
phonon was coherently scattered on nanoscale, resulting in the ukratuvhighs. For power factor enhancemewg succeeded in
obtaining giant power factor using semiconductor quantum well of GaAs/AlGaAs. Furthermore, we focused on quasi 2 ditgyensionali
and formed Cantercalated multiayered silicene films. By modifying the silicene bucked struct8neas enhacedwith high s.
Furthermore, In this talk, we will present our nanostructuring and nanomaterial strategies for thermoelectric perforarareraemth
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Nano- and microstructured materials and photonics work
together for biomedical applications

Gorin D.A."
Skolkovo Institute of Science and Technology, Bolshoy Boulevard, 30, bld. 1, Moscow 121205, Russia

*e-mail: d.gorin@skoltech.ru

Abstract. One of the trends in biophotonics is the use of multimodal diagnostic systems that combine several isyaizafion in

one device, such as optoacoustics (OA) and ultrasound (US), MRI and OA. This requires the creation of multimodal cotstrast age
A technology for the synthesis of multimodal and multifunctional contrast agents (CA) has been devel@seldedénhestablished

that the concentration of inorganic nanoparticles and / or organic dyes in thehethr@nd shell structures allows varying the contrast

of OA, fluorescent and MRI images. The core can be in a gaseous, liquid and solid phase.eHee pféson oxide nanoparticles in

the shells allows not only to increase MRI contrast, but to use a magnetic field for their controlled aggregation and.nio¥emeh
influences, such as laser radiation ordiotensity ultrasound, allow remotelydgering the therapeutic function of contrast agents.
The developed technology allows the synthesizing composite particles with specified properties, which, together withatiadisn m

of visualization and detection, can be used to create a new genefatantrast agents combining such functionalities as multimodal
visualization and remotely activated therapeutic action.

Nanoc and microstructured materials have good Nanc and microstructured materials together with
prospects for creating new type of contrast agents. fodern photonics methods, which have already become
technology for scalable synthesi§ MRI contrast agents commonplace in both preclinical and clinical studies, can
based on iron oxide nanoparticles has been developesl. usedto create new multimodal and multifunctional
These agents are less toxic than traditional gadoliniunoontrast agents that combine such functionalities as
based contrast agents and have therapeutic potential ag&isshalization,in vivo monitoring of biochemical processes,
tumor cells. The methods for obtaining particles with @d remotely activated theraputic action.
given nanostructure include the sequential adsorpti(%q:knowled ements
method [13], the freezing induced loading (FIL) metho 9
[2-5], and their combination [4]. The possibility of using This work was supported by Skolkovostitute of
optical methods foin situ FIL monitoring has been shown.Science and Technology Hamad Bin Khalifa Joint

The presence of inorganic nandiees and/or organic Projects grant No.-HBKU-0001
dyes in coref.;hell_structures and m|cro_capsules allowSeterences
E;]Iféncé?ebceaxlsg?Ez:gaZZoins ‘[jé’ %aﬁgﬁisc} IFS]mgrtZ%‘I]:g?)he%]e M.D. Mokrousov et alBiomedical Optical Expres&0,

N R : ; (2019), 4775.
[9]. The presence of a liquid or gaseous core prowdlg? M.V. Novoselova et alColloids and Surface B:
ultrasound (US) contrast [7,8]. Biointerfaces 181, (2019), 680

It has been established that the optoacoustic signal fr@n M.D. Mokrousov et alBiomedical Optics Expres&,
microcapsules is determined by the concentration of the (2021), 3181
substance absorbing laser radiation and its location in f#ile S.V. German et al, Scientific Repor85,(2018),17763
capsule (in the polymer shell or the internal volurhthe [5] E.S.Vavaev et ahCS Applied Nano Material$, (2022),
capsules) [1,3,10,13]. 2994 _

The presence of iron oxide nanoparticles allows fE;] J. Mujtaba et alpdvanced Materials, (2021), 2007456

- . . . ] R.A. Barmin et alColloids and Surfaces B: Biointerfaces,
MRI visualization of nanocomposite particles [8,12]. | 219 (2022),112856
addition, the prese_nce of iron O_Xid_e nanoPar_tiCIes in t E.A,. Maksir’nova et al, Laser & Photonics Reviews, (2023),
capsules allows using a magnetic field for their controlled 23090137
aggregation and movement [5]. The MRI image contrastjgf R. E. Noskov et alAdv. Mater.,(2021), 2008484
microcapsules containing iron oxide nanoparticles can [16] M.V. Novoselova et aPhotoacoustics, (2020), 100186
changed by varying their average value between iron ox[d&] S.V. German et aRhys.Chem. Chem. Physls, (2016),
nanoparticles in the nanocomposite shell [11], and the 32238

capsule shell can be destroyesing ultrasound exposure[lz] M.V. Novoselova et alNanomedicine: Nanotechnology,
[12,13] Biology and Medicine47, (2023),102612

The possibility of combining encapsulated goI&ls] g/ll.\l/é;\govoselova et al, Colloids and Surfaces B, (2021),

nanoparticles (nanozymes) and a photodynamic (PD) qyg) |. s. Sergeev et al, Particle & Particle Systems
to increase the effectiveness of photodynamic therapy” charactezation,(2024), 2300149
(PDT) has been shown. It has been shown that for capsyie$ T. Ermatov et al, Light: Science & Applicatiors;, (2020),
contahing both gold particles and photodynamic dye, the 173
efficiency of PDT is 9 times higher compared to capsulE$] N. Kaydanov et alACS Photonicsg, (2021), 3346
containing only PD dye, and 25 times more effective
compared to noencapsulated PD dye [14].
The possibility of using microstructured fibers wih
hollow core to create optical and optoacoustic sensors has
been demonstratdd5,16].
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Novel development in silicide application

Junhua Hu", Guogin Cao
School of Materials Science and Engineering, Zhengzhou University, Zhengzhou 450001, China

*e-mail: hujh@zzu.edu.cn

Abstract. Silicide materials, especially zirconium silicide, have good thermal matching characteristicemimhtbompatibility with
zirconium alloy, as well as structural stability and oxidation resistance at high temperature. Recent advancemeihts éefronifion
technologies, particularly through high target utilization sputtering (HiTUS) systemsehabked systematic investigations into the
structureproperty relationships of Silicide coatings. Contemporary research has focused on optimizing coating performance through
innovative compositional gradient designs and Hagered architectures, whiclfectively enhance their higtemperature structural
integrity and oxidation resistance. The development of these functionally graded coatings has shown particular prordae in nuc
applications where simultaneous requirements for interfacial compatiniltt extreme environment durability must be satisfigd:
Based on the characterization of XPS and EELS, the oxiyglited chemical bond reassignment (OBR) process and the formation
mechanism of amorphous-&i-O layer in the initial normal working cortain of Zr-Si coating were established for the first time. At

the initial stage of oxidation, the surface unoxidized silicon tends to further combine with Zr, resulting in enhancéezhtiyfrid
between Zr and Si, whiakias conducive to the formation of anphous oxide layer. The chemical bond is strengthened and the-silicon
rich transition layewas formed by the OBR process. The stability of the amorphous oxides (Zr/Si atomic ratiwa2rqintained.

The subsequent bonding relaxation of amorphous #&©the key structural basis for water stabil®y.The structure of Zr/Si
multilayer films was designed, and the competitive formation and multilevel protection effect of amorphous passivatoZifiBis

O (ZSO0) interfacavereconfirmed. In the multdyer system, the phase selection of amorphous #&Ca scalalependent process
determined by the competitive consumption of Zr layers by silicification and oxid&)iéurther, amorphous Z3i-O coatings with
different Zr/Si atomic ratios were prepateyg sputtering method. The adsorption energy of hydroxide on silicon atoms was increased
by the change of amorphous bonding structe8e©-Si- Y -Zr-O-Si-), and the reaction dissolution of silicon was inhibited in high
temperature and high pressure wa@n this basis, the bonding mixing enthalpy and the compact arrangement rules of amorphous
atomswere combined, and the composition basis of the structural stability of amorphous ZSO coating in the servicavpsocess
explored (two interfacial stabilityZr/ZSO, ZSO/H20). Ensuring the content of siliceas high enougtwas the basis of oxygen
resistance, and the contribution of zirconiwes reflected in inhibiting the reaction between silicon and high temperature water.

Key words: ZirconiumSilicide; bording state; phase selection; reaction dissolution; interfacial stability
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3D, 2D and 1D in silicon, silicides, IlI-V compounds and
transition metal oxides: ab initio prediction of unexpected
properties

Migas D.B."*?

1Belarusian State University of Informatics and Radioelectronics, 6 P. Browka St., Minsk 220013, Belarus
2 National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), Kashirskoe Shosse 31, 115409,
Moscow, Russia

*e-mail: migas@bsuir.by

Abstract. We present our recent results on grostade, electronic, optical, magnetic and transport propertie$-e86p, OsSt, BaSk,
CaSp, FeSi, CrSi, NipO29, W1s0s9 and BaFe019 as bulk materials, Mi and CaSi as thin films and 2D materials, ¥&j and CaSi
as single wall nanotubes, Y, a-FeSk and TiG nanowires by means ab initio techniques in ordeo assess predictive power of
theoretical calculations

1 Introduction fielq and temperature dependences of the magnetic mo_ment

: which showed the presence of a ferromagnetic

Ab initio techniquesare the powerful tool in predicting antiferromagnetic twagphase statg].
ground state, electronic, optical, magnetic and transport Similar to FeSi, the newnonoclinic ground state of
properties of various bulk materials and nanostructures ©fsjhas been also predicted, which turned owt ¢@mpless
their basis Such theoretical results are very useful not onl&niconductor with holes as the matharge carriers and
to reproduce experimental results, but also to provigﬁtiferromagnetic orderin].
explanations of sometimes contradictory experimental data |n the case oNb;0, We show that it is impossible to
and to predict possible ways how to modify properties gét any adequate description of this oxlgeusing one
system under investigation. khis talk we are going to crystallographic unit celwhile alarger supercell is reled
present our recent results on propertieb-6%eSh, OsSh, increased at least 3 times along the shortatiice
BaSk, CaSi, FeSi, CrSi, NpOzo, W1g049 and BaFe:O19  parameteb to accommodate lattice distortions associated
as bulk materials, M&i and CaSi as thin films and 2D with polaron formation. Our resultalso point outthe
materials, MgSi and CgSi as single wall nanotubes,-M,  possibility of simultaneous eexistence of localized states
a-FeSp and TiQ nanowires. (polaron formation) andelocalized states providing metal
like properties of NROzg, in qualitativeagreement vth
) _ _ ~available experimental data [8].

_In the case of semiconducting-FeSi and OSSi  The existence of bipolaroits W1sOssis found to be an
silicides we show perfect agreement between thrinsic feature of this oxide resulting in tipgesence of
theoretically calculated and experimentally measurggerent oxdation states of W atoms @and W) and in
dielectric function connecting features in themergy band the coexistence of localizednd delocalized electrons. The
structures with the ones in the optical spefita calculated absorption and reflection coefficienft¥V15049
_ ForBaSithe main focus is on possible ways to enhanggnfirm a transparenc window in the visible region in
its transport properties since the ~1.3 eV band gap alofiition to an experimentally obarved shielding effect
with high values of the absorption coefficient near thgiginating from transitions involving the localized
absorption edge meakthis silicide promising for solar Ce”bipolaronicstatesin the near infrared regid8].
application. We have identified that H incorporation could a peculiar polarization behavior of Bag®:s in an
significantly improve photoresposivity of BaSiby electric field (the linear polarization is detected at
eliminating traps due to Si atom vacancies emerstitias  temperatures below 05K whereas at higher temperatures
[2-4]. . . a hysteresidike polarization response is obseryedas

CaSp is found to be agaplesssemicaductor with  pheen explained by a shift specific Fe atomghrough an
peculiar transport properties definedtlw types of carrier energybarrier which heightlepended on the temperature
(holes and electrons) that determine the resultin@gange of the unit cell volume [10].
conductivity, concentratioand mobilityof charge carriers.  giryctural clanges in semiconducting V8 andCaSi
In addition, possible reasonsf the experimentally thin films (from 17 nm down to 0.2 nm corresponding to
observed opticatransparency of CaSin the infrared the 2D structure) along with bamghp variations due to
range aralsodiscusseds]. _ guantum confinemertiave been investigatett is found

The new monoclinic ground statewith the that aibic MgSi(111) thin films being dynamicalistable
antiferromagnetic ordering is revealed F&Si but not the atthicknesses larger than 0.3 nm displayed an indirect band
cubic one as previously thought, that wapported by data gap, the reduction of which with increasihicknessould
of X-ray diffraction and high-resolution transmission pe reasonably well described by the simple effective mass
electron microscopy of ultrathin FeSi films as well as by proximation. Only 2D MgSi has aunique structure
resistivity versus temperature measurements within a wigi€cause of therthorhombic distortion and the direct band

temperature range (300 K) panting out bad metal gap Thecubic phasef CaSi, beingmetastat# in thebulk
properties (not semiconducting onasy by he analysis of

24

2. Results and discussions



Plenary 07

form, in thecaseof thin filmsturned out to be preferable inAcknowledgements

total energy than any orthorhombic ;Sathin film (the D.B. Migas acknowledges the support fréme MEPhI
ground state for the bulk fornr thicknessesmaller than Program Priority 2030.

3 nm because of lower values sfrfaceenergy of cubic

CaSi(111) films with respect to any surface of theReferences

orthorhombic phaseSizablestructural distortion and the[1] D.B. Migas,L. Miglio, W. Henrion, M. Rebien, F.
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stable structure and removes surface states from the r@?p
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region. This structural modehlso predicts a crossove Skorodumoval. Alloys Compd821(2020)153527.

between the indéct and direct band gap in G&RaAs and [9] D.B. Migas,A.B. Filonov, N. V. Skorodumovahys.
GaSb nanowires when increasing diameters starting from 4 Chem. Chem. Phy23(2021)25824

nm, while InP, InAs and InSb nanowires dispihg direct [10] D. B. Migas, V. A. Turchenko, A. V. Rutkauskas, S. V.
band gap at diameters of 1.5 nm and larger. Analysis of Trukhanov, T.I. Zubar, D. I. Tishkevich, A..\rukhanov,
charge distribution between atoms suggebts §011} N. V. Skorodumoval. Mater. Chem. @1(2023)12406
facets are positively charged even though a (011) surfacéét A- Yu. Alekseev, D. B. Migas, A. B. FilonoW. G. Galkin,
these materials is considered to be-potar[13]. N. V. SkorodumovaPhys. Chem. Chem. Phys.

. . . . 25(2023)19952.
Calculations in the case ofh-FeSp nanowires [12] A.S(Yu. A)Ilekseev D.B. Migas, A.B. Filonov, A.G.

reproduced the experimentally observedpearance of Chernykh, V.E. Borisenko, N/. SkorodumovaPhysica E
magnetic momenten Fe atomsind Brromagnetisneven 1282021)114582.

thougha-FeSp in bulk is anonmagnetic materiallt is [13] D.B. Migas, A. B. Filonov, DA. Yatsyna, Rusli and C.
revealed thabnly surface Fe atoms on {001} and {100}  Soci.Nano Convergenc&2015)14.

facets and on edges between {110} and {001} facetd4l N. G. Galkin, D. L. Goroshko, I. A. Tkachenko, A. Yu.
possessnagneticmoments, whereas Fe atoms on {110} Samardak, K.N. Galkin, Bu. Subbotin S. A. Dotsenko,
facets and inside thdWs nothaveany magnetienoment D. B. Migas,A. K. Gutakovskii Nanomaterials

14 12(2022B707.
[ ]'_ . . . . . [15] D.B. Migas, A. B. Filonov, V. E. Borisenkd. V.
Sizable anisotropy in electroniproperties of TiQ SkorodumovaPhys. Chem. Chem. Phys. 16(2014)9479.

nanowiresn the anatasephasewith respect to orientation
is found nanowires witlk001>, <100> and<110> axes are
direct banegap, indirect bandap and degenerate
semiconductor materialstespectively. The degenerate
semiconducting properties o0f<110>-oriented TiQ
nanowires are predictead be the intrinsic features closely
connected with stoichiometry. A baigép variation with
nanowirediameter is also shown thsplay rather complex
behaviororiginated froma competition betweequantum
confinement and surface state effects that is fully
compatible with the available contradictoeyperimental
data [15].
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Group IV heterostructures for quantum technologies and
silicon photonics
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Shmagin V.B.%, Demidov E.V.%, Shaleev M.V.%, Shengurov D.V., Zaharov V.E.%, Shmyrin D.A.%,
Pankratov E.L., Revin L.S.%, Krasilnik Z.F.%, Dyakov S.A.2, Gippius N.A.2, Sitnikov S.V.3,
Sheglov D.V.2
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Abstract. The paper presentsaview of literature data as well as original results on the development of light sources based on group
IV heterostructures for silicon photonics. To solve this problem, both various direct gap heterostructures and indiractugap s

with Ge(Si) seHassembled nanoislands are considered. The possibility of using dielectric resonators to increase the light emissior
efficiency of Ge(Si) islands is discussed. As for quantum tech applications, isotopically enriched Si/SiGe structunesnadtido

of nonzero nuclear spif’Si and’3Ge isotopes are discussed. These structures are promising for formation of electron spin qubits with
long coherence time and work temperature above 100 mK.

recombination in thesstructures is low due to the indirect
nature of the barghpstructure. In recent years, it has been
Currently, group IV heterostructures and, fir$tai, demonstrated that due to the interaction of Ge(Si) islands
SiGe heterostructures are an intégrart of modern nano yith various modesf Mie resonator [8pr photonic crystal
and optoelectronicsThey were successfully used tqpnhC) [9, 10], the intensity of tfieluminescence signal at
increase the performance oRET and HBT tansistors, as room temperature can be significantly increasedas also
well as photodetectors for the wavelength range 61158  shown that the structures with Ge(Si) islands are a

em in silicon integrated photonic circuits. At the same timggnvenient object for studying various optical properties of
there is a tendency to expand the functionality of theggectric microresonators {80].

heterostructures,the main advantage of which is
compatibility with modern Si CMOS technology. This 80 -

1. Introduction

paper presents some latest resulttherdevelopment of the % 700 8 mA % 5 2t
light sources for silicon photoni@nd qubits for quantum ~. g w0 /,,/*"
computing based on group IV heterostructures. 'CEU 60 g 30 ‘}/‘f' ]
B 20 /
2. Light sourcesbased on group IV heterostructures > 501 4 mA % 10 /,é/ - [12] i
There are currently several approachefotmation of @ 40} Yoo NN
efficient light souces on silicon. One approach is based orm 3| Current. mA ]
the formation of direegap group IV heterostructures on S 2 mA
Si(001) substrates. Such structures include: 1 20¢ 1
- tensile strained+&e microstructure$l]; L 10 LED w/o PhC, 1mA 4
- hexagonal Ge and SiGe structures realized in
nanowires liexGe) [2]; 0 . . : :
- GeSnand SiGeSnstructures with high (more than 0.8 0.9 1.0 11
10%) Sn conten}3]. Energy, meV

Laser action has been demonstrated for eac_h of thEF{fl. Electrolumnescence spectra @e(Si) islands LED with
types of structures at cryogenic temperature8]{4ight-  onq withouta PhC at differeit ED6s current. The

emitting diodes (LEDs) based on GeSn structures formgghendence of the emitted power on the current. The data from
on 300 mm Swafers operating at temperatures above rooref.12 is indicated by a separate symbol for comparison.
temperature were also demonstrated [7]. However, for all
of these structures there is a problem of coupling their FOr applicationsin Si phobnics a technology for
emission into a Si/SOI planar waveguide, since they eitd@fmation of lateral LEDs with Ge(Si) islands embedded
contain thick buffers (Ge and SiGeSrustures) or have a Into the PhC has been developed [11]. The output power of
non-planar morphology (heGe nanowires). In addition, the obtained LEDs is an order of magnitude higher than in
these structures emit in the i@ range [47], far from the the previously published worksr LEDs with islands [12]
currently widely used telecommunication wavelengt®ndis comparable to the power of Si LEDs in an integrated
rangeof1.31 . 55 Om. design [13] (Fig. 1). In addition, it was demonstrated that
However sructures with Ge(Si)/Si(001) sefsembled Py applyinga gatevoltage to the SOI substrate, it is
nanoislands emit in this spectral range. One of tR@ssible to control themissionpropertiesof the obtained
significant advantages of these structures is the possibilifyDs, which allows them the considered as ligletmitting
of their growth directly on SOI substrates, without the ugdéansistors [14]. It was shown that #ission fornGe(Si)
of any buffers However, the efficiency of radiative
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LEDs can be introduced inplanar waveguide formed onsingleelectron tunnelingwere obtainedn the transport
the SOI substrate. properties of thdormed quantum dots and single electron

3. Isotopically enriched Si/SiGe structures for transistorat T¢500 mK.

quantum computing Acknowledgements

Currently, qubits bsed on silicon and SiGe The studiesaimedto formationof light sourcesbased
heterostructures are one of the promising platforms fon structures with Ge(Si) nanoislands was carriecvotit
development opractically useful quantum computer. Thehe support of the Russian Science Foundation, préject
advantage of silicon compared to A3B&miconductors is 25-12-00367.Development of a qubit based on isotopically
the possibility of its purification from isotopes with ronenriched Si/SiGe structuresas sipported by Rosatom
zero nuclear spin (isotopic enrichmenfJhis allows to within the framework of Quantum Computingoadmap
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well (QW) grown on a relaxed SiGe buffer, have a numb&AS.
of recordbreaking characteristics. These qubit
demonstrate high electron spin phase coherence times %ﬁgerences
high precision in performing onand twoqubit operations [1] J. Liu, X. Sun et al., Optics Expre$$ (2007) 11272.

[15]. A significant disadvantage &i/SiGe qubitsis the [2] E.M.T.Fadaly, ADijkstraet al. Nature580(2020 205
small value of the valley splitting of the electron state] O: Moutanabbir, S. Assat al. Appl. Phys. Lett118

. " . ) ; (2021)110502.
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. ) . F.T. Armand Pilon, A. Lyasotet al.,Nature
operating temperatures of this type of qubit. Recent Communicationg2019) 10:2724

several approaches tocieasing this value have beeis) M.A.J. van Tilburg, RFarinaet al.,Comm. Physis (2024)
proposed, based on the controlled introduction of Ge into 7:328

the Si QW [16]. The implementation of these approached6éh L. Seide] T. Liu, et al.,Nature Communications (2024)
practice is hampered by the fact that in most studies, only 15:10502

isotopically enriched Si is used to form tigi/SiGe [7] ?éb\évu’ L. Zhang et al.Photonics Researdt (2023)

structures. .
[8] V. Rutckaia,.et al., Nano Lettets (2017)6886.

255 | 283570G ebuffer | SiGe | [9] SO%O Igé)ékov, et. al, Las & Phot RevieWs (2021)

[10] M.V. Stepikhova, et. al, Nanomateridl® (2022) 2687.
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Fig. 2. Distribution of?°Siand"3Geisotopes in thgrown Si/SiGe
structures obtained bsecondary ion mass spectrometBIMS)
The top part of the figure shows a diagram of the grown structure.

In this work, isotopically enriched SifSe structures
with low content of botR°Si and”*Ge isotopes wergrown
by molecular beam epitaxy (Fig. 2). The structures with the
total content of these isotopes from 20ért per million
(ppm) to 10 ppm were obtained (Fig..Z)he last valugs
close b the record valuedor isotopic enrichmentof
epitaxial structures. The structures demonstrate electron
mobility at the level of 310* cn?/(V3s) at low
temperatures, which indicates their high quality. A system
of submicron gates is formed deotopically enriched
Si/SiGe structures, which is necessary for the formation of
both quantum dots themselves, in which the manijoulat
of electron spin isealized,and singleelectron transistors,
which act as spin state detectdeffects associated with
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Initial stage of ultrathin film growth in metal-silicon
systems: from surface phases to solid wetting layers
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Abstract. The formation of surface phases (SPs) and solid wetting layers)38\he fundamental basis for the initial stage of growth

of ultrathin films (UF&) and nanostructures of mierand nanoelectronic§his study provides a chronological overview of the
author's research, which spans four decades and focuses on SPs, SWLs and, more bigradith éaely stages of UFS The article

identifies the main causes of phase transitions with an increase riitber of monolayers in SWL. The role of vapor pressure and
temperature, as well as substrate temperature, in the structure and composition of the forming phases and the bowfdbhey layer
substrate is demonstrated. A new method of growing with phisating of gplanarwall (PHPW) has been developed. This method
increased the steam pressure, lowered the steam temperature and expanded the range of materials for SWL. The studgdalso exami
the early stages of UFT growth of Cr, Co, Fe, Cu and théidsik on the (111) and (001) Si faces, as well as Si on Si{11H7d
CrSi(0001).As a result, nanofilms of the corresponding substances were obtained, as well as granular nanolayers of Co, Fe and Cu
Si(001) It is shown that grown films have unigeéectrical, optical, and magnetic properties and are promising for use in various
nanodevices

1 Introduction relative to thdBPs The SWisweredesignated in this study
' . as an "atomically similar" phase, which is essentially a low
The basis for the growth ohanostructuresfor gimensional layer. Tése SWL exhibited a hickness of
microelectronics is the theoretical understanding of thgyeral monolayers (>3 ML), which is not characteristic of
initial stage of thin film growth, irading its interface |ow-dimensional or "submonolayer” SPs. Consequently,
formation. The initial Stage, in faCt, is the formation qhe authors of works [1, 2] referred SWto "extended
composition, structure, morphology, and phase state tgitkness" SPs, meaning that this "thick"saB well as the
SP_s, SWLs and UTFs, including their interfaces with thgubmonolayer" base, have stabilized by the substrate.
solid substrate. The following study was focus on M@ intermixing
However, it was only 30 years after the pultiwa of and its role irthe formationof SWLs and UTF. Research
our inaugural papers [1, 2] that it became evident to us thatihe Si(111)Cr system has demonstrated that mixing and
subsequent to SPthe growth of UTB occurs through the swis play a significant role in the formation dfoth
formation of SWIs in the form of a twedimensional and ordered and disordered SWLlas well as temp|ate |ayers
thennanophase SV and epitaxyof UTFs[1, 2, 810]. The data, systematized in
Historically, up to a certain stage, two approacttes the form of a diagram, was obtained, which show
UTF growth existed independently and moved towarggnditions of the formation of Cr and CsSITFs[10].
each other: Approach-Ifrom bulk phass (BPs) to UTFs The present findings have denstrated that the
and Approach II- from SPs to UTFs. Moreover, the thickness sets two different types (tainensional and
understanding of the nature of thesSihd SWIs was jth extended thickness) of "intermixed” SWLCrSp
influenced by differences in research metho in pycleates and CrSUTFs (templates) with Aor B-type
particular, the degree of microscopicity of these metho@gimuthal orientation relative to Si(11Usingthese CrSi
For instance, the employment of optical methodologiggmplate hasenabled the successful fabrication of a
such as ellipsometry, has resulted in the conceptualizatioiy b st ant i al -qry&tdlliae0filmi (Atype) iofn g | e
of SWLs as a metastable BP[3]. Conversely, the semiconducting Crgiwith a minimal hole concentration
utilization of surfacesersitive methodologies [4] hasand augmented hole mobility. This represents a significant
resulted in the identification of interface phases [5] or SBfeakthrough, as it is the first time suctiilm has been
[6,7], as solely SPs with their own composition, thicknesgptained
density, and lattice [4]. A more complete understanding of However, it should be noted that these early studies
the nature of SW&was obtained later (see bal). were carried out at reduced vapor pressure or at elevated
This paper presents a review of the results on the growdhperatures. In order to reduce the thickness of the films,
of metallic (Me) and silicide (M&) UTFs on silicon or an increased pressure and a decreased vapor temperature
silicon UTFs on Si or Megi The research is founded onyere required. Furthermore, a number of studies on the
four decades of investigation by the paper's auth@Ustemsof Cr-Si(111), CeSi(111), and SCrSi(0001)
employing surfacesensitive methodologies. The resultsjemonstrated that an enhancement in the deposition rate,
have been systematically organized according to the thegincomitant with an increase in vapor pressure, results in
of UTF growth using Approach Il and a methodologiim growth without intermixing Consequently, a cycle of
developed by the author. computer modelling of growth kinetic was initiated. This
2. Chronological overview culmin_ated in the formulation of a pr_obabili_sgeome'Fric
analytical model of the growth kinetics, which elucidated
She role of increased vapor pressure in the aforementioned

Mansition [11].

In the seminal works of [1, 2], electron energy lo
spectroscopy EELS) spectra of SW4 were obtained
which demonstrated the reduced electron density in §
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leeds to stresses in the férand the interfacealyer of the
substrate. This, in turn, results in the destabilisation of the
film-substrate systesrand the transition of SWA to the
BPs accompanied by the release of latent energy in the

form of heat.

3. Prospects of application

As illustrated in Figue 1, the unique properties of the
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magnetic sensors,
(electrodes) and channels foirspransistors (for example,
CrSk covered by 2D Si), and numerous other applications.

obtained nanostructures and the potential applications of
the nanodevices for planar integrated microelectronics are
outlined.
representation of the applications of several nanodevices,

The figure also provides a schematic

ncluding: nanocontacts or interconnects, channels for

field-effect transistors (FETSs), semitransparent contacts for

nfrared (IR) and ultraviolet (UV) sensors, cores for
layers for spin filters, contacts

4. Conclusion

This paper presents a series of works on vgbaise

) growth of extremely thin layers in the mesdlicon system.
The role of a solid wetting layer inhis process is
demonstrated. The paper

goes on to identify the

_ _ _ fundamental causes of this phenomenon. A novel method
Fig. 1. Properties of the obtained nanostructures and thejs growth has been developed. The structures obtained are
promising with regard to practical application
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Abstract. A lead (Pb) monolayer on the Si(111) surface is known to be the thinnest superconductor. Although its transition temperature
(Te) is low, this system provides a valuabletflem for exploring various aspects of superconductivity at the ultimate thickness limit,
such as the effects of disorder, the role of atomic steps, and elpbwoon and sphorbit couplings.n this study, we demonstrate

the ability to tune th@. of the Pb monolayer solely thrgh structural reordering while keeping the total amount of Pb nearly constant.
We find that transforming the smlled striped incommensurate (SIC) Pb/Si(3113 3T 43 ) s ur foa aee rierdt d-4d advge
domain structure increas&s Surprisingly, futher surface orderingc hi eved by f or mi ng adecrease¥aensur
contrary to expectationsn this report, we investigate how these changé& itorrelate with modifications in atomic structure and
electronic properties.

current mode with a mechanically cut Ptir tip after
i ) annealing in vacuum. ARPES measurements were
Singleatom Pblayerson Si(111) have proven to be &onducted using a VScienta R3000 electron analyzedan
valuable prototype system for exploring various aspectsijr-p u x He d lanspc wita ra gteroidagrating
SupeI’COhdUCtiVity at the ultimate thickness I|m|t, inCIUding]onochromator as a ||ght sourdéhe 4PP head mount on
the effects of disorder [1], the role of atomic steps [2, 3he STM stage instead of the tiplder was used for the in
electronphonon andspirrorbit couplings [4, 5], and thesjty transport measurements. Galites of 0.1 mm in
BerezinskitKosterlitzThouless transition [6] Regardingdiameter equa”y Spaced by 0.2 mmr@ the Straight |ine
the critical temperatur'éc, nearly all available data pertair\Nere used for the probes_ Low temperatwe& calibrated
to the secalled striped incommensurate (SIC) Pb phaggthe special experiments with the additiotexhperature
with 1.28 1.30 monolayers (ML) of Pb (wherl ML = sensor directly attached to the sample and ubimgamples
7. 8 I*1c@r). As concerns the critical temperature Tqyj t h t hi ck Yyl ms of mat eityi al s
scanning tunneling spectroscopy (STS) and fpaint  critical temperatures.
probe (4PP) measurements report superconductin ) _
transition temperatures in the range of 1.1 to 1.83 K [7, &.Results and discussions
In this study, we achieveah enhancement df; up to Preparation and Atomic structuré&igure 1 illustrates
2.08 K [9] by improving surface ordering through théhe structural difference between Bk-Pb[Figs. 1(a) and
formation of a singl@lomain 14 I & 3structure. 1(c)] and thel4 T &P® [Figs. 1(b) and 1(d)phasesThe
Surprisingly, further ordering via the formation of dormer is the welknown SIGPb phase formed by RT
commensuratel 3 1 $Rase led to a decrease h, deposition of Pb onto the ba
contrary to expectations. by annealing. The SIC phase displays in the STM a triple
2. Experiment domain structure with meandering domain walls [Fig.
' 1(a)]. In the LEED patterns [Fig. 1(c)], the triptlomain
Experiments were performed in the two separad@ycureisk nown t o be r e bected by
ultrahigh vacuum (UHV) systems depending on themeared spots around the nominal position of dha
research task#n particular, characterization of the growth ¢ b e cThei mmst essential peculiarity of the alternative
mode, as welas the structural and electronic properties 9?ocedure ighe RT deposition of Pb onto tt&e7 T -RI8
the Pb/Si(111)samples, was conducted in the UH\which looksu p as 1 1 1 astageRwhith at
Omicron MULTIPROBEsystem equipped with scanningesults overallin the formation of the singidomain
tunneling  microscopy (STM), low-enegy electron 1 4 1 -RI8 phase, asevidenced in STM and LEED
diffraction (LEED), and angleesolved photoelectron gpservations [Figs. 1(b) and(d), respectively]. The
spectroscopy (ARPES) facilities. The electrvansport 1 4 | -gt8ayer uniformly covers the entsample surface,
measurements of the samples at low temperawese it js free of domain walls, arits singledomain orientation
performed in the UNISOKU USM 1500 LT STBystem, s set along the direction perpendiculattie atomic steps
equipped with a superconductingagnet and thdour-  of the Sj(111) substrate
pointprobe (4PP) technique. The base pressure ihdtte The commensurai& 8 4-Bb (¢4 8 4-Bb) phase was
UHV systems was b'fort Togrepare ehened shflarlylto thel 4 P-BEPh phase but with low
the atomically clean Si (tdndpdratufel Pb depoditioh. atpsScEdureyiélde® large i ( 1 1
samples were yrst Caforrseverdl géhairls fith Sparde Homantwall§, @ividling the surface into
hoursard ynal | y wer '€ Ppwaas depoditedny dbrdathOtypes with an uneven area ratio (~80%
from a Ta tube. STM images were acquired in a constapteferred domain). Highesolution STM anddensity
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functional theorysimulations indicate that Pb trimers inthe Superconductivity —arises from electrphonon
preferred dmain are centered on H3 sites, while those @oupling, which &engthens with a higher electronic
the minority domain reside on T4 sites. Total energiensity of states (DOS) at the Fermi level [11]. ARPES
calculations, including spinrbit coupling, confirm that H3 experiments reveal that the SRb andthe 1 4 | -B3
sites are slightly more stable [10]. phases exhibit a higher DOS near the Fermi level compared
to thec-4 B &-Bb phase. This difference originates rito
bandstructure  modifications induced by large
periodicities: thel 4 T gupercell (and the disordered SIC
Pb phase) produces electron band folding, which
significantly distorts the band geometry. Our ARPES data
confirm this behavior for both the SIPb amithe1 4 1-a 3
Pb phases, though the spectra for the -BIC phase are
more smeared due to its inherent disorder.

In contrast, thec-d B &-Bb phase displays simpler
spectra with no evidence of band folding and a substantially
lower DOS near the Fermi levelh@is, the enhanced DOS
in the SIGPb andthe 1 4 T -BbBphasesdriven by band
folding from their ordered/disordered domaipomotes
stronger superconductivity.

4. Conclusions

We enhanced . in singleatom Pb layer on Si(111) to
2.08 K by forming ordereda shgledomainl 4 T -BRI3
structure. Contrary to expectations, further ordering via a
3 commensurate-d 8 &-Bb phaseformation reducedTe.
Fig.1. STM i mages ?) @waEEDOpatterms of the This behavior is attributed to DOS variations at the Fermi
densest singlatom Pb layers formed on the Si(111) surface upggye| caused by electronic band folding.
growth using alternative formation procedures: (a), (c) -®iC
phase and (-hh ,pHage.l4aTHHe maiAcknowdepgemenisons i n the
LEED patterns are outlined by yellow circles. LEED electron ; ;
beam errgies are (c) 75 eV and (d) 38 eV. Fo;]r(]jeat\ig?]rk Was(élrjg)r?torted bNyo.the Ruzzlza_gofglle'nce

Transport MeasurementShe SIGPb phase exhibits aNttps://rsct.rufen/project/242:00181/)
superconducting transition at ~1189 K, while thel 4 | -& &aferences
Pbphase shows. = 2.08K. Surprisingly, thec-d 8 &-Bb ‘{é} C. Brun, et.al, Nat. Phys. 10, 444 (2014).
[

phase shows no signs of superconductivity down to Y. Sato, et.al, Phys. Rev. Lett. 130, 106002 (2023).
lowest meagurable temperature, indicafige: 1 K. These 3] H. Kim, et.al Phys. Rev. Lett117, 116802 (2016).
results hlghllght th? strong dependence of superconducifig J. Noffsinger and M. L. Cohen, Solid State Commun. 151,
properties on atomic structure. 421 (2011).

Our measured ¢ of ~1.8 1.9 K for the SIGPb phase [5] I.Y. Sklyadneva, et.aPhys. Rev. B 97, 195409 (2018).
exceeds previous transport results [8] but agreesSiitd [6] W. Zhao, et.al, Solid Stattommun. 165, 59 (2013).
data (& = 1.83K) [7]. The higherT. (2.08 K) for the [7] T.Zhang, etalNat. Phys. 6, 104 (2010).
1 4 T -BtBphase likely stems from improved structurdfl M. Yamada, etlaPhys. RevLett. 110, 237001 (2013).

. : : = p z_o [9] L. V.Bondarenko et al.l§/s.Rev.B 108, 115428 (2023)
ordering. However, the suppressionTgfin thec-a 8 a-3 10] Renet al. Phys.Rev. B 94, 075436 (2016)

Pb phase is counterintuitive. To explain this, we examir{fl] J. Bardeen, et.al, Physical Review 108 (5) (1957) 1175
the electronic structure. 1204.
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In situ UHV REM observation of structural transitions on
Si(111) surface induced by IlI-V group metals adsorption
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Abstract. Using in situ ultrahigh vacuum reflection ed&on microscopy, we havesualized and studied (7)+ ( 43T 43) R3 0.
structural transition on the Si(111) surface inducedldgyosition of In, Sn, Pb, Sb, and Bi coverages up to 1 ML=a#d0i8 6 0 AC.

The way how Si(111) morphology evaluates durfndg 3 T & 3 fpriRa8idnAs divided according to the group of dsiped metal.

Group llI: 2D island nucleation, their following coalescence, formation of flat terraces. Gro#blHucleation or peservation of

initial terracesmoothnesdepending on substrate temperat@mup IV: Si(111) surfaceoughening

(DO.Li0. 5AC/s) to 70950keE DiGo f o

R ~ 100mkm?) domains of (717) rec
Metallic thin films and metainduced reconstructions terracesThe materialsveredeposited from an embeddable

on Si surface are considered as model systems to StHeihe madeevaporator (tungsten filament wetted with

sharp metal/semiconductor interfaces, 2D quansi?® mojten growth material and heated by DC). All

systems, or, at least, as passivation coverages for followiigrphological and structural transformations on the

epitaxy. The( & 3 1 a 3 3tricBi@Ah e r e a)fid @ r5j(111fsdrfacevere observed and recordeyiin situREM

typical impurityinduced reconstruction forming onand RHEEDtechnique. Due to a small angle of electron

Si(111) surfaceafter adsorption of suchll-V group peam incidence onto the sample surface, REM images are

elements as In [1], Sn [2], Pb [3], Bi [4], Sb [5]. Note, thahreshortened by ~50 times along beacidence which

& 3structure forms after 1/3 ML (1 ME 7.8/ 10" et §  istorts the shape of all surface morphology features.
adsorption of In, Sn, and Pb coverages, while for Sb and Bi

cases it also format 1ML (trimers are placed ithe nodal 3: Results and discussions
positions of thButwlithestremore n tRacengly vee éhdve studied in details the impact of Sn
and properties ofi 3metall reconstructions on Si(111)adsorption on Si(111) surface morphology and structure
surface ks been widely studied by such commoduring Sn deposition, electromigration, and dpton at
technigues as scanning tunneling microscopy and reflect2®0 860C [7,8]. Fig. 1 shows typicah situ REM images
high-energy electron diffraction (RHEED), these methodsf the Si(111)surface during( 7 T+78 8Sn structural
do not allow us to visualize surface morphology duringansitioninduced by Sn depositioWhen Sn coverage
metal deposition directly, especially in temgara range increases on Si(111)( 7 T 8yyface & 3Sn domains
above3 0 0. (indicated by white arrowsjucleatealong atomic steps and

In this work we have visualized, studied and compaggpanseover the terraces in all directiansmn RHEED
atomic processes on Si(111) surface during In, Sn, Pb,Biat t er ns t hi s moment corresp

1. Introduction

and Sb deposition at substrate temperaturesupto @0 r ef | ect i ons while the intens
in situ ultrahigh vacuum reflection electron microscop¥he rearrangement of the substrate top layer Sisfoom
(UHV REM) being efficiett technique to control structuralt he i ni t i al (71'7) surface reé

and morphology evolutions at monatomic step levelonthee r mi nat i on + & 2m istrugural (trarsifion

crystal surface during epitaxial growth in a wide range ofuses the adsorption of 0.08 ML Si coverage. At

temperaturesd]. T<650AGvhere the pure 1-&3n ML

structure forms, 0.08 ML Si covaga nucleates 2D islands

. ) ) - - on the >1 mkm terraces. AtT >650A CSn adsorption
Speci mens wimmhdiménsiohs Wefelcut fhgyces also emission of Si atoms from the steps onto the

from P-doped Si(111) wafs with Q 0TDA 3 A Mpr@&ddith the following step shifs it shown in Figl.

anglesand0@l cm r e Sipetci meny. wi 1808 IML Si LolePageand Si atoms detaching from the

mm dimensions were cut from phosphoedoped Si(111) step s articipate in t h3&sSnfor m

wafers with a misorient atfbl‘i’é‘s - RWAACRNEe®r8addE§Mshes S

and cleaned with petroleum ether. The samples were treaigtrycture below 1/3 MLt was found that Pb deposition

by low-energy (5 keV) Ar+ ion bombardmetd form ¢ T 500A Calso forms mosaiclike 2-& 3phase with

roundshaped craters (mkm deep and $00mkm wide) yeduced Pb content and inducgsnilar ascending step
on their surface. Next, the samples were placed into thg

UHV REM chamber and resistively annealed dt 3 0 0 A Cp gifferent situation is observed fim deposition onto

for SOQS to remove the native .OXId.e layer anghe Si(111)( 7 T surface relative to Sn and Pb. Fig.
contaminants, and to form an ampieiaterlike surface snowsconsecutivein situ REM images of the Si(111)
morphology with atomically flat terraces of moderate Wldtauring( 7 1478 an structural transitiorinduced by In
divided by concentric monatomic steps at theectadttom. depositon at 55@. Deposition of In coverages above
After the s_ample preparatipn, the substrate temperature WaS\IL leads to appearance of a spotted contrast on the
reduced first rapidly®@5 AC/ s ) t o 835 A GerracBsd(Fighn). Dile toSdefletioh Yones near the steps
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edges (indicated blglack arrowsFig. 2b) are observed in  In contrast to Sn/Pb/In deposition, there were no
REM images, this spotted contrast igpposed to be 2D pronouncedsurface transformations observed in REM
island nucleation (similaD nucleation was observed forimages during structural transitions induced by Sb or Bi
1/3 ML Sn deposition &af < 650A L However, following adsrption. During Sh deposition at 680nto a clean

In deposition leads to disappearance (or coalescence) ofi111)( 7 Tsidrface(Fig. 3a) the terrace color contrast to
islands nucleated at previous stage arttewin coverage change to a darker one (FRp), which corelates with
approachks the values being slightly below 1/3 ML, darklisappearing of 7 Tréfléctions in RHEED patterns at 0.5
contrast appears near the step ed&@s 2¢) and rapidly ML Sb coverageThed 33b reflections appeain RHEED
cover whole terrace area at 1/3 ML In cover#fgig. 2c). patterns aD.8ML Sb coverage anéade awaywhen Sb
That moment corresponds @ 3 r e f Imaxianum aaoverage rises aboveML. A dark contrast of terraces and
intensity while ( 71T 7)) r efdily decréaseoThis bright areas close to the step edges may also correspond to
( 7 T+78 3n structural transitionis observed inREM generationof 2D vacancies and islandsith elevated
images for 450 7500 temperature range. Th& 3n concentrationon the terraceanddepletionzones near the
structureis stable and continues to exist on the surfecesteps due tan imbalance of surface Si atdgmduced bySb
zero In fluxand T= 450/ 5504+. At T > 6004 and zero In adsorption, which are clearly observed in AFM images of
flux, reversed Ant+ ( 7 1 fapsition induced by In SbSi(111) surface Terraceand stepsin REM images
desorption occurghe higher the temperature, the earlieneturn their bright contrast onlyftar Si(111) surface
this transition beginsNo step shift was observed duringinnealingat T > 8004+ inducing Sbh desorption.

1/3 ML In deposition for whole temperatirange.
@ / ¥ i i
i —
";ji am’- > NEROIE
i, —
S e
T — B . Fig. 3. In situ REM imagesf Si(111) surface (a) before and (b)
(g G, ﬂ' . ; iy after LML Sb deposition at 6@0« White arrows indicate step
A ‘ ‘." edges.
prc SRS g 4. Conclusions
@ TN et Despite the fact thafi 3structure foms on Si(111)
i‘ A Ay ‘ T surface for In, Sn, Pb, Sb, and Bi adsorption, the
20 T =) a3 ( 71 frapsition and simultaneous transformation

: observed on Si(111) surface follow by different ways
Fig.l.ln situ REM images of % (ndividupl foy each elament.dNhilei for $n (Plb)ideposition
& 3Sn structural transition induced by Sn deposition&tR0.03  form Si(111)a 3morpholoy with atomicallyflat terraces
ML/s and T= 800A ¢ total deposited Sn coverage is ONMIB. or with 2D-island on the terraces depending on substrate
Whi t e ar r owss domaits,adashee lindioBsponds temperature, In deposition leads to formatdatomically

to the initial position of the atomic step indicated by a bla%t Si(111)& 3nterface withshortterm appearance of®
arrow. islandsfor all deposition temperatures. At teame time,

@) 0 Sb (Bi) deposition leads to roughening of Si(111) terraces.
al, S
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Abstract. The band sucture of thetwad i mensi onal Cr CFBr MXene was i nvstanusiggat ed
first-principles calculations. The ground state of the MXene is semiconducting. At&taing 1 0%, a transition f
to a semimtallic state is observed.

gap of 1.42 eV. The electronic states show no degeneracy.

. . When spirorbit coupling (SOC) is included, the band gap
In recent years, the study of Janus imensional decreases by 20 meV to 1.40 eV. The transition occurs

materials has attracted significant attention due to thgitween the valence band maximum and conduction band

outstanding physical properties, such as the Rashba effggimum with a flip of theelectron spin orientation.
[1], tunable band gap2?], and strong Dzgloshinskit

1. Introduction

Moriya interaction §]. In Janus MXenes, it is possible tc | K SN
control the magnetic order by varying the functional grot =
ligands f]. One of the approaches for tuning a material 3 | 3,

physical properties is tunable strain. In this work, w: H

investigatethe effect of irplane strain on the electric , /;’_\

band structure of the twdi mensi onal Cr TanNS “
using firstprinciples calculations. : | N = |
2. Methods

Fig. 1. Band structure of£r  C in Bie unstrained state: (a)
The firstprinciples calculations were performed usingithout spirorbit coupling (SOC) (electronic states with spin

the Viennaab initio simulation package (VASPJH]. The down and spirup are shown in red and black, respectively), (b)

exchangecorrelation potential was treatewithin the With SOC included.

generalized gradient approximation (GGA) in the Perdew jnder compressive strain (Fig. 2a), the band gap

Burke-Ernzerhof (PBE) formulation6]. The electrorion  jocreases progressivetgaching 0.91 eV di= -10%. The

interactions were described using the projector augmentggmorbit coupling (SOC) effects become increasingly

wave (PAW) method7]. The electronic configurati;)ns Of significant with greater strain (Fig. 2b), reducing the SOC
the atoms were seis follows: Cr (8°%4s"), C (2209, F  included band gap to 0.62 eVt -10%.

(22p°), Br (4s'4p®). The planewvave cutoff energy was set
to 520 eV. For Brillouin zone integration, a Gamme = — - ———
centered 191 LPatckXk-poitonmekhhwas .| =

employed 8]. During geometric optimization, atomic, [
postions were relaxed until the forces on each atog
became smaller thah A4e0V/ j . For el e
calculations, the selfonsistent loop was terminated whel "</, N
the total energy difference between successive steps \y\ AN _/
b e | o w e\ Fola€count fostrong electron localization * s g "
in chromium'sd-orbitals, Hubbard corrections (DFT+U) © T )
were applied within the Dudarev formalis8].[Following N
[4], the effective Hubbard parametéls = 3 eV was

adopted (Uer = U T J, whereU represents Coulomb
repulsion ad J the exchange parameter).

The crystal lattice strain was defined as —,

e

—_—

Energy. eV

dye

N
]

Energy, eV
]

EEN

W M 3 3 ]

wherea and ap T represent the lattice constants of th *——— .
strained and unstrained systems, respectivéf]. [ To o2, E ((flr tphand strpgture cof, Gr C
prevent boundary | ayer in '_'r%ea_' PR - S v u. I~
was added above the system. To investigate possi !am' (a)ya Lje_ ! 3115. o Wi Drﬁ'tmwmmgi%c?mwn}#

. . . frdown states shown in red and spip states in plack; (b) at
magnetico der i ngs in the Syst%mwl\ﬂbe%%mPhOy@@:i%t%%bw@th@d ;
supercell. atl= 711% with SOC.

3. Results and discussions Notably, the G-point interband transition ocrsi

Figure 1 shows the electronic band structur@ of ~ C FVBthout spin flipping. When the compressive strain exceeds

in its unstrained state. &0p0Us-AQ%) e systiem undeygoes g semicogduoor F B r
bipolar magnetic semiconductor behavibt][with a band semimetallic transition (Fig. 2c). In this regime, the
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electronic states become degenerate, though the
degeneracy is lifted by spiorbit coupling.

Under tensile strain, the material maintains its
semiconducting state (Fig. 3)hen stretched t@= 11%,
the band gap increases to 1.09 eV. Inclusion of-spit
coupling (SOC) reduces this value to 0.94 eV. Similar to
the unstrained case, ehvalenceo-conduction band
transition involves an electron spin flip.

a) , b). |

o
L

Energy, eV

)
|\
(

/
\
)

Co

Fig.3.Band structure of Cr CFBr under tensile strain: (a)
11% without spirorbit coupling (SOC), with spidown states

showninredandspinp states in bh&ack; (b)) 0O = 11% wit

included.

4. Conclusions

Through firstprinciples calculations, we investigated
the straindependent band structure of tdomensional
Cr CFBr MXene wunder compressive/tensile deformati on.
The study revealed that under compressive strains of
T 10 %he material undergoes a semiconductor to
semimetallic transition. In contrast, tensile strains only
modify the band gap magnitude while preserving the
semiconducting character. This transition mechanism
originates from increased distances between chrmomiu
ions and functional group
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Controlling of 6H-SiC surface graphitization by RHEED
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Abstract. The evolution of diffraction patterns (DPs) from the-8KC(0001) surface during graphene growth was systematically
investigated. Distinct DP characteristics were identified, correfipg to sequential morphological transitions: from an initially rough
SiC surface to a steerraced morphology, followed by formation of a carbon buffer layer and subsequent epitaxial gnaleaion
during thermal annealing. Complementany situcharacterization via atomic force microscopy (AFM) and Raman spectroscopy
confirmed strong correlations between the observed DPs and the surface's morphological evolution, stoichiometric coamglosition,
structural perfection at each growth stage.

1. Intr oduction SiC(0001) surface and graphitization processes were
' _ _ _ ~ characterizedy in situthrough RHEED.
Graphene is a twdimensional carbon allotrope with @ Ex situmorphological characterization wasrformed
hexagonal lattice. It exhibits record charge carrier mobiliby atomic brce microscopy (AFM, Bruker Multimode 8).
of approximately B 1°@ m| / VLs, S ur pguffatd Nstbichiometlic! €dmPosition analysis was
mobility by more than two orders of magnitudeigh performed using Raman spectroscopy measurements

conductivity, and flexibiliy. Owing to these exceptional(xploRa Plus, Horiba, excitation wavelengis 532 nm).
properties, various graphebased devices have been

developed, including transistor§l]. However, the 3 Results and discussions
fabrication of largearea, defeefree monolayers on  All investigated samples underwent the steypace

dielectric substratesis still significant challenge insur face formation stage. At
graphene eldmnic. This waythermal decomposition of the 6HSIC(0001) substrate surface displayed substantial
silicon carbidds apromising synthesis approach. roughness and nanoscale scratches with heighitldf 5m.

Recent studies have confirmed the possibility @ffter heating o 1 2 0 0 A C getsh Vicmal structufe a ¢ e
precisely controlled graphene growth on SiC(000With incomplete SiC bilayer coverage on narrow terraces
substrates through thermal annealing in argon atmosph@@0' 500nm  wide) with  step  0.75mi high,

[2]. Particular scientific attention has focused oworresponding to half the (0001) lattice constar@d{SiC.
graphitization processes and monolayer formation, whigihese morphological charadtgics confirmed by (AFM)
occur via sequential surfackansformations The key profiles (Fig.1a) correspond téhe expected step height of
structures controlling graphene layer parameters inclugld-SiC formed during lowemperature annealing,
the( 6431 6A3)RFA er ¢ arhbd @)l reprgsenting threeds bilayers5].

graphene surface latticg3]. In situ observations of  The growth of higkguality graphene on 613iC(0001)
reflection highenergy electron diffraction (RHEED)substrates occurs on a buffryer having 6 & 3urface
patterns corresponding to the given surface transformatio@sonstruction, upon which graphene layers withl §1
have not been previously reported. structure subsequently form.

In this work, wehave investigatethe evoluton of the Fig.2(a) displays diffraction patterns (DP) along
crystalline structure in the neaurface layer of 6H p gm direction obtained after fiveninute annealingat
SiC(0001) during thermal processing usimgitumethods. T = 1300A CThe rodlike reflections orresponding to the
The obtained results establish correlations betweSICT structure beg to be accompanied by two satellites on
annealing parameterRHEED and the characteristics ofeither side of the rod reflections matching tbed 3
obtainedgraphene layersenabling precise control overreconstruction during annealing "The appearance of
their quantity and qualitythat whictresearch provides newsatellite reflections on the diffraction pattern along the
insights into the mechanisms of graphene formation gn gt diredion indicates complete coverage of the sample
silicon carbide substrates, contributing to the developmesnirface by the buffer layeFhe presence of the buffer layer
of advanced electronic devices based on-dimensonal is confirmed by distinct D and G peaks in the Raman
materials. spectrum (Fig1(c)). The sample surface exhibits large pits
: up to 5nm deep (Figla) where gaphene clusters form as
2. Experiment o . evidenced by t he 27e0ahlinktheo ad

The sampl es 8 wih bithensiols Were g, B pectrum referred to as the 2D peak.
pr_epearedfrom nitrogendoped 6H$|C(000_1) spbstrates The DP presented in Figb along pprt Tt direction
with 0.0201 qbcm resistivity. corFelen'EisR{G‘ the foﬁ'nﬁti'arfa(ﬁ(ihg lﬁs@ graphene layer
procedures were conductéd situ within an ultrahigh during 4minute anneling at T=1 350 AC wi t h
vacuum (UHV) chamber of a reflection electrorbeam incidence angle of 2 A , enakofthetgwo pr ol
microscope 4], utilizing direct or alternating electric ;1 ormost surface layers. The surface exhibitt | 1)
current passage through the specimen for heating purpoSggcrewith rod-like reflections in the DP demonstrating

Tenperature monitoring was performed using afe hexagonal structur@he rodlike diffraction features
optical pyrometer, while structural evolution of the -6H
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associated with graphene exhibit higlomogeneous graphene layer. Hower, AFM image (Fig. 1b) reveals
intensity distribution, and continuous elongation alortgrrace segmentatioonto stripelike features along step
their entire lengthbeing characteristicfor high-quality edges and numerous polygonal pits up taml deep
two-dimensional graphene clusters. induced bysilicon sublimation, indicatingucleationof a

second graphene layer.

4.0 5 \d
00 CEEEENTET0.4 T
X, um -

Fig. 2. (a) DP observed along @ direction during annealing
atT=1300AC; (b) DPppromdseetionvdarihg al on
annealingat 1 350AC. Unmar k eghtteans of o ws
W T " T " T " t h e -re&dnsructed buffer layer.

N 4. Conclusions

1 Our in situ REM investigation and ex situ AFM
Graphen \ZD- investigation and Raman spectroscopy measurements
demonstrate that the formation of the buffer layer can be

monitored through the appearance of satellite reflections in
DP. For controlled synthesis of monolayer graphene, the
annealing process must be témated while the diffraction
pattern still shows a superposition of reflections from both
graphene and buffer layerComplete disappearance of
buffer layer reflections, which would indicate the formation
L e of thesecond graphene layer, should be avoideddintain
1200 1600 2000 2400 2800 monolayer coverage

Raman shift, cm™

3

Intensity, arb. units
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Abstract. We study the Ising model on Fibonadiiscretized 2D surfaces with Delaunay triangulation, examining sphere, ring, plane
and torus topologies. Phase diagrams reveal conneafivityp e ndent transi ti ons stcts/7vertex defecds. 3 3 (
in Fibonacci lattices cause: deviation from flat lattice critical temperature, singular connectivity transitions witmidtg@pology
dependent finitesize effects. Notably, the torus (<1% defects) shows no Tc shift, congdmthe universal Fibonacci lattice limit.

This demonstrates how local defects and global topology jointly determine critical behavior.

1. Introduction Fib_onacci numbers._Some spiral sets are twisted clockvx_/ise,
: while others are twisted counterclockwise. As the lattice
The Ising model on twdimensional lattices has longradius (total number of sites) increases, the number of
served as a paradigmatic system for studying@sph gominant spirals grows. @ also be demonstrated that the
transitions and critical phenomefid. While its properties Fihonacci lattice essentially results from a sequential
on conventional flat lattices are well UnderStOOd, iﬁrangement of elements a|ong asing|e "generative spira|"

behavior on curved surfaces with complex topologg). The angular distance between elements of this
presents new theoretical challenges and opportunities. g e ner ati ve spi r al corresponoa

In this work, we investigate ¢hferromagnetic Ising1 618 & 137.50).
model on curved surfaces discretized via the Fibonacci
method with Delaunay triangulatiof2]. The Fibonacci
approach generates uniform coverings with approximately
equatarea triangle§3], providing a natural framework for
studyingthe thermodynamic limit on curved manifolds. A
key feature of these lattices is the presence of topological
defects- 5- and #coordinated vertices. As the number of
nodes in the Fibonacci sphere increases, its triangular
covering undergoes a series of gitar transitions
reflecting abrupt changes in connectivity properties. These
changes substantially influence the system's statistical
characteristics, leading to firstderlike discontinuities as
the sphere's radius groyH.

We compare phase diagramscross different C
topologies: sphere[5], torus, and spherical ring
configurations (including ring and planar cuts). The critica&lg. 1. Fibonacci lattices: a) sphere; b) ring; c) plane (cut ring);
temperature T, a 3 . B Rradny universal in thed)torus.
thermodynamic limit, yet is lower than for flat triangular
lattices Tc & 3J) [8]4We attribute this to finitsize
effects and global topology's influence on phase behavimr.ough the

The Fibonacci spherical lattice (Fig. 1a) is generated
coordinate transformation equations (1, 2):

Notably, the torus exhibits negligible Tshifts due to w L wel —Ft:)"%e Qe —E%"Qsoos L *p
minimal connectivity defects (<1%), yet converges to the . q_n_ O (I)U_E i C

same limiting critical point as spherical topologies. ) _ )
These results provide new insights into howyhere k runs through sites from 1 to N, and r is the radius

connectivity ~ properties, curvature, and topologf the sphere. _ _

collectively determine critical phentena in curved  The Fibonacci ring lattice (Fig. 1b) was generated

spaces. The observed effects demonstrate nontrifflough excision of the polar regions containtagind 7

relationships between local lattice geometry and glot@ordinated nodes from the spherical configuration,

topological constraints in statistical mechanical systemsresulting in exclusively €oordinated vertices throughout
the ring structure. Subsequent longitudinal sectioning of

2. Experiment this annular geometry yielded the planar Fibonacci lattice
Fibonacci lattices are characterized by an almdsig. 1c).

uniform and isotropic distribution of sites. This enables The Fibamacci pattern on the torus surface (Fig. 1d) was

effective discretization of curved surfaces using trianglesadnstructed according to the mapping equations (3, 4),

approximately equal area. which preserve the uniform point distribution while
The Fibonacci distribution on surfaces forms a structusdapting to the toroidal topology:

consisting of two sets of spiral arcs [11]. In these ares, th © Y I QOf e N—

distance between consecutive points is determined by ® Y I Qéi Qf—
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o

After constructing the triangulated Fibonacci lattices,

we define the Ising model with the Hadtanian (5):
o 0 YY QY

aha

U

The spin variabl& represents the magnetic moment of
an atom at the site k. This variable can take two valies,

=N1, associated, r especons

of the magnetic moment with respect to the atomic crystal
plane. To simplify notations, weconsider dimensionful

variables in units of the couplint= 1.

3. Results and discussions

We used the Monte Carlo method to generate

configurations using the Metpolis algorithm.

were fixed and equal to +1, on the -cuit areas (ring and

susceptibility versus temperature fitting (Fi§). gives a

phase transition point of
Ll 'Sites on torus|
0.014 - 3000
— 8000
0.012- —— 17000
85161 47000
Z 0.008
v e 0.006- or i
0.004 -
0.002 - |
o000 b =
28 30 32 34 36 38 40
T

ap

ent

Fig. 3. Magnetic susceptibility of the Ising model on the
The boundary conditions for the Fibonacci ring angihonacci torus.

plane were fixed: on the original spherical lattice the spins

4. Conclusions

ring with a cut) the spins changed in a Monte Carlo cycle. The study of the Ising model dfibonacciDelaunay
The magnetic susceptibility (6) was computed for alkttices (sphere, ring, plane, and torus) reveals a universal

lattice configurations presented in Figure 1 (sphere, ringitical temperatureT. &

3 . BiR the3 thermodynamic

plane, and torus) under zero external magnetic figlghit, despite topological differences. The deviation from

conditions:

e G0 YD & & YD @
YO

where 0
system.

the flat triangular lattice valud{a 3J) steshs from &-

coordinated topological defects, inherent to spherical and
ring geometries. Notably, the torus, with minimal defect

Y
B "Yis the total magnetic moment of thedensity (<1%), shows negligible Tshifts, highlighting
connectivity on phase

possible influence of local

The susceptibility data were fitted with a Gaussiaransitions

function to determine the critical point. The following The segmented skiag of Tc(1/N) for the sphere and

presents the distribution of critical temperatures asdarived configurations reflects abrupt connectivity changes

function of the inverse number of latticeesit(1N).

The spherical lattice undergoes a series of transitidn® havi or

dur i Fi bonacci spiral

underscores

ng

associated with the formation of new spirals. The phaséch singularitieddowever, the questionmeains as to how
behavior exhibits segmentation of the extrapolation regidominant a role topology plays in the observed deviations
into distinct intervals, similar to those observed fdrom the planar triangular lattice behavior.

connectivity properes. Phase diagrams for the Fibonac%icknowle dgements

sphere are also presented in the arti6le Comparable

critical point patterns are observed for both the ring and The work was supported by Grant No. FZR®4
plane (Fig.2) configurations derived from the sphere. F#002 of the Ministry of Science and Higher Education of

the investigated higlensity lattices, sdéiag analysis
yields nearly identical critical temperatures @f a
3.33(3).

3.55-
3.50 //.
Cut ring:

/ = T_=3.339£0.001

T3‘45' v o T,=3.324+0.001
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La/Si(111)
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Abstract. The details abougrowth conditionsand surface morphologies of diraduced thin films on Si(111) substrate are observed
by scanningunneling microscopy (STM) and lewner gy el ectron diffraction (LEED).
La/Si(111)with domain walls (DV¥). According toour experimental datave report on models of unique atomic structueshe
investigated compmnd.

1. Introduction One can see théte surface is built ahevarious sized
: o _ triangular domains, wbh bounded by the DWsTlhese
Rare earth metal (REM) thin films grown on silicon v j angul ar d o ma iperisdical beragomdl n t

surface have attracted the attention of the scientifigrays (Fig. 2 ajind DW separates them (Fig. 2 b)
community due totheir prospective for magnetic, ,

spintront, and electronic devices. There are three types of
structures on SI11) induced by submonolayer La
(trivalent REMNd Sl2partipl@m+1) T 6§
quastonedimensional (1D)5 | -Ra reconstruction with -
1/5 monol ayer ( MWLArecomstueionage an
with 1/3 ML coverageRecently, based on thab-initio
calculationghe atomic structuref theLa-induced Si(111)
( a31 aAsurRé& vaproposed?2]. However, there are
relatively few experimental studie$ this structureln this
article, weinvestigatedgrowthand atomic structuref the

uniform ( #38 3 )La/Si(111) and domain walls IWS) Fig. 2. Empty state (+2V)experimental higiresolution STM
formed on it images of the a) & 3a 3.a/Si(111)surface (he bluerhombus

outlinest h e & 31 & Bancubjdonain wal latithes 3a 3

2. Experiment La/Si(111)surface (heblackshapeo ut | i nl@l sd 3t hxee | d

Experiments were performed in tbdra-high vacuum
system OMICRON STM-1 (with base pressure
~1 . 89WTars. ( &8 3Da and DWs were investigated
by scanning tunneling microscopy (STMlow-energy <+ r yct ur al m o-lch @Hase arad DWWy usieg & 3 T
electron diffraction (LEED)and akinitio calculationsFor  4pinitio calculations For t -bae phage3iiwas3
the formationof thed 8a 3.a surfacelLa deposition was egtaplishedthat La atomsoccupy the H3 sitesFor the
carried outontothep r e | i mi nar i-laAsi(111p KR BWsd kP ar at i n-ba dontmies (Rgipid 3

&

The La coverage estimation yielthat the DWs contain
excess La atoms in comparison with the triangular domains.
Based onthe STM observations av proposed atomic

surface at about 680C . wasfound that La atomsepla@ somesubstrate Si atoms
3. Results and discussions forming double zigzag atomic wire
Thed 33 32a/Si(111)surfacereconstructiorwith DW 4. Conclusions
wasfoundfrom STM and LEED measuremeffig. 1). The & 3a 3.a/Si(111) surface reconstructiorwith
[ > 3 DWs has been investigated by STM, LEERnd abinitio

calculationsWe proposed atomic strugtl models of the

4 31-Ba3 phase and DWs epar ati ng-lat he
domainsTheobtainedresults show thahe structure of the

DW is an almost ideal orgimensional (1D) structure.
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Structural and morphological Bi»Se3(0001) surface
transformations under Indium deposition

Ponomarev S.A."*?, Rogilo D.l.»2, Golyashov V.A.%, Nasimov D.A.}, Kokh K.A.2, Sheglov D.V.%,
Latyshev A.V.1?

1Institute of Semiconductor Physics of SB RAS, 13 pr. Lavrentieva, Novosibirsk 630090, Russia
2 Novosibirsk State University, 2 Pirogova St., Novosibirsk 630090, Russia
3 Institute of Geology and Mineralogy of SB RAS, 3 pr. Ac. Koptyuga, Novosibirsk 630090, Russia

*e-mail: ponomarev@isp.nsc.ru

Abstract. We report the studypf submonolayer indiundepositionon BkSes( 0001) surface at r onote t e mj
column ofin situreflection electon microscopeAt room temperaturendiumatoms sbstitue bismuth in thaippemostBizSe; layer.
Subsequent annealing at &200AC whidh creasds4nnahigh Ri(114)dbieayer wah a ladyrithms  t ¢
like morphology. In contrast deposi t i oML @ teadd B shr@ce (pkagappearingwith 0.4nm-high that locally
suppresses Bbe sublimation Ascending tep flow during sublimationleads tostarshapedmultilayer islands +0.4nm height)
formation At higher coverage&2 ML), In accumulates at step edges leading to intercalation into thderalaals gap and further

Bi substitution accompanied by the formation ofOm-high rims.

1. Introduction via electrorbeam evaporation from a molybdenum

One of the primary methods for fabricating higiality crucible the deposition ratevasmonitored using a quartz
vanderWaalsheterostructures and superlattices based 8fystal microbalance and verified by XPS. Surface
layered metal chalcogenides is molecular beam epitasijuctural evolutionwas tracked in real time using lew
(MBE) [1]. Like other epitaxial techniques, MBE does ndhergy electron diffraction.
allpw to cqmpletely pr_evemhe form_ation of point_elfe_cts, 3. Results and discussions
twin domains, and various crystalline phases with identical
stoichiometry (polymorphs). A significanbumber of
defects appearsat the interface during nucleation an
formation of the initial f i | tagess. Consequently,
investigating surface prosse® adsorption, diffusion
nucleation, and growth of 2D islar@sisingin situandex
situ techniquesis crucial for advancing vaderWaals
epitaxy and addressing challenges that hinder
Eg‘ﬁitc‘gtr'%z o offa pmg'tgokﬂg_a"ty heterostructures  fory |\ daries and a height of 0.4 (iFig. 2(a))[5].

In this work, wepresent thestudy of Bi»Se;(0001) ok : "1y | 1oy ' '
structural and morphological surface transformatiol In-Se | |Bid4f,

In3d,
during the indium deposition, investigated using situ Bi-Se
reflection electron microscopyREM) and ex situ kil |annsitad
characterization methods.
samples with di mem $he samples

were prepared by cleaving a bulk.8& single crystal

grown by the Bridgman methof?]. The deaving was L . L : - I L - I
performed under ambient conditions, followed dmting o mee 40 e B e de S 82
the edges. High-purity indium (99.999%, Ted Pella, USA) Binding energy (¢V)

and selenium (99.999%, Metallon, Russia) were usedRig. 1. XPS spectra of In3d (a), Bi4d (b) and Se3(t) lines
deposition sources. Thadium evaporator was calibratedneasured for gristine Bi2Se(0001) surface after cleavage in

by monitoring the formatVachuumatkel agk lai ngg]) a pafigugr fagde!
reconstruct i o-anneaked S(BLD) &Jﬁstraié"?mpﬁratufﬁr(b@le linesland after subsequent heating of the
following established procedur{4]. sampl e @edlingsp0AC

Ex situ diagnostics wereperformed by scanning  ging backscattere@lectron detector sensitive to the
electron microscopy (SEM) a_n.d atomic force MICIOSCORYomic number® mat er i al &mtrag)iSEMne nt s
(AFM). The chemical composition and_ electronl_c Structutgyalysis of a BSe(0001) surface with submonolayer In
of the samples were characterized usingra)X coverage (0.5 MLi 1 monolayer (ML) having a height
photoelectron  spectroscopy (XPS) and amgiolved g2 nm revealed a morpholigal featureconsisting of

photoelectron  spectrosgp  (ARPES). Indium  was a6 distinct regiongfig. 2(b)). Bright-contrast domains
deposited onto the B$e;(0001) surfacén ARPES camera (0.4 nm height) corresponded to -Bh areas where

Indiumdeposition at room temperature already leads to

he substitution of Bi atoms in the nearfaceBi,Se; layer

y In atoms all indium atoms become covalegnionded
with Se Subsequent annealing é
" displaced bismuth atoms to migrate to the surface, where
they form covalent bonds with each otfiig. 1) resulting
tilq the formation of a Bi(111) bilayer. This bilayer exhibits
aqabyrinthlike morphology with no distinct faceting of

2. Experiment

To study the adsorption of indium on the®(0001)
surface,in situ REM investigationwas performed using

Intensity (arb. units)

cleaved
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displaced bismuth formed a surface bilayer, while darkscillations) peoceedig to multilayer \anderWaals
contrast regions indicated -Bubstituted area lacking epitaxy at 4 ML.

Bi(111) bilayer coverage. Intermediat®ntrast areas
represented untransformed8&(0001) surfaceemained

showed approximately equal distribution between |flow
transformed (bright/dark) and pristine (intermediate)
regions. These observations  corroborated by [b) S
complementary AFM, XPS, anlRPES data demonstrate
the competitive processes of In substitution and surface Bi
aggregation  during submonolayer low-temperature
deposition.

Fig. 3.In situ REM images of indium adsorption on the
Bi:Se( 0001) surface exposed to Se
congruent sublimation (O ML of indium coverage), (b) ~0.5 ML,

(c) ~1.25 ML, (d) ~2 ML

4. Conclusions

Using in situ REM, AFM, SEM, ARPES, and XPS,
stages of indium depositiamto the BiSe;(0001) surface
A AL atroomtemperatui@ ol | owed by anpangal i r
0 0.1 02 at 4 weeAi/estigatedindium deposition at room
ol temperature induces thebstitution of bismuth atoms in
the neassurface Bi.Se; layer. Subsequent annealing at
4&200AC promotes the segrega:
atoms to the surface where they formOa-nm-high
Bi(111) bilayer exhibiting a labyrinthke morphology.
Indiumdepo si t i on aWl)intdces hEfor(natidn
of a 0.4nm-high surface phase that locally suppresSBi
sublimation. During sublimation, ascending step fleads
to formation ofstarshaped multilayer islands wittheight
of N+0.4nm (N is the numberof QLSs). At higher In
coverages (>ML), indium preferentially accumulates at
) ] o step edgesthenintercalaesinto the varderWaals gaps
gleg.ozéiti?% vﬁf hMo Eni%? r?fBit(T:aL 1;313% Se“rrsfa&?) ;‘Emgd':rgf and further substites Bi atoms. This process is
theIO surfaceobtained ingbacksca'[teredy electron modeg:] Whiteaccompanled by _the for_matlon of @rhigh rims at the
arrows indicate the regions corresponding to Bi(111) bilayers,edges of the ouified regions.
pla_ck arrowsindicate the regions_of the _surface reacted Witmcknowledgements
indium but not covered by the Bi(111) bilayer, hatched arrows . .
indicatethe regions with theristine BizSe(0001) surface This work was performed on the equipment of CKP
ANanostrukturyo and was supj|
Fig. 3a) reveals BiSe(0001) sublimation at Foundation [grant number 1EP-30023].
~0.03QL/sec (1 QL quintuple layer (QL) having a height
a4 1 nm), -comtiagst Atomit atepkoving toward References
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silicon alloys: first-principles evolution search results
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Abstract. The search of minimal enthalpy structures of ternary magnesium alloys of different stoichMeSiyGez under pressure
PG5 GPa has been performed using the software suite USPEX implementiagotbon algorithm combined with the density
functional theory (DFT) approach. Thevolutionary search hagelded new possible ternary compounds of the stoichiometries
MgeGesSis, MgsGesSia, MgsGEeSis, MgaGesSiz, Mg2GeSi and Mg2GesSi, which have negative enthalpy of formation at pressures in
the range of 0 to 10 GPa and which are not substitgtitutionsof Ge on MgSi matrix The stability and fabrication conditions of
the resultng structures merit further investigation.

1 Introduction considered to be achieyed when the most energeticglly
: favorable structure remained unchanged for 20 consecutive
Since the 1960s, M¥ compounds (X = Si, Ge, Sn) anyenerations. Each generation contained 20 structures and
their solid solutions have been shown to be promisifge first generation contained more than 120 structures,
materials for thermoelectric energy conversibr?], since jith 4 to 32 atoms per every structure. The structures of the
the high thermoelectric corrsion efficiencies observed infirst generation were randomly selected from the list of 230
these systems3{5] make them suitable for heat recovergpace groups. In thillowing generations, 50% of the
and energy conversion applications due to their valualphgvestenergy structures were inherited from the previous
properties such as high melting poi}, [narrow indirect generation, 10% of the structures were produced by lattice
band gaps, environmental safety and sufficienaphess muytation, 10% of the structures were obtained by atom
These compounds are very promising materials as therfaghsmutation, and the remaining 30% of the stmastu
elements in industrial production, infrared detectors ere generated randomly.
optical fibres, high efficiency solar cells afior use in Al USPEX generated structures were then relaxed
hydrogen energy technologies for its storage and transpgging the conjugate gradient method implemented in the
Magnesium siliale shows great compositiona\/ASP software 19] with an energy precision of up to 0.1
flexibility as evidenced by its formatioof solid solutions mevjcell. The me-electron wave functions were expanded
with tin or germanium [Vg] This ﬂelelllty allows the using a ﬁane.wave basis with a energy cutoff of 500 eV'
thermoelectric performance of these materials to kg exchangeorrelation potential in the PurciBurke
enhanced through improved electrical and therm@inzerhofform [20] was used in the generalized gradient
conductvity [10]. By varying the concentration ofapproximation. The Brillouin zones were sampled using a
germanium in the compound, we can tailor th@onkhorst Pack meh with kpoints resoltion of ~103
thermoelectric properties to our needs, increasing thginy/ { and i n 1@%e\eThe enthalpy at a zefo  ~
potential for use in energy conversion applicatidris. temperature was determined using relation§kifE+ PV,

The properties of threeomponent MgSiyGe, alloys whereE is the total energy? is the external pressure, and
over all possible stoichioetric ratios still remain v s the primitive cell volume.

unexploredAntifluorite structure withFmom symmetry is i ,
the only structure considered in the analysis of magnesigniieésults and discussions

stannides, as both magnesium silicide and magnesigable I. Structures, corresponding to the vertices of the convex
germande share this structural fim. Furthermore, the shell at pressures df 4 andé GPa.Si atoms are shown as smalll
application of evolutionary optimisation methods to thelue spheres, Mg atoms as large yellow spheres and Ge atoms as
calculations of MgSi[12], Mg.Sn[13] and MgGe[14] has large grey spheres in the unit cell in the last column.

allowed the reproduction of known phase transitiass
well as also predicting previously unknown structure
under high pessure. The aim of this study is to identify

optimal structures in the thre®mmponent MgSiGe 1 GPA A
system using modern evolutionary optimization techniqu geSisGe 7. 46 90,90,12C R3(146) '*W
[15], and to investigate the stability of these structures bot v’
at a_mbl?nt p(;essijésegndltlons as wdl as at pressures | gpa 7.44,7.44
ranging from O to a. MgsSiz 1222

Pressure/ Lattice parameters

%Zompositiora, b,c() a, b,g() Symmetry  Unit cell

F
90, 90,90 R-3C (167) Eé;%
J

1GPA 414,414 o-a o e
’ 90, 90, 90 PAInmm(129) &
MgSi  6.90 e M129 e pee

2. Methodology of calculation

For evolutionary modeling of the threemponent Mg
Si-Ge system, Universal Structure Predictor: Evolutionary
Xtallography (USPEX) algorithms were applied in the 4 GPA g4 531 93.9 90.2 R 40,0
variable compositio mode []6-18]. During the - ‘£os o83 P a%°

. - MgeSiuGes  5.25 95.3 >d°
evolutionary search, from 40 to 60 generations of structures
were produced depending on the convergence, which was
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4GPA 846 534 93.8 904, pL() %}AE:: pressure P:their e_n_ergies are compak_atlo those of the
MgeSisGes  5.26 95.6 S 2 well-known binarysilicide gructureMg.Si.
4 GPA o a? 0.004 ——Mg,SiGe, | —— Mg;SiGe,
~ 6. 23 90,90,90 Fmom (225 g, — Mg,Si,Ge,| — Mg,SiGe
MgzSi N ----MgSi Mg,SiGe
‘ 0.05+ D —— Mg, SiGe| - - - Mg,Si,Ge
6 GPA R, 2 556
. 4'157 '0%'66 90, 70.55,9 Pm(6) Vs gia |5 —— Mg,SiGe | —Mg,SiGe
Mg2SiGe - o 3 9.10d —— Mg,SiGe | —Mg,SiGe,
- >
6 GPA 506,846 78,90.5 K0 ©
' ' ' P1@ % =
MgsSisGez  8.04 733 @ % 5“’:& =
<
6 GPA 4.95,5.68 76.3, 1039, P1(1) &‘%*’ i
MgeSisGe  6.59 98.1 o
6 GPA i
. 452,452 90, 90, 12C P6/mmc k{f“
Mg:Si 5.82 (194) is o 7 7 5 T 10
6 GPA 538,5.25 89.4,79.7, of gp Pressure, GPa
MgSi 5.19 111.4 P-1(2) "5 - -
gs! : . ° Fig. 1. Enthalpypressure dependence for the most energetically
favorable crystal structures obtained by optimizing the results of
6GPA 762,762 g5 g9 19¢ M the evolutionary searcand their corresponding derivatives
MgSis 15.05 I (166)

4. Conclusions

Table 1 shows the lattice parameters and enthalpies ofEvolutionary search allows the prediction of new
formation d the most stable compounds of magnesiurapknown structures of mixed M8iyGe compositions.
silicon and germanium obtained by evolutionary metho&®me of them can be more stable than the knowsShxg
at external hydrostatic pressures of 1, 4 and 6 @Pa. ambient pressure conditions.
pressure of P = 1 GPa, the convex hull consists of fiye
vertices, one of which corresponds to thedey compound Xcknowledgements . )

MgsGeSk (146 space groupyvhile two others correspond All calculations were carried out using IACP FEB RAS
to the binary silicides M@i and MgSi, from groups 129 Shared Re s o urce Center cFar
and 167, respectivelyit a pressure P = @Pa, the convex R€ S o ur c e e hipg:/ice.dvamie The research was
hull includes two asymmetriernary alloydMgsGe;Sis and carried out within the state assignment of IACP FEB RAS
MgeGe:Sis, and a cubic magnesiusilicide MgSi of 225 (Theme FWFW2021-:0002).

spacegroupsymmetry. At a pressure P = 6 GPa, the conv@ferences

h_u.II.iS form(?d by three t.emary. alloys and_ three binam E. N. Nikitin, V. G Bazanov, V..ITarasov. Soviet Physics
silicides of different stoichiometries from Mgj to MgSs. of Solid State 3 (1961) 2648

The ternary alloys have symmetries 1 time case of (3] R jLabotz, DR. Mason, DF O'KaneJ. Electrochem. Soc.
MgsGesSi: and MgGeSis or 6 in the case of M&eSi.The 110(1963 127.
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results presented in Table 1 were recalculated in A.A. NayebHashemi, J.B. ClarkBulletin of Alloy Phase
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. . H. Kamil .J.M . Chem. A7 (2019 104
optimization. Fig.1 shows the most stable structures wit ] v Nﬁr;;;e;l?,vfateftﬂags_eSTM :53(189?)85015
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well asthe results of calculations of handmade ternafyl] K. Kaur, S. Dhiman, and R. Kumar. Indian J Phy&117)
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other MgSisGe structure of the same composition but with ~ (2011) 227.
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Abstract. Understanding the processes of formation and evolution of metal nanoparticle arrays is important because it allows one t
control their parameters and properties in practical applicatidrs.paper analyzes the featuresAof and Au nanoparticle array
transformation during condensation of these materials and energy exposure in a Vaeunamoparticles in the array were classified
according to their sizét was found that small Ag nanoparticles (<3.0 nm) actually haxfeqidcc structure, whereas larger diameter
nanoparticles unexpectedly have predominantly icosahedral or decahedraEf@&cesith a weak energy impact, the nanoparticle

array evolution takes place that is caused by the simultaneously occurring maéesggation of individual atoms along the surface,
coalescence of nanoparticles and evaporafisra result, the evolution of Ag and Au nanoparticle arrays has differenamients.

In the case of Ag, the coarsening of nanopatrticles occurs througadiphase via the Ostwald ripening mechanism. In the case of Au,

it was found that the calescence of nanoparticles depends on their mutual crystalline orientation, resulting in medngmsatiz ¢

through the formation of a bridge or through a jump.

1. Introduction resolution images of nanoparticles were obtained at an
' accelerating voltage of 200 kV, under consistent

In recent years,metallic nanoparticle arrays havejjjymination conditions, and with nearly perfect focusing of
attracted the interest of researchers due to the identifigd opjective lens.

complex of their properties that allows to use this product ) _
of nanotechnology for various applications. For use h Results and discussions
various dewies or technological processes, an array of Detailed analysis of the arrays using TEM allowed us to
metallic nanoparticles must be formed on the solid statlassify the nanoparticles by typgemall monocrystalline
surface. Setassembly of an array of nanoparticles with manoparticles, = monocrystalline  twin, icosahedral,
reproducible average size and average distance betwdetahedral, and polycrystalline nanopartifids As can
them on the surface is possible using 6@ vapor be sen in Fig. 1, the proportion of small monocrystalline
deposition methodsin these methods, the gas phase manoparticles in the array was the largest.
formed by evaporation or sputtering, after which this vapr-
condenges on the solid state surface. . 1 [ monocrystal |

In this paper, we compare the features of the evoluti 351 - I decahedron
of gold and silver nanoparticlerays during condensation 20 I icosahedrion
of these materials and energy exposure in a vacuum. ] ___|polycrystal

2. Experiment

This study utilized highresolution transmission
electron microscopy (HRTEM) to examine the structure «
silver and goldnanoparticles on a thin film of amorphous
carbon (&C). A 20 nmthin film of &C was used as a
substrate because it is chemically inert towards séwer
gold nanoparticles and does not affect the diffractio 5_'H

Number of particles

pattern when studying the crystal structure of the sample ]

TEM. To create substratesrfsilverand goldhanopatrticles, 0 -

amorphous carbotayer was deposited using magnetro o 1t 2 3 4 5 & 7 8 9 10

sputteringon single crystals of NaCl, measuririg$33 mm Size of particles, nm

in size. The NaCl crystals were then dissolved in deioniz'g_,_u : o ) :

water, and the resuiting carbon films were transtéonto ig. 1. I—_||stogram _of t_he distribution o_f nanoparticles in the array

o . . . depending on their size and type of internal structure.

copper grids with a 3 mm diameter and 200 holes per mc?P

using a standargrocedure. Silveand goldnanoparticles As can be seen in Fig. 1, theoportion of small

were subsequently deposited onto the prepared carboni@dnocrystalline nanoparticles in the array was the largest.

via vacuum thermal depositiat a distance of 20 cm fromThe singlecrystal type was predominant for particles sized

the substratefl]. The masses of the vaporized portions afi 3 nm, decahedral for particles sized43nm, and

gold and silver were 1.5 and 0.8 mg, respectivé&lye icosahedral for particles sized3nm (Fig. 1) For particle

residual pressure in the chamber was maintained %1@.5 sizes >6 nm, the polycrystalline type became predominant.

5Torr. Interestingly, the smallest nanoparticles had a single
The nanoparticles were analyzed using HRTEM oncaystal structure The most of these nanoparticles with

Titan Themis 200 instrument, which is epjed with a diameters of 0183.0 nm exhibited a nearly perfect face

spherical aberration corrector for the objective lens. Higbentered cubic (FCC) structure with distinct faceted
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appearancen the size range, a significant percentage simultaneously occurring processeke place: evaporation
nanoparticles with fivefold symmetry, i.e. icosahedral (Ilgnd coalescencé&ince the vapor phase for Ag is easily
and decahedral (Dh) structures, were observed. formed, it is natural that the coalescence of nanoparticles in
During a weak energy impact, the nanoparticle arrdkis case occurs by the Ostwald ripening mechanism, when
evolution takes lace that is caused by the simultaneouslgrger particles with a larger radius and lower satdrate
occurring processes of migration of individual atoms alongpor pressure absorb smaller particles with a smaller
the surface, coalescence of nanoparticles and evaporatiadius and higher saturated vapor pressure by directed mass
As a result, the evolution of Ag and Au nanopatrticle arrayrmnsfer through the external environment due to the
has different mednisms [3].In the case of gold, the pressure difference.
particles vibrate close to each other for quite a long time. .
But at some point, when they get a little closer, a "bridge” Conclu§|ons o . .
appears between therfihis occurs in cases where the Thus, in the initially deposited array of golddasilver
planes of the crystal lattice of nanoparticles are locaté@noparticles, under energy exposure, the evolution

either in continuation of each other or are turned at an anBfcess is observed due to the enlargement of nanoparticles
(Fig. 2(a). and a decrease in their number in the array. Under the same

conditions of energy exposure, the process of coalescence
of Au and Ag nanparticles in the array by joining
neighboring particles differs significantly. In the case of

\ gold Ag, the evaporation process plays a significant role. For this
_— . » S reason, the aggregation of Ag nanoparticles occurs by
bridge” S (a) intensive mass transfer through the extesralironment,

mechanism. In the case of Au, evaporation of the material
is not significant for the coalescence of nanoparticles.
However, the mechanism of this process depends on the
mutual spatial orientation ttie atomic planes of the crystal
gold lattices of nanoparticles. With a parallel arrangement of
, closely packed planes of nanoparticles, the "jump"
IH HI |l||l jump HH“H || (b) mechanism of coalescence is realized. In all other cases, the

f— ||||| /——————~ implementing the welknown Ostwald ripening

coalescence of Au nanoparticles occurs by "bridges"
formed by Au atoms.
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The behavior of silver nanoparticles differs
significantly fromthat of gold(Fig. 2(c). The Ag particles
also vibrate around each othddowever, unlike Au
particles, it is noticeable that they decrease in size over
time. In the case of silver particles, there is no obvious
abrupt coalescence or formation of chaihatoms, i.e. the
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Abstract. We reportn situultrahigh vacuum reflection electron microscopy ardituatomic force microscopy study &b-mediated
Ge epitaxy (010 BL) onSi(111) surfacavith Sb surfactant coveraged (OML) at 500 650C. Sb passivation of Si(111) surface does
not suppres$transkiKrastanovgrowth regime at 60C for Ge coverages aboveBR, however 3D Ge islands 110 nm, area
S~1mkn?, N~10"cm?) nucleationon clean Si(111) surface transits to growth of Ge nanodaods2(nm, and S 100nmn?,

N ~ 10" cm ?) on 1ML Sh-passivated Si(111) surface at BD0Ge epitaxy on 1 ML Spassiated Si(111) surface at 560 C
proceeds under layday-layer growth mode.

1 Introduction 600A CSb flux was calibrated by & 3 1-S08 Ji 1 1-3bo

' ) o ) structural transitionobserved byreflection highenergy

Semiconductor heteroepitaxial technologies mostly glectron diffraction(RHEED) whenadsorbedsb coverage

dealwith StranskiKrastanov growth modehere layeiby-  f, risesabovel ML at T = 600/ 650A g5]. Ge coverages
layer growth transmits to growth of 3D islands due tg_, up to 10 BL were deposited onto Si(141)7 T ahd
relaxation of elastic strains induced lattice parameter Sbi(111) at 500G 650A Cand Rse=0.0% 0.1 BL/s. All
mismatch between growth material and substratyperimental stages including Sb and Ge flux calibration
Applicable to the most common hetero system Ge/Sjere observed and recorded ibysitu REM and RHEED
transition to 3D growth mode occurs at Ge coverages ab@¥gnniques. Due to a small angle of electron beam incidence
2BL (1BL=2ML =1 . 5 6%criY onSi(111)surface. onto the sample surface, REM images are foreshortened by
It is well knownthatapplication of Sb as a surfactgnt on Sl 50 times along beam incidence, which distorts the shape
surface allows one to suppress 3D Ge nucleation andyfQy|| surface morphology featureBSollowing analysis of

conditions [1,2] However according to work$l,2], exact AFM technique in air.

experimental conditions for 3D/2D transition or at least for ) _
reduction of 3D Ge island sizes at-Biediated Ge epitaxy 3- Results and discussions
on Si(111) are not clear. Moreoveself-organizing Ge The typical transformations observed ibysitu REM
guantum dots density was shown to be regulated by t8bhnique on the Si(111) surface during Sb deposition and
coveragesaryingon Si(100) surfacgg]. In thiswork, using  following Ge epitaxy a600A @re preseted in Fig.1. Thin
in situ ultrahigh vacuum reflection electron microscopy darkline indicated by white arrown Fig. 1a correspond to
(UHV REM) andex situ atomicforce microscopy(AFM) concentric monatomic stepslividing atomically flat
we revealfeaturesof Ge epitaxy via growth oBD islands terraces with bright contrast. Ge deposition onto clean
and nanodot®n Sb-passivatedSi(111) surfaceat 5000  Si(111)}( 7 T & )60 Cleads to 2D island nucleation
6504C. (Fig. 1b) and vith their following coalescence wheifse
2. Experiment reaches 1 and 2 BL values (discussed these processes

' . . . . detail here [6]). At Ge coverages above 2 BL, 2D growth

Specimens with 811.01I0. fansfsWo nAcledNSnnasdi gt of JHEJe §slan@isUbking

from  phosphorusloped  Si(111) wafers with agpserved in REM images akick dark stripes Rig. 1c).
misorientation 0.01A and AcodingdoMENMimagBsEid. 2al, thesé 3DYislad &e C |
with petroleum ether. The samples were treated by loWat and arrow shaped with height a0 nm, area
energy (5 keV) Ar+ ion bombardment to form rounds - 1 mkn?, and concentration N 107 cnf 2 Further Ge
shaped craters (2 mkm deep and 400 mkm wide) on deposition up to 18L do not rise the quantity of 3D
their surface. Next, the samples were placed into the Uk¥ands, while 3D islands enlarge in height and area but do
REM chamber and resistively annealed & 3 0 0 A CpotfaiEscence with neighbors. Notice, thal T+ 7 (5l 5)
300s to remove the native oxide layer and contaminanigsctural transition is observed in RHEED patterns when
and to form an amphitheatéke surfa@ morphology with . reaches BL, and (51 5) structure is observed further
atomically flat terraces of moderate width (at leastikth) o, Ge coverages above 2 BL due3db islands are flat.
divided by concentric monatomic steps at theectadttom During Sb deposition onto Si(1}( 7 T at 600 Cthe
[4]. After the sa_mple pr_eparatiop, the substrate temperatigfi@ace color contrast to change to a darker one {gig.
was reduced first rapidlyX5 AC/ s ) t o 8 3gnpicordated with disdpgpearing 0f7 T r@flgctions in
slowly(00.110 . 5 AC/ s) to 7-s&eDANt RHEED rphiterhs? &tdk,® 0.5 ML. The ( 4 3 T1-3)
100mkm?)  domains of (717) (&féchoRsthSpbat dkD0.8MLand 8B awaywhehds,
terraces Sb and Ge were deposited froembeddable rises abovel ML. A dark contrast of terraces and bright
evaporatowith two separatedungsten filamerstwetted areas close to the step edges may also correspond to
with moltenSband Ge antieated by DCSb coverages (0 generatiorof 2D vacancies and islands on the terrames
1 ML) were deposited onto the Si(1:@l 7 Jurface at gepletion zones near the steps due do imbalance of
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surface Si atoninduced bySb adsorption[7], which is Ge deposition and there was no appearance to 3D reflexes.
clearly observed in AFM images of Slif111)surface Ge AFM image of Sb/Si(111) surface with 3 BL Ge deposited
deposition onto SKi(111) surface at 60C leads to at 500C present surface morphology with clearly observed
general brightness decrease and appearance of dark spattdicsteps with depletion zones near their edges and 2D
contrast in REM image (Fide). Atomic steps are notislands N ~10°cm' 2ha 0.6 nm, and S 300 nn?) onthe
resolved in REM imagesf SbSi(111)surface wittdse O3  terraces (Fig2c). These 2D islands coverl9% of surface

BL deposited at 60C. At the same time, 3D diffractionarea due to exadlze was slight above BL. Thus, in
spots appear in RHHED patterrdat = 2i 3 BL. According accordance with work [2], 1 ML Sb passivation suppresses
to AFM images, with Sb coverag&reasing irds, = 0i 0.5 3D nucleation and produces lay®y-layer gravth (step

ML range, 3D Ge island density rises up 16!° cm? flow and 2D island nucleation and coalescence on the
(Fig. 2d), whiletheir size decreasest dsp ©0.5 ML 3D terraces above rhkm width) of Ge film on Si(111) surface
Geislandgrowthtransits to growth of dense array oBe during deposition offze > 3 BL at 500 550C.

grains (Fig.2b) with N~10"cm 2 ha2 nm, and Ty=600°C, 0,=1 ML Tu=600°C, 0,=1 ML
S~100nm?, which can be considered & nanodots or _T«00°C. 03 BL 1 -600°C, ,=3 BL _T,=500°C, 0.3 BL
Ge quantum dots due to theizes. Ge nanodot maximum 3 ;
density is reachedit dsp=1 ML and dge=3 BL. Ge
nanodot density dependence on Ge deposition rate at fi
T=600C anddsp=1 ML has been measured (FRg)
Coalescence of neighborin@e nanodots was found on
ShSi(111)sufaceatdse > 3 BL and 60QC.

® —
. 0fdy o & ° {3 \(&)\ .
£ o —— 31:=_3F} « °
510 r Nano dots -! = .
[fl ;\&100 r .! ’-32 - -
_e e AR Ji sl 3 - oC © T,=600°C, 0,=1 ML
EIO r T,\ro(zoo C -! S sb:’ R ’ sr:
B — LR Tw600°C. 0,=3BL 1 1 f o Tum600°C, 0,3 BL J
0.0 0.5 1.0 107 10"
0, ML R,., BL/s

Fig. 2. AFM images of 3 BL Ge deposited on (a) clean Si(111)
surface at 608 Cand onl ML Sb/Si(111)t (b) 603\ Gind (c)
500A C(d) Dependence of 3D islands/nanodots densitylsmn
deposited at 608 C(e) Dependence of Ge nanodot density on Ge
deposition rate.

4. Conclusions

We have shown, that for narrow substrate T close to
600C, whereSb desorption is neglected, Sb adsorption
does not suppress 3D growth d5.O3 BL & it
significantly decreases 3D Ge island sizes and enhances
their density. Thus, 3D islands beco@e nanodots at
600C whenSb coverage rises on the surfadaximum Ge

nanodot density- 10 ¢ 2is reached at ML Sb and
% 3BL Ge. At T<600C, in accordance with previous results
[1,2], Sb adsorption on Si(111) surface suppress 3D growth
N = for deposition offce= 37 10 BL.
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Abstract. Quanturamechanical modeling of the growth of témensional (2D) Si layers on Cs8001) was performed using the
electron density functional theory. Rehtion ofnod ense (thi ckness <1 ML) and dense ('t
under the action of quantum mechanical forces was performed. It was found thatliensercondensates 2D surface phases (B8P

Si are formedIn dense condensateaqomorphic (up to-3 ML) and then (after-8 ML) polymorphic solid wetting layers Y8LSs)

of Siwith ABC (asinthesubstrgta nd, accor di ngl yarefokrBe8. Y AB packing

1. Introduction : : 0:,
The study of the growth of 2D Si layers in a non "’o ® €6 gee00¢ @@
isostructuralSi film - CrSi, substrate pair and the influence eceee : : sbebee ¢ ©
. . . eglebe @ @
of the coordination of atoms in the substrate on the ccecee g © c®ee%e ®© ©
coordination of atoms in these layers is of significant o0 g ¢ o © P
interest for the theory WL growth. In addition, metallic ¢ e © e ©e e e
conductivity and a significant madguade of spin coherence €) (o)
can be expected in 2D Si layers on @(&01), which ® ®
allows them to be considered as new nanomaterials for o © ° : :
spintronics. In this report, the formation of ZEFs and e oo o o ° o
SWLs of Si on CrS(0001) is considered and the changes ®© © © © go00e0 P
in the dendy and packing type of atoms with increasing 0e60g0 © @ gooooo P
thickness of these films are investigated. €000 ® @ ggo0ee e e
060060 ® @
2. ResearchMethods ©°¢e®e ®® °;“:° : :
As the films grew, a condensate of atoms was deposited e ¢ ¢ o o oo
on the substrate in 1/3 ML portions with low or 1 ML ¢ °® S < “c
portions with high surface densitifter its deposition, the © (d)

system was relaxed to a minimum of free energy. The
calculations were performed using the FHI96md packagig. 1. Frontal and side views on Si/Ce®001)/Si with Si
[1], based on density functional theompethod of the thicknesses: 2/3 ML (a), 4/3 ML (b), 5/3 ML (c) and 11/6 (&L
pseudopotential and a set of plane waves [2, 3] kepant

of the Brillouin zone(0, 0, O)wasused At the same time, In order to increase the reliability of the results, we

pseudopotentials were generated using the FHI98E1‘5”ed out studies with both singland doublesided

package [4]. The cutoff energy of the plane wave set \A%lrrangement of Si condensate on the £080D1) supercell

40 Ry.The exchangeorrelation interaction was taken intoWﬁh different CrS; thickness, symmetry, and mutual ¢ 2D

. . ) L Si rotation angle.
account in the generalized gradientiegpmation [5]. The . , .
CrSh lattice was represented in a Cartesian coordinate If the CrSi(0001) supercell was obtained by symmetric

system and defined in a rectangular X and Y supercell w] licing of two halves of small thickness (3 ML), such
Y 9 P splicing deformed the Crgsisupercell because of the

dimensionsa(X) =18.668 a.u., b(Y) = 13.042 a.u., ¢(Z) Iectrtacn density imbalance on its surface and in its volume.

65.0 a.u. (/1 Onesidad. silicen gfbwtl & n the tase of a mirreasymmetricCrSk, cell, on one of its
CrS> was performed at a CrShickness of 3 or 4 ML, and rfaces there was a growth S SWL with AB atoms

) . : u
gf éwﬁflded growth was performed at a thickness of 6 Ivﬁ)‘acking, and on the othemwith ABC packing. In general,

it was found that théwo-sided arrangement, maximum

3. Resultsand discussions thickness, mirror symmetry, and anglesad 30 between

In general, it was found that the loose packing of Si and CBi,(0001) lattices are more consistent with the real
atoms on both sides of the CrSiupercell leads tehe Physical heterostructure of Si on G(8001).
formation of Si SPs, which consist first of an array of 2D At rotation angles of 2D Si relative to CrSi2(0001) 0
Si clusters and then of an array of 3D Si clusters (see Rigd, respectively, 30the formation of SBWL with higher
1). and, respectively, lower stability occed. Increasing the

In dense condensates (Fig. 2), the ABC packing wiickness of the Crgi0001) substrate to 8 ML decreased
still preserved at the film thickness is up t8 ®IL, and at the thickness threshold to 3 ML Si to change the packing
high thicknesss it becomes mixed: ABCin the first 23 from ABC to AB, which, in terms of the role of substrate
layers and AB (hexagonal packagirigin the subsequent screening by the film is understandable. With an even
ones. number of &yers in SSWL with AB packing, its stability
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of Si SWL was more pronounced. This correlates with treirface phases and after 1.67 Md_two-dimensional array
packing in the CrSi2(0001) lattice through an even numbar3D crystalline Si clusters with tetrahedral configuration
of layers. of interatomic bonds was found. In the process of
deposition of dense Si condensates on {B801), it is
©e®®  ghown that the growth of WL, in the first layers, goes
ceee ©0%° iy ABC packng, and in the subsequent (after 2 ML)

cgee °®%e fe%e L swith ABC Y AB packing. At

Cogeeg %% o

et oo  ©%eo® the formation and change of packing, with each subsequent
(1

cpwe © G®g
eogeee 6%ge%e

00000 S $e ececte eoee®e layer, theSWL becomes less stable.
000 ©00¢ YT Y seceee
o:.:.. ceccee ceceee “°°°°° lceee RREfETENCES
cecoee 900000 coeeee - %% ceeeee [l] M. Bockstedte, A. Kley, J. Neugebauer, M. Scheffler.
cocoee ©°C00C cooe0e . ceceee Computer physics commigations1997(107/1-3) 187.

coccee ©0000¢ goocee “°°°%°° ceeege [2] P.Hohenberg, W. Kohn. PhjRev. 1964(136/3B) B864.
ce0%e ©%%%¢ eeeogg ':: :‘ 0099 g0 [3] W. Kohn, L. J. Sham. PhyRev. 1965(1404A) A1133.
cobese ©e%®ee ©o %% 0 G ° © e © P @® [4 M. Fuchs, M. Scheffler. Computer Physics Comniig99
cRwo [ Pge ‘;"’ ¢c® oo (1191) 67.
eP® e eCfe Lo e ¢ [B] J.P.Perdew, W. Yue. PhyRev. 1986(B 3312) 8800.
©e®eoo¢ ©®¢ o [6] N.I. Plusnin, N.GGalkin, V.G.Lifshits, A.P.Milenin.
Physics of lowdim. structures (PLDS}999(1-2) 55.
[7] N.I Plusnin, N.G. Galkin, V.G. Lifshits, A.P. Milenin.
(0) (8) (9) (6) (H) Surface. Xray, Synchrotron and Neutron Studies 2000
Fig. 2. Frontal view on Si/CrS{0001)/ Si at Cr thickness of 8~ (16/6) 22 (RUS).
ML and Si thickness: (a)0, (b)- 1 ML, (c)- 2 ML, (d)- 3 ML
and (e)- 4 ML.

In general, the obtained results can be explained as
follows. At first, during the growth of SISWL on
CrSp( 0001) , up t o scBeniN , Sia Ilceyd ain A
grows, in which ABC packing is preferred as in the
substrate. Further, there is a change of parckype from
ABC to AB and a mixed ABC Y AB packing is formed.
This is because, at higher thickness, the film is less
dependent on the substrate and the independent AB packing
is more favorable.
It is found that the maximum stability &i SWL is
achievel when 2 ML Si is deposited. This is in agreement
with the experiment [6, 7]. Nevertheless, modeling has
shown that, for a Si 3 ML thickness 8WL, the mixed
packing ABC (2 ML) Y AB (+1ML) provides the highest
stability.
In the experiment [6, 7], the & of the superstructural
correspondence between the 2D lattice parameters of
Si(111) and Cr${0001)30and0i s 43/ 2 & 1.15 and 6/ 7
a 1.16, respectively. This approximately corresponds
known value of the mismatch between the Si andS6i
lattices of about0.13 %. Therefore, with respect to GSi
2D Si forms the superstructure GxSi0 00 1) 3%.31 343
Meanwhile, during epitaxy on Si(111) substrate, the
CrSik(0001) lattice 30and0ar e ordered-into Si(111)2712
CrStR30A and Si-QfSLRAA 69t7r 6dt7ures [6, 7].

I'n this case, t he 6/ 71617 structur e, i n t he case
orientation, refers to the Si(111) substrmteuced

periodicity of CrSi( 000 1) i tsel f, and t he 3a3134a3

structur e, in the case of R30A orientation, refers

periodicity ofthe twadimensional metastable SWL on
CrSi(0001) itself.

4. Conclusions

Quantum mechanical modeling of Si growth on two
sided CrSi(0001) supercell plates with different structural
symmetry and dimensions has been carried out. It is
determined that #fhsymmetry and increase in thickness of
the CrSi(0001) supercell contribute to the elimination of
its distortions.In the process of adsorption of loose Si
condensates on CgSithe formation of: up to 1 ML 2D
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Abstract. Ab initio calculationof density functional theory and pseudopotencials was applied toSifidyl )2/3r3x2/3raVig models
Structures were studied in 2x2lic Themost favorablestructurefor 2x2 cellhas 1.75ML of Mg and 0.75ML of Si. The best structure
with 2/383 periodicity has 2ML of Mg and 0. 75ML of Si.

All calculations were performed using the resources of

L Introduc.tlon ) the collective center of FarEastern Computational
A considerable number of studies have focused on figsourse [4]

investigation of magnesium silicide on the Si(111) surface ) _

[1-3]. However, theoretical calculations for the3. Results and discussions

Si (1112 R 3Nga Ithereafter 2 / 3 & Surface There is a modedf this surfacgphase presented in the
structurehave not been reporteglet. The present work is article [2]. We calculated it in the process of relaxatikn.

aimed at modeling the/ 3 &e8orstruction. has retainethe periodicity o2/ 3 are Fourier transform

A structural model of this surface pleatias been of thesimulatedscanning tunnelling microscopy pattexn
proposed in [2], buta calculation was performed. +2V gives the ratio of the fiex intensities fron2/ 3 argl

We have investigated this model [2] and some oth2r2 asldlx ~ 1.4. But it has a high formation energy
structures in present study. 0.153eV/ 1] 1 (table 1)

2. ¢ omputational methods Table |. Parameters of Moels and Intensity Ratio.

The calculation were performedsing a planavave Energy, ISlle  Si-Si, Mg-Mg,
basis set and correlation funcional projeeagmented Model (e Vi1 (i) (i)
wave pseudopotgials (PAWPBE) with generalized : :
gradient approximation (GGA) for the exchange (2] -0.153 14 3.95 4.9
correlation energy. VASP ab initio programm package was g3 0.619 27 4.39 4.43

used for this study.

Wave functions were performed using energy cutoff 93_Ta -0.66 15 4.32 4.54
250 eV. The geometry was optimized until theatenergy 8-3 -0.676 14 4.31 4.71
was converged to 1V and the atomic forces reduced to

102e V/ ii pointi7x7x1 grid was used. 7-3_random  -0.822 0.9 4.254.6 3.884.54

The surface has been simulated by periodic slab with 3x2 -0.53 - - -
periodicity Si(111)2x2. Te thickness of thelab was 6 " 0527 i i i
silicon |l ayers and vacuum—region was more t han 20; t
prevent interactiobetween surfaces iwo adjacent cé. We havemodified this structure antaveincreased the

The danling bonds of the bottom silicon layer have begfy coverageto 2.25,it has9 atoms in a 22 cell, the

saturated by hydrogen atoms. Two bottom layers apdmberof silicon atomsremained the san (0.75 ML).
hydrogen atoms were fixed, the rest atamese allowed to podel 93. The formation energy decreased 4®.619

move freely eV/1l 1 (table 1) while maintainig the periodicity of
Airss was used for random structure search calculation. 3 5 Bourier transform of the simulated scanning

Energy convergacwas 16e V. and 51 51 1 qknBiifhd fidrodcopy paktein at +2V giviesensity ratio

was set for this case. _ o ~ 2.7 (fig. 1). Model @B best fits the parameters of the bulk
_ Since the2/ 3 &dl disrupts the periodicity of the magnesium silicide structurMlg.Si has 4Siagh® | o f
silicon substrate, a2 unitcellwasuse@ 2 cel | \gg boAds." S
3 subcells o2/ 3 4 3 _ _ Then, by moving the lower magnesium layer to

The formation energy was calculatéallowing this symmetrical T4 positions, thenergy again decreased-to
formula 0.66eV/1l 1. Model 93_T, The periodicity of2/ 3 &

_ B B -N/Tls Ay, 11, \ saved By removing one magnesiuatom the energy was

Etomia = N @ a bitreduced t60.676eV/1l 1 (table 1) Model 83. This is

the most favorable model of the structure, preserving the
b riodicity of 2/ 3 &w#h intensity ratio is ~1.5.The
structure consists of 2 MC magnesium and 0.75 MC silicon.
Removing two or three magnesium atoms either led to the
loss of the periodicity o2/ 3 AadB to higher formation
energies

where ki total energy of calculated rdel, a1 energy
of relaxed slab without silicon atoms in surface pha
(usually 3 atoms), g1 and mg I number ofSi and Mg
atoms respectively >sil Y Rug ¢the chemical pientials
for the Si and Mg, respectiveltgken from bulk phases of
these elemnts N i the number of 1x1 cells in given
structure (N = 4 for 212, 6 for 312, 3 for 311).
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4. Conclusions

We have done ka initio calculation to study
Si(111)2/3r3x2/3raMlg models. The most favorable
structureis 7-3_randomhas 1.75ML of Mg and 0.75ML of
Si. The beststructurgi t h 2/ 3 a &8phas2Mlo di c i
of Mg and 0.75ML of SiModel 93 with 2.25ML of Mg
and 0.75ML of Sbest fits the parameters of the biMkg,Si
structure.
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Using Airss script the most favorable structures were
calculated for magnesiunoverageof 1.75 MC (7 Mg and
3 Si atoms perl22 cell) and 2 MC (8 Mg and 3 Si), as well
as 2 MC (8 Mg and 2 Si) and 2.25 MC (9 Mg and 1 Si).
Thus, we found the model with the lest formation energy
(-0.822 eV/1I 1). This is a structure consisting of 1.75 MC
magnesium and 0.75 MC silicoModel 7-3_random.
However, sucimodel has only al2 periodicity, the2/ 3 & 3
periodicity is preserved only for silicon atoms. When
considering various models of magnesium silicide, it is
clear that 3 silicon atoms prefer places T4, H3 and T1,
which ensures @/ 3 @eliodicity. Fig.2 shows the results
of calculations of the fonation energy depending on the
proportion of Mg in the structure. Thidot also contains
reference points that relate to the calculations of {2 3
and 3 1 surface phases. The latter structureshaxealso
calculated based on the modetslkaline eath adsorbates
preseat ed for 312 and 311 in the article [5].
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Abstract. This study explores the emergence and stability of topological spin textures-dinnensional ferromagnetic systems
through largescale Monte Carlo simulations. A classical Heisenberg model, incorporating exchange interactions, Dzyaloshinskii
Moriya interaction, anisotropy, and external magnetic fields, was implemented to capture the essential physics. Simulations wer
carried out using higperformance C++ code on a supercomputing cluster, initiating from disorderetéhiglrature states to ensur
proper ther mal ®lqui IMobnrtaet iGanr loov esrt elp0s per spin. The anal ysi
skyrmions, bimerons, and antiskyrmions form and remain stable, offering new insights into the control of such $truptiessial
applications in spintronic devices.

1. Introduction The simulations were performed using C++ on a
In recent years, one of the key areas of spintronics Rag p e r c o mp ut i n gi 1c0l u sMoenrt,e wd atrhl

been the study of magnetic nanostructures. Magnetic spit spin for equilibration. The initial conitihs

configurations such as skyrmions, bimerons, aR@rresponded to a higlemperature paramagnetic state

antiskyrmions have attraad significant interest. Their (random spin distribution).

topological protection, small size, and controllability b )

external stimuli make them promising candidates for tie Conclusions

development of energgfficient information storage and  The results of the numerical simulations highlight key

processing devices [1]. However, the stabilization amdechanisms that influence the formation, stabilization, and

control of such structures require a deep understandingoefsistence of topological spin textsre including

their behavior under various conditions. skyrmions, bimerons, and antiskyrmions, in two
Numerical simulations based on the Monte Carldimensional ferromagnetic lattices. Various states of the

method make it possible to study complex spin systesystem were investigated by determining the dependencies

while accounting for the effects of exchange intecacti between the magnetic field, the magnitude of the DM

Dzyaloshinskii Moriya  interaction, external fields, interaction and temperaturéhe boundaries between the

anisotropy, and temperature. This work investigates tharious phases of the system were determined.

conditions for the formation and stability of spin A convolutional neural network (CNN) was applied to

configurations within the framework of the Heisenbergutomate the analysis of simulation data, trained to

model using the Metropolis algorithm. recognize spin configuration types based on their spatial

patterns [3]. Thisproach accelerated phase classification

2. Model desc_rlptlon ) ) and the identification of transition regions on phase
The classical Heisenberg model was implementeglagrams.

Simulations were performed for twibimensional
ferromagnetic systems on a square lattice with periodiéknowledgements
boundary conditions (4 nearest neighbors). The Metropolis The research was supported by the Russian Science

algorithm was used to minimz e t he sy st eFouddatiore nergant [ 2 ]No. 2721-10069,
The Hamiltonian of the system was: https://rscf.ru/en/project/241-10069/

O Q. oM @ qQ, References
where: [1] YangY.H., Chen S. H., Chang Y. H. Evolving skyrmion

racetrack memory anergyefficient lastlevel cache
devices //Proceedings of the ACM/IEEE International

Heisenberg exchange: Symposium on Low Power Electronics and DesigR022.

Qyx  0Bgpa'8 t3; fu.-6.1
[2] Barkema G. T., Newman M. E. J. New Monte Carlo
Dzyaloshinskii Moriya interaction: algorithms for classical spin systems //arXiv preprintdzon
. ) mat/9703179i 1997.
Qwmi OByra'8  3; [3] Kapitan D. et al. Application of machine learning in solid
o ) ) ) state physics //Solid State Physic#\cademic Press, 2023.
External magnét field in set directiork: iv. T4 651
Q 6 B Y;
Anisotropy:
Qn 0B "Y
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Abstract. The exploration of lowdimensional materials and their heterostructures has provided new insights into fundamental
phenomena and potentigh@ications in nexgeneration devices. This study investigates the growth and electronic properties of Bi
monolayers on rarearth silicide surfaces, such as Ho&id GdSi, focusing on spikorbit coupling ad the emergence of saddle
pointsin the electonic structure. Bi monolayers on these silicides exhibit Raglg#spin splitting ané saddle poinin the band
structure, located below the Fermi level. Using scanning tunneling microscopy, photoelectron spectroscopy, and deosdy functi
theory, wereveal the formation of Bi trimers in a milkstool configuration and demonstrate how the underlying substrate influences the
electronic properties. Our results suggest that the Bi/silicide interface offers a promising platform for turimiisipiteractons and
exploring novel electronic phenomena, with implications for spintronic applications.

1 Introduction Si (171 $uyfage] followed by gradual direct heating to

' _ ) 650AC and 80 0 AGBmuthwassdepositedi v e |

Recent advancements in surface physics have led toffaén a tungsten basket onto the silicide substrates at room

discovery and investigation of various tdonensional temperature.
(2D) materials, both in frestandng forms (e.g., graphene,  STM images were acquired using Omicron variable
phosphorene) and as surface phases and thin films®&mperature STMW/T-XA operating in a corantcurrent
substrates [1]. These materials exhibit unique propertiggde. Electrochemicaligtched W tips and mechanically
such as superconductivity, magnetism, Hall effects, spigt ptir tips were used as STM probes after annealing in
splitting (e.g., Rashbgype), and topological phenomenaacyum. ARPES measurements were conducted in the
(e.g, topological insulators). Despite significant progresgitrahigh vacuum chamber Omicron MULTIPROBE using
challenges remain in fineining the properties of yG Scienta R3000 electron anatyzand higkflux He
individual 2D materials and creating materials with-pr@ischarge lamp ¢h = 21.2 eV) with toroidabgrating
defined characteristics. A promising approach to overcom@nochromator as a light source. Our calculations were
these challenges is the stackingdistinct 2D materials, hased on DFT as implemented in the Vienna atioini
which can modify and compdgumpmpack®y@VaBrshd abRrleWade blsls anB e T |
For instance, twisting graphene layers at a "magic angigectoraugmentedwave approactfor describing the
induces superconductivity [2], while stacking layers Qfiectronion interaction. The generalized gradient
thallium and tin results in Rashibgpe spin splitting [3].  approximation (GGA) of Perdew, Burke, and Ernzerhof

In this study, we investigate a complex systegpBE)30 has been used for the exchange correlation (XC)
consisting of monolayers bismuth (Bi) grown on moamed  potential.

multi-layer rareearth silicides (RE = Ho, Gd, etc.)[4]. We ) _

find that, despite similar surface structures of-oaed 3- Results and discussions

multi-layer rareearth silicidesthe growth of Bi layers at ~ Bi growth on multilayer REsilicides proceeds in a

room temperature leads to notable differences. SpecificalBtranski Krastanov regime Initially, Bi islands of the

bilayer Bi can form on monolayer RE silicides, while thaniform height form, and as deposition continues, these
monolayer exhibits highly mobile trimer vacancies. Thelands mergénto a continuous film. This film exhibits a
crystalline structure of Bi monolayers is similar tefhn & 31 43 periodicity, i nherited
Bi/Si(111}( a3 1 a4 3) phase, k n o wnnderfyingr defécts sinflusncimgn the ifilm's rstructure.
Rashba spin splitting [5]. The electronic structure of the $canning tunneling microscopy (STM) images reveal that
ML-Bi/ 1-ML-HoSi2 system at the Fermi level is primarilfthe surface of the muléiyer silicide is composk of a

determined by HoSi2 states, with Bi inducing a strofmuckleds i | i con bil ayer with a 11
bending of the bands andsaddle point appearing at theshift in position during Bi deposition. Notably, the Bi film
Fermi level. adopts a "milkstool" configuration(Fig. 1(c)) similar to

2. Experiment t hat _obsBda’Si(ylé}(jéBﬁ aB), where 't

’ ] are locagd in the T positions, and the trimers are centered
The STM and ARPES experiments were performed gyer the T positions of the silicon bilayer. Figure(al

an ultrahighvacuum Omicron MULTIPROBE systemthi  shows an STM image of the Bi film on multilayer silicide

a base pressure better the.d 10™° Torr. Atomically ( 407 40 nm) , (bvprésénes a Fghesalutioa 1

clean Si(11Ly1 7 surfaces were prepared Bitu by STM i ma ge ( 7 1005 W) mevealingvthe Bi

flashing to 1286C after the samples were first outgassed @fmer structure. This behavior suggests that the presence of

600/C for several hourd.he pristine rarearth silicides Ho the rareearth silicide substrate exerts a guiding influence

and Gd were obtained by depositingndnolayerfiL) for  on the arrangement of Bi trimers, preventing the formation
single layer and 3 ML for mibilayer films onto the
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of antiphase boundaries at the junctions of mergir £
islands.

The electronic structuref Bi on multilayer silicidesas
shown by the ARPES spectrum in Figue)1A detailed
comparison with b-Bi/Si(111)}( & 3 T an@ ) multilayer
silicides indicates that the system is not simply
combination of two known spectra, but rather a uniqt
hybrid structure with new electronic characteristics.

b) S C8Sc) eo
a) v'v'v * )W
v'v""" oo o
RN =
LILIEILDL oo o
° Tt Ter
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Fig. 2. STM images of the Bi film on sindyer RE silicides: a)

30130 nmj.;5 W, =b) calculated st
i hndne(&) i nmj; Vt = 0.01 V, d) band struc
spectrum.

Fig. 1. STM images of the Bi film on multiyer RE silicdes: a) _
40140 temfD. ¥ V, )0.0051Vyc) calcalated 4v Conclusions

structural model, d) band structure. The system consisting of a bismuth monolayer and
In contrast to the multilayer silicide, Bi growth orpindle and multtlayer rareearth element (RE = Ho, Gd,

monolayer RE silicides reveals significant differences ffic:) Silicides has been investigated. Despite the similar

both the growth mechanism and thesulting eletronic surface structure of singleand multilayer silicides
structure. While Bigrows in aFrankivan der Merwe (regarding the structure of@éhltopmost layers), differences

regimeon the monolayer silicide, the islands are less-wefi'® 0bserved during the growth of Bi at room temperature.

defined compared to those on the multilayer silicide. As tFPé1 R.E smgl_elayer S'.I'C'des' the formation of ajha_lyer B'.
coverage approaches 1 (ML), the islands merge intd!q' IS Possible, while the Bi monolayer exhibits a high
continuousfilm, inheriting defects from the underlyingConcentr"’“Ion O,f_ mobile trlmer vacancies. The Bi
silicon bilayer.However, in this case, the Bi monolayer i§'onolayers exhibit an atomic structure close to fthe

more susceptible to defect formation and exhibits a higfgifoi(111)x( a3 1-a3), which is known
degree of noise abom temperature, avidenced by the splitting of surface states. The electronic structure of the 1

; : P ; ML-Bi / 1-ML-HoSi2 system at the Fermi level is
appearance of rapidly moving vac&win STM images. . . .
Figure 2(a) shows an STM image of Bi on monolay&om'nated by states from HoSi2, \Weéhthe presence of Bi

silicide (40740 nm), i na NdUsssa goniticgnpband pending and ghifts theS1 Sﬁ"‘?e :
doublel ayer silicide i slfarthd bg(nlo-é £Y lowgyds Jigherg energigs, gresulting in - the
bilayer i s | alrfod theamodolay@ii régldm) &mergence of a saddle point at the Fermi level.

STM images of higfresolution Bi films reveal the sameacknowledgements
milk-stool configuration of Bi trimers centered on the
silicon bilayer(Fig. 2 (b¢)), similar to the structure seen or
multilayer silicides. At higher coverage, a bilayer Bihtt
structure with a &a71 &s3
distinct from all previously observed Bi phases.

The electronic structure of Bi on monolayer silicides
influenced by theunderlying rareearth silicide Our
calculations show that the states near the Fermi level in tRigferences

The work was supported by the Russian Science
undation Grant No. 2412-00181,
ps://rscf&u/en/pro'ect/242—00181/). Calculations were .
ppgrirorlné’d dsiﬁg' the/ qu%pPﬂSn{ 8r€tiRe’ "FaV Edstgnf\1 !
Computational IACP RAS
|(Ef'lttps://cc.dvo.r)J

Resource" HPC center,

system are primarily determined by the RE silicide, wiff)
the Biinduced states appearing at lower binding energies.
In the M-point near the Feni level, there is a clear bending2]
of the bands, as observed in both experimental &gt
theaetical ARPES spectra (Figure 2)(d) (4]

This bending is indicative of the formation of a
Schottky barriedayer at the interface between the meti?]
and the semiconduatoleading to the accumulation of
electrons at the contact region. Interestingly, the saddle
point in the electronic spectrum near thepbint suggests
the possibility of electronic instabilities and strong electron
correlations in the system, which colésd to intereting
physical phenomena
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Morphological features of ultrathin films of b-FeSi, on
Si(100)
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Abstract. Semi conduct i ng -FéSk) dsna pobimisirig Imaterialdfax a wifle range of applications, spanning from
thermoelectric to photovoltaic devices [1,2]. Nowadays, most research groups are focused on continuous epitaxial films anc
nanoparticles embedd in Si. However, exploring the twimensional limit is particularly attractive, as novel and unexplored
properties may emerge [3]. Concerning silicide layers, a satgimiclayer NiSk sheet has already demonstrated advanced properties

[4]. In this paper, we report on the formation and thorough characterization of single e |-HeSi layers on Si(001) substrates.

This work was made using STM and LEED methods.
Thin layes of silicide were grown on silicon surface
Si(100)in situ.

In this work, he optimal conditions for the obtaining of
a singlelayer b-FeSp silicide, which is a combination of
Si-FeS i |l ayers (height 4.9i),
deposition of Fe atoms with subsequent heating leads to the
endotaxy growth ob-FeSp crystal (approk mat el y 70
However, the further adsorpt
the silicide on the whole surface: the areb-6&Spislands
o 3 remains constant, but the height increases significantly (by

e o WN 40 j). The adsorption at at
Y . Meanwhile, the adsorption of Si without Fe atoms
results in the formation of the next layers of Si on the whole
surface apart fromi -FeSF areas. The surface can be
visualized as a Si array with a system of pits witReSF
rods.

.~ EeSi; carpet
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Abstract. This study explores the diffusiedriven synthesis of silicideand silicatebased nanostructures, thin films, anddxrlystals
through distinct reactive interdiffusion pathways. While lateral surface diffusion on Si substrates is known to yields rsaichdas

Mn Si .-Fe&8ind, bvertical interdiff usrodsmwhichmare then @paidally tragsfounedinta i s e
Mg Si , Mn Si . , and Mg Si O nanosheet bundl es, whi | eandnai nt
microstructures were successfully synthesized usingpgtterned silicotbased templates. In contrasteep bulk diffusion into

substrates |like FesSi under HAroelStien csraylstt ad osn d iTthieosnes sytireulcdtsu rce

how diffusion dimensionality and substrate type critically influence phase selectivity, monphetegtion, and interface quality,
offering a design framework for functional materials in energy and electronic applications.

1 Introduction configuration, and resulting morphology. On planar silicon
' substrates, deposited metal species diffuse laterally across

Semiconducting silicides and silicates are promising the surface and react to form discrete nanodot$m S
candidates for environmentally friendly electronics, n t he synthesAesSiof. MnSicant

themoelectrics, and photonics due to their compositiongfj f f usi on occurs vertically

non-toxic, earthabundant elements and compatibility withyifferences in atomic flux between diffusing species give
siliconrbased technologies. A critical aspect qfse to Kirkendall voids, resulting in hollow or porous
synthesizing these materials is understanding apficro-rods. Further coplexity arises when Mn or Mg
controlling the diffusion processes that gav their 3t g ms sel ecti ve l-derivedp ilicent r at
formation. Diffusion mechanisms dictate the resultinganosheets. This interlayer diffusion enables topotactic
structure from nanoscale dots to bulk crystals [1,2]. transformations while preserving the anisotropic
The formation of nanosheet bundle structures jgg ¢ phol ogy, l eading to the f
particularly important, as they provide both structurg| n ¢ Mg 6she®t bundlds structures that maintain
anisotropy and accessible surfaarea while maintaining crystallographic orientations and high surface accessibility.
crystalline continuity. This unique architecture opens neworeover, the synthesis of silicides from -iBised
avenues for applications in directional charge transpagfameworks revealed that the underlying geometry of the
thermal anisotropy control, and interfaeehanced template was preserved throughout the silicideversion
reactivity [3]. Such nanosheet bundles are especiafiipcess. Additionally, when diffusion proceeds into bulk
relevant n thermoelectric materials, interfacial layers fogpstrates such as FeSi, deep volumetric interdiffusion
energy devices, and hierarchical architectures fghder molten salt conditions promotes the growth of
optoelectronic applications. col umnReSi b bul k structures
This study aims to explore the relationship betwe%ntrasting diffusion  environemts reveal how
diffusion dimensionality and structural development byterdiffusion geometry fundamentally influences the
systematically coparing distinct interdiffusion cases. Thgesulting phase formation. A comprehensive understanding
results highlight diffusion geometry as a central parametgid precise control of these diffusiarediated processes
in designing functional silicide and silicate materials.  are critical for the rational design of functional silicide and

2. Experiment silicatematerials.

Mn Si S, Mg Si , and Mg 8.iCoclusenanosheet bundl es were
synthesi zed fwallsanpo@desS by thermal ¢ rTigs work demonstrates that controlling diffusion
reaction with MnCl and dmbtry eMabléshtRel desigh Tofl silitidet dhd Siltcated © !
Ca extraction from CasSi &efidlsladrdsPiulpte lehgth&calbsO FrodidnbsRedts t f

nanosheets, which served as piates for subsequentyylk crystals, diffusiordriven synthesis allows for precise

silicide and silicate formation. For nanodots and thin filmgoduation of phase, morphology, and interface structure.
planar Si substrates were used. Mg&ed nanowires, The results provide a pathway toward scalable,
microrods and bulk crystals were synthesized using vap@ivironmentally compatible materials with applications in

phase techrieie. cBuylsk ab s themRokléctrics, vplokldtRohids ZaRddnterfacial devices.
using FeSi plates as the solid source in a molten salt.

Structural and morphological characterizations weficknowledgements
conducted using XRD, SEM, TEM with EDX. This work was partilly supported by the Cooperative
Research Project of Research Center for Biomedical

3. Results and.dlscuss_l.or?s - ~ Engineering, Research Institute of Electronics, Shizuoka
The formation of silicide and silicate structures in thignjversity.

study is governed by a rge of reactive interdiffusion
mechanisms that differ in dimensionality, substrate

60



.i.01

References

[1] H. Tatsuoka, Y. Shimura, JSAP R&0232023)230427.

[2] W.Li, C. Wen, M. Yamashita, T. Nonamg, Y. Hayakawa,
H. Tatsuoka, J. Cryst. Grow8#0(2012)51.

[3] H. Tatsuoka, W. Li, E. Meng, and D. Ishikawa, ECS Trans.
50(2012)3.

61



SeventhAsian SchoolConference on Physics and
Technologyof Nanostructured Materials

Vladivostok, Russialli 15 July, 2025

Electrical and photoresponse properties of ternary silicide
semiconductor Ru-d o p e deSh

Terai Y.", Sakurai Y., Takahashi T.

Department of Physics and Information Technology, Kyushu Institute of Technology, 680-4 Kawazu, lizuka, Fukuoka 820-
8502, Japan

11.i.02

*e-mail: terai@phys.kyutech.ac.jp

Abstract. Rutheniumdopedb-FeSk (b-(FerxRux)Siz) polycrystalline thin films were grown by solid phasgstallizationfrom Ru-Si
amorphous layer$-(Fe..xRux)Siz polycrystalline thin filns (x = 0T 0.71)with orthorhombicstructurewereconfirmed by XRD.The
b-(FerxRw)Siz thin films showedthe low electron densjt(~10' cnt3 ) andthe high mobility (=290 cni/ V At F 0 0.35 In the
photoresponse spectrhgetphotoresponse in the néafrared region increased with increasing Ru composition.

1 Introduction resu!t showed thechange frqm band conduc_tion to
: localized conduction in b-FeSp. The change in the
Semiconducting iron dii | i eFeSbes a(siticon conduction mechanism was also observed irdRup e d
based semiconductor with an indirect bandgap in the ngags;, indicating that the temperature dependence of the
infrared r ebg-eSpis movefsensitiveBthae Sorduction mechanism is not significantly affected by Ru
as a photovoltaic material in the néafrared region due to dopingAs seen i n(FeRRuYSiLwithx=0.71 e
its large absor pt atd.0eVindhest dhpwed £ Hgh el€ctrodehdity andCldW mobility in the
stud;, we have focused on Ripped b-FeSp [b-(Fe. pand conduction region.In XRD and Raman
xRU)Siz], in which Fe ismainly replaced by Ru, to control measurements,Ru substitution to noffe sies, such as Si
the band structure 6fFeSp andsuppresshe nonradiative  antisites and interstitial positions, has been obseirvéite
recombination processesat the surface [1]. Ae Ru b-(FeLxRu)Sk: with x = 0.71 P]. The Ru substitution
concentratiordependence of the electrical properties, baggltside the Fe site is considerechtas a donor, resulting
structure, ancphotoresponseroperties, whichhave not in jncreased electrosensityand low mobilityat x= 0.71.
beenwell understood, were investigated in detéil.the In the photoresponsgpectraof n-b-(Few.xR ) Six/p-Si

b

b

electrical properties di-FeSp polycrystalline thin film(x
=0,al ow el ect r o mh0®che)nandathigh
electron mobility (~800 ci V Aasrd been confirmedhe
substitution of Fe with Ru, which is of lower purit$N)

hetero devises lte photoresponse in the neafrared
Keg%on Increased with increasing Ru composititmthe
depen@nce of photoresponsm b-(Fe.x<Ru)Si; thickness
thehigh sensitivitywas obtaind with a thin devic€50, 100

and heavier atomic mass than Fe, is thought to affectjjg).

electrondensityand conduction mechanism -

2. Experiment (@ ex0 v

In the sample for electrical characterizafidn(Fe.- 108 Ax=049 v
xRW)Siz polycrystallinethin films of 500 nmwere grown & v X0t v
on Si substratelsy solid phase nystallizationfrom FeRu- Ewvl ¥, v asat
Si amorphous laysrFor photoresponse measurements, g vy M adt eeeet
type b-(FexRW)Si/p-type Si substrate heterojunction 10| o :: o0 * u"
devices werefabricatedin the Ru composition ok = oo - .t
010.71 -
3. Results and discussions 1000} (b) .o

The growth of orthorhombic b-(FexRu)Sk _ v :‘ LTI
polycrystalline thin film (x= 01 0.71) was confirmed by §100 votaas ®%0ede]
XRD. Raman measurements also confirmed the N Amy R
substitution of Fe with RuFigure 1 shows the temperature S Ye . v
dependence oélectron densityn) and electron mobility w 10f 4 M
(g) in b-(FeixRu)Siz. Then-type conduction was observed M
in all samples, and the carrier type did not chanigie Ru- v

. . .
250 300 350

Temperature (K)

doping In the electrial properties at room temperature 200
(RT), thelow electron densjt (~10'% cn®) and the high
mobility (=290 cnd/ VAs ) we raex =@ 0.35but v
the electron density increased, and the mobiégrease
rapidlyatx O 1@ thelt@mperature depenadenofn and

¢ in theb-FeSp (x = 0), the n decrease and thee became References

large with decreasing temperature from 3®0250K. In  [1] Y. Terai et al J. Appl. Phys135 205302(2024)

the temperature regiphand conduction is concluded to bg2] Y. Terai,et al Jpn. J. Appl. Phys$2, SD1006 (2023).
the main conduction mechanisrhelectronsHowever the

mobility decease at low temperatures below 250 Khe
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Recent advances in short wavelength infrared sensors
using single crystalline Mg,Si
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Abstract. We are developing short wavelength infrared (SWIR) pho
by simple ther mal di ffusion and photolithography pr obulksses
singe crystals and t h ejundtienvpadtodighdesemd photdiodeMigear &rraysp n

1. Introduction these devices, pjunctions were formed on the front
) ] surface with surrounded Au contact electrodes. The peak
Shortwavelength infrared (SWIR0.9 T 2. 5 ) Q@Velength of the photosensitivity spectrum varies from
photodetectors are expected to be used as magisio®  approximately 1200 nm to 1600 nm depending on the pn
systemsin a wide range of applicationsuch as night junction depth controlled by the conditions of thermal
monitoring automated driving, and agricultural angiffusion.
industrial inspectionwith the recent advances in 0T and  The IV measurement revedl¢hat the typical values of
artificial intelligence Ql) technologieg1]. dark current density in both single RBd PD linear arrays
Semiconducting magnesium silicidég  Si ,  Wdrdifthe ®rder of 16 A/cm? at 300K. The internal
bandgap energy of about 0.6 eV,shamerged as aquantum efficiencies of more than 80% were also found to
promising candidate material for SWIR photodetectors dyg determined from the photosensitivity measurements at
to its low environmental impact and abundan@3|[ 300K under-5V biased conditionsThese experimental
Single CrySta”ine bulk ingOtS with-itach diameters have results C|ear|y indicate that M@| PDs are promising

been deVeIOped by the Vertical Bridgman (VB) grOWtbhotodetectorS in the SWIR range_
method in atmospheripressure[4,5]. The grown crystals

have good crystallinity with a wetlontrolled carrier (s
concentration. Photosensitivity in the SWIR range wa
observed from the phomojunction MgSi diodes

fabricated by thermal diffusion of Ag acceptor in thype ’
Mg.S substrate [6], and the two kinds of Ag diffusionf
mechanism in MgSi and their diffusion coefficients were
also investigated, so far [7]. Very recently, we havd
developed photodiode (PD) linear arrays on the;3ilg
single crystalline substrate [8]. In thpaper we report our
recent progress in the grFRowtMecroggphs aifg Mgsipn junctionisingle phetagivde ¢
and the devel ogumtaonPDsanti PDM QDD)gr]d (b)é pixels PD linear arrays with200m pi xel pi
linear arrays.

(b)
+—————— 8 pixels ————»

R R R RE RE BRE
BiRiR N B BN
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with various conductivity bysimple thermal diffusionof Appl. Phys. 54 (2015) 07JB06
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Abstract. Silicon remains the undisputed leader among semiconductors of micro/nanoelectronics for both gedeehlpamdoses,
since 1958, when Robert Noyce, one of the founders of Fairchild Semiconductor, created the first planar transistofame thfeasur
silicon substrate. This is primarily due to the availability of silicon, its unique electrophysical tiepbat are well suited for
electronic applications and the weflastered technology. An integral part of the engineering/introduction of new silicon microcircuits
is reliable nordestructive testing of their parameters during operation, i.e., theonssgo external effects like thermal/electrical
fields and mechanical stress to avoid unauthorized deactivation or improper control. Optical methods are most suitatettdsach
goal. The present review collects the most recent advances in thetetization of silicon wafers and micro/nanoscale elements of

silicon chips using modern optical techniques such as photoluminescence spectroscopy, third harmonic generation inigging and t

enhanced Raman scattering, to name a few.

1 Introduction Recently, the PL'_imaging has been driverl by the fast
' development of silicon photovoltaics, where it has become
For mary years t he fimor dawhas been dd@idl foOcharacterization of large area silicon wafers
accompanied by a dramatic shrinking of integrated circy]. pL spectroscopy has also been demonstrated to be
(IC) dimensions. Current sizes of the silicon IC componergpable of measuring minority carrier lifetime free of
vary in a wide range including 1BB50 nm for the special experimental artifacts, occurring ther technique$7].
purpose microcircuits tojustafervanometgrs for the high The micrePL spectroscopy study of the passivateSi
performance computer processors. This poses a majgfar cells revealed parasitic absorption of visible light in
challenge to analytical techniques for riestructive the silicon nitride layer and distinct emission from the
characterization ~of submicron silicon  structurefeayily-doped silicon layerds]. Combined PL spectra
Addressing security and trusted electronics requir@gre collected at 79 K and 298 K, yet again proving much
reliable spatiotempotamaging of silicon microcircuits to petter sensitivity at the low temperatures. Further
probe external latent fields (pressure, temperature, elecigelopments in this area demonstrated that the resistance
and magpnetic fields) through monitoring their structurgk the silicon solar cells can be extracted from PL images

parameters. Undoubtedly, the least invasive approachesjfqrt+ h 125 mm spati al re<ol ut

such an analysis are the optical oriésie, a review of the jjlumination area[9]. In parallel with these studies PL
most recent progress in application of the opticghaging instrumentation has been constantly worked on to
techniques for advanced characterization of silicon wafefigereasete sensitivity of the methdd.0]. In particular, an
micro/nanoscaled elements, and microchips is present@ghroach was proposed to bring the spatial resolution
Photoluminescent ~ spectroscopy including that = Withgow the submicron level via silicon nanoparticles placed
potentiometric dye third harmonic generation (THG)on top of the bulk silicon wafer. There have also been
imaging, and tipenhanced Raman scattering (TERSjttempts to identify the effect of mechanical stress on the
spectroscopy are reported as sufficient techniques to re\@@'signal[ll]. In [12], it was shown that potentiometric
nuances of the silicebased structure response to externgyes routinely used for measuring transmemeérgotential
fields. in live cells can be an excellent probe for sensing the local
2. Photoluminescence spectroscopy eIectng f|eIQS in operatlng_ S|I|ceha3(_ed ICs. A .
otentiometric dye embedded in the laponite clay thin film

: p
At room emperature, a bard-band phonofassisted as spread on the surface of a silicon microchip, to study

photoluminescentRL) spectrum of silicon can be obtaine he effect of local electric fields on the infrared

![n the W?velc—éngth :ja”%e .flfom SE)OOdto 13%? [‘i;}:_@vent Iphotoluminescence (IR PL) of the dye molecules excited
emp_::‘_ra utre thean elnt S! |cont an g.a?’.b (ta' s|;_||gna uq?ﬁ)snearlR laser radiation, and demonstrated thiais
sensitive 1o the local temperature distribution. HOWEVEha i,y provides a reliable approach to sensing the local

the prohibitively low emission frone-Si at above the room e . S .
temperature has been a h ut$m(§)(?raeturefanéj releCttnchﬂ%IdB'r-bgsleq cgl%sqreeal tlmﬁef ee

the slight variations of its broad PL spectra at the thern&lThird harmonic generation imaging

conditions typical for the ICs operating regimes. On the The third harmonic generation (THG) can potentially be
contrary, lower temperatures prded by liquid nitrogen or one the most fruitful approach to investigate silicon wafers
helium, open a way for more informative PL analysis of thgyd microchips, which is known to give an information
silicon structure. One of the examples is the study of the Rbout the bulk properties of théemiconductor. An escape

spectra of silicon at 3 K, which led to the demonstration @épth of TH signal from silicon can be tuned in the
the existence of the szalled excitonic moledes[2]. Early sybmicron range by selecting the wavelength of -igh
PL studies of silicon have resulted in determining thgywer laser excitation. An infrared (IR) radiation at a
concentration of dopants], characterizing atomic Sizewavelength varying from 1200 to 2100 nm makes it
defects and dislocatiof], transition metal complex¢S]. possible to detect theeflected TH signal from layers in
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silicon at a depth of 0iL 0 Om at wh i cohtinubus waveldngihn (€W) IR radiation. Thus, the
elements are typically buried. The THG effect was studigdssibility of spatially and temporarily resolved sensing of
to reveal the cubic anisotropy of the thoter nonlinear electrical signals in silicon micro/nanostructures including
susceptibilitys® in silicon and its linear dependence on theansistor channels by the THG imaging methwes
laser power. Moss et al. firstly reported on a doping effdggpothesizd.

on the THG signal in silicon subjected to antimony anLF Tio-enh 4R tteri i

boron ion implantation[13]. It was shown that the ™ Ip-enhanced Rama scattering spectroscopy

introduction of antimony reduces the THG intensity and A combination of atomic force microscopy with noble
anisotropy, which is associated with the amorphization &etal cantilever and Raman spectroscopy (TERS
silicon. On the other hat bombardment with boron ionsSPectroscopy) is a relatively new yet intriguing technique
had virtually no effect on the THG signal. In addition, #0 study silicon micro/nanostructures since it has a potential
was found that an annealing of silicon after implantation & Provide accurate structural analysis at submicron
antimony ions up to dcm®leads to a significant increasg@solution. In [17], spatially and temporally resolved

in the intensity of the collected TH signdiie to linear TERSsensing and mapping timd defects in Si wafers and
optical effect of reflection enhancement. Controversiglectric currentin Si microchipsere demonstratedERS

results on a significant surface contribution to the THi'aging provide revealing points of unevedoping in ior

signai were obtained by Tsang during a Study of tﬁ'@planted areas In contrast to Spontaneous Raman
normalized THG in silicon of (111) and (100) crysta$cattering imagingrERS resolutiorwas approx. 0.15 mm
orientation as a funaih of the rotation angle of thetoachieverelatively fast mapping (the mapping took about
excitation laser beanfl4]. The qualitative argumentl h). The defect observed on the TERSage was
indicating that the induced third orepolarization field SupPposed to be in a few nanetes ¢hick surface layer,

P(3¥) = ¢® E3(¥) can easily exceed the secemdler which cannot be scanned with the same sensitivity and
polarizationP(2¥) = ¢? E(¥) at an interface was taken'€solution by spontaneous Raman scattering spectroscopy.
into account. Therefore, THG in transmission frothERSimaging of Si microchip (ip-n bipolar transistor)
dieiectric interfaces was Suggested to be Su.r@ntmnced showed thaBi Raman band shifts to lower wavenumber if
under a rather intensive laser irradiation. The strong surfidgét r ansi stor is fonodo because
contribution to the THG signal in silicg however, was mechanical stress or/and local heating in the channel of
experimenta”y refuted Via anaiyzing a thinning |ayec.0f transistor.An increase in the Voltage biasing led to the Si

Si sandwiched by thick layers of silicon dioxide. Quit&taman intensity changeue to electric current induced
modest surface contribution was shown only for the@p disorder in the crystallinkttice.

_thick silicon Iaygr._A small escape depth (_Jf the_electricalg{ Conclusions

induced TH radiation was shown for oxidizedSi (111). . o
The possibility of the interlayer defect inspection betweern. The reported results on optical characterl_zanon of
silicon wafers by collection of the transmitted TH signaﬁI |co_r+_based _sgbstratgsare extremely promising fo_r
was demonstratdd 5. In [16], a spatial and temporal THGprowdmg precision testing of structure, function, operation
imaging of silicon wafers routinely usedin and security not only at the component level, but also at the
microelectronics and microchipwas demonstratedia level of the entire IC.
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Abstract. (Ga,Al)As nanowires (NWs) grown by molecular beam epitaxy on a Si substrate provide a promisorgn platf
applications in photonic#A3B5 nanowire (NWAbased applicationdemandcontrollable variation of composition and doping levels.
For this, it is necessary to study the doping of (Ga,Al)As NWs witingd ntypes.This study investigates the growthGaAs NWs
using arsenigich droplets, wherein Si serves as an acceptor and Pb,Sn act as a Eatsi\tshe Pbcatalyzed GaAs NW growth in
different modes was demonstratdd.addition, our work  investigates the properties of Si doped (Ga,&breshell NWs grown
with a gold catalyst.

1 Introduction atomic force microscope (AFM) Bgra Aura (NTMDT)
' _ ) [6]. The IV curves of a singl€GaAl)As NW on the Si
We have previously demonstrated tportunity of sypstrate were measured using the conductive atomic force

creating array of optically pumped single photon sourcgficroscopy (GAFM) by contacting the probe with one
based on hybrid nanostructures such as GaAs quantum §@ig

embedded into AlGaAs NWs [1]However, for the
effective use of such structures in modern cryptography ang
instrumentation, it is important to be able to electrically
pump of single photons sources. Thus, it is important to
study thecontrollabledoping of (Ga,Al)As NWs with p
and ntypes.

Traditional NW growth techniques, primarihased on
VaporLiquid-Solid mechanism, focus am reducinghe
nucleation barrier beneath the liqujd]. Boron group
metals form alloys (with theatalyst) more easily than
nitrogen group elements. Thereforepommonly used
catalysts easily dissolve metal but poorly dissolve arsenic
Si and other amphoteric dopants in GaAs act as donor
rather than acceptors. :

This study investigates the growth of &aNWs using
arsenierich droplets, wherein Si serves as an accetue. =
catalyst for such growth must have at least two properties|his
high solubility of As and low incorporation rate in GaAs. §&
Pb and Srare identified as suitable catalys@Growth of
GaAs NWNs with SnAs catalyst already demonstrated via
CVD [3], while growth of A3B5 NWs with Pb catalyst
didnét studied previously.
in GaAs than PbSi shows poor solubilityn liquid Pb at N
typical growth temperatures, so the reservoir effect isja
suppressed4], which allows the formation of sharp
heterointerfaces.

2. Experiment

This talk is devoted to studying the growth of GaAsig. 1. SEM image of NWs grown 410  AIC GaAs(111)B
NWs with Pb ad Sn catalyst[4] via MBE. Our research substrate §) Sncatalyzed; (b) Pb catalyzed.
also examines silicon doping of GaAs NWsl growth ) ]
was done in the solidource molecular beam epitaxy3- Resultsand discussions
system Riber Compact 21 with pdeposited 5nm tin or ~ Most interesting temperature for GaAs NWs with tin
leadlayer. catalyst gr owt hdeutetic tpmpemture r  t
The description of the synthesis, morphologicaf ShAs al | oy . Unfortunately,
propertiesand crystal structure ofG@Al)As arrays is this growth temperature, tin dissolves in the substrate. The
demonstrated in our work [1The study of AlIGaAscore gr owt h at | ower twemGaas(lal)Bur e
shell NWs electrical properties was performed with the
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was successful. Typical SEM image of-&talyzed NWs in variousmodes with a Gaich droplet, Asrich droplet
is represented in Fig. la. and a depleted droplet. Rarely, NWs with solid silicon

arsenide particles at their tip were founithe potential for
both n-type and gtype Si doping of GaAs NWs has been
established. Furthermorethe formation of metastable
GaAsSi alloy was observed. In most cases, Sn and Pb
droplets were found to dissolve withinNWs. The
preservation of a dropleémains a subject @fur studies.

clearly demonstrated.
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Pb-catalyzed GaAs NWs were grown on Si (111) and
GaAs(111)B. The growtdthwat emper ature of 380N30U
decided upon when the As solubility in Pb was at least 20%,
while Ga and Pb formed immiscible liquidgypical SEM
image of Pkcatalyzed NWs on GaAs(118)s represented
in Fig. 1b. The growth results of Pb catalyzed NWs on
Si(111) substrate are ibtrated in Fig. 2.
In the case ofGaAl)As NWs,it is important to note
that NWs have a spontaneously formed "esrell
structure in the wurtzite phase [1f. general, thescanning
maps indicates that the core and shell have different types
of doping. N-type conductivity in (Ga,Al)As nanowire
shell clearly demonstrated. Nanowire core conductivity is
relatively smal/|l and didnot allow to determine
doping.

4. Conclusions

The growth of GaAs NWs with Pénd Sncatalysthas
been demonstratdd]. Pb-catalyzed NW growtlkean occur
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Abstract. Thi s study investigates the ther moel e atialmpplecatignindoppowet | e s
thin-film thermoelectric generators (TEGSs). The films were fabricated via magnetron sputtering on SF66rglass substrates with
WITIiN electrodes. Temperatutependent measurements of the Seebeck coefficient and eleasistivity were performed from

room temperature to 270 AC. A sharp drop in resistivity b
corresponding to the amorphetascrystalline phase transition. This transition led to a toreler-of-magnitude increase in power
factor, reachingQi® . 7 WL K J Lcm 7T, comparable to that of bulk ther moe
reported thermal conductivity data and shown to increase by two orders of magnitudeygpaltization. The effect of Ti and Bi
doping (0.5 wt. %) on film properties was analyzed, imemtaleal i r

impact. These results demonstrate the potential of doped GST thin films foaiategricreTEG applications.

1. Introduction Calibration of themeasuremensystem was pésrmed
' using chromelalumel wires and lead reference standards.

Thin-film thermoelectric  generators (TEGS) arghe measurement error for the Seebeck coefficient does not
promising primary power sources for lqggower electronic e x ceed NO . 5 %.

devices, typically up to a few watts. However, the
widespread adoption of thiiilm TEGs is currently linted ~Taple |. Parameters of measurement setup
by the low efficiency of the thermoeleatnnaterials used.

The efficiency of converting thermal energy into electric Parameters Range

energy in a TEG is typically characterized by the thermi o mperature: Temperature:

toel ectrical conversion ef ramet
influencing this efficiency is the thermoelectric figure ¢ Temperature gradient: 2to  Temperature gradient: 2 to

mei t ZT, which plays a cet 20 AcC 20 AcC sion

Since ZT is directly proportional to the square of tt

Seebeck coefficient and electrical conductivity, significa Step increme Step increme
improvements in these properties could lead to a-lor  Measurement accuracy: Measurement accuracy:
awaited breakthrough in TE@erformance. Chalcogenide NOo. 2 AC No. 2 AC
glassy semiconductors in the Sb-Te system are widely Soak time: Soak time:
used in norvolatile optical memory applications, such a ' '
CD/DVD storage, and show potential for use in N0l st api i zati Stabilization
volatile electrical phasehange memory. Previous studie step): 1.5 mintes 1.5 minutes

[1] hawe demonstrated that thin films based on the o _ S .
materials, in both amorphous and crystalline states, exh St abilizatic Stabilizatio
high Seebeck coefficients and low thermal conduciivity step): 5 minutes step): 5 minutes
characteristics that are promising for use in-fiim TEGs. Sensitivigy Sensitivi glpad)
Accordingly, the objective of th work was to investigate load): fron from 0.05
the temperature dependence of the Seebeck coefficient andl_

electrical conductivity
application in thiafilm thermoelectric generators.

db ep[elgdent m%§urﬁmq o{ tpen(]s;eb«?c D
coeff|C|ent and electrical resistivity were carried out in the
range from room temperature

2. Experiment heating step of 5 AC and a s
The experimental samples were fabricatacpolished temperature point

glassceramic substrates of the ST50 grade (Figure 2).rasuits and discussions

Tungsten (W) electrodes with a 100 nm TiN adhesion layer

were deposited ont o-baset thin

films with a thickness of 650 nm were then deposited o

the electrodes b netron sputtering using metal shado
yag P d g ehavior is attributed to a phase transition from the

and photoresistivitynasksThe properties of the thin films ) :
were characterizedff the measurement system used @morphous to the_cr_ygtallme state. With fl_thtmnpera_ture
measure the Seebeck coefficient and cusveitage increase, the resistivity changes only slightly. During the

Irbtfgeft toUr egd agdg e from 154
10p In electrica resistivity by two orders of magnitéide
appr oxigmhade dbyerved(Fig) 1). This

tallization temperature
characteristics (IV curves) over a temperaturengge from crys
room temperature up to 4f||@100nl)&ztmmgr-[dﬁc%easesl(r},tget Séaqheckpcpeg@qntds
t her mal gradients from 20 €t o€ 0

; 0 A
increments from 1 AC to 5f|5ns/5]n@cate{hﬁtethe Fé-‘%lﬁéeé't"t uﬁggllor

the system are summarized in Table crysta ization leads to a S|gn| Icant increase In electrlca
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conductivity, resulting in a threerderof-magnituderisein s howed t hat the addition of

the power factor. As a r dilmw Isignificar@ly inSrbaseb ethe tedistivity ihi thems
crystalline state exhibjtower factor values in the range omorphous state and slightly increases the Seebeck
040.7 WLK |JLcm T, whi c h acoefliciet (sedlalalell ) Whicte ultimately Hadheonegativeo f
stateof-the-art bulk thermoelectric materials (0.8 effect on the material's figure of merit. In contrast, doping
2 WLK JLcm T) with 0.5 wt. % Bi reduces t he
Seebeck coefficient, which, taken together, can positively
|.E+4 - 1400 impact the thermoelectric figure of merittbie material.
5 LEA 4 L 1200 “E Tablell. Parameters of measurement setup
% LB - - 1000 j ' Segbgck Resistivity,Mq
z 0 s Material coefficient,
£ - 800 -3 uv/K
R 1.E+1 B
E - 600 § GeShTes 591 6,4
B 2 Ge:SkyTes + 0.5 wt. %Bi 826 1.0
S 1E- - - 200 B
- - “ | GeShTes+ 05wt %Ti 896 12.8
1.E-2 - -0
250 35$empera?frg’ K 550 4. Conclusions

The results showed that during crystallizatithe
“Wllality factor increases by 2 orders of magnitude and is
0.8/ 106° KL, which is a relatively small value for energy

Since the efficiency of TEGs is largely determined byarvesting tasks. An increase in Z of.SeTes thin films
the figure of meritZ of the thermoelectric materials, thecan be achieved by controlling the thermoelectric and
temperature dependencedf or Ge Sb Te electigphysical propées, fay gxample, by introducing
evaluatedFig. 2). dopants

The temperatureependent values @were calculated ~ The introduction of 0.5 wt. % Bi impurity into a thin
using thermal conductivittel dat a f or Ge Ge9rTe @m leadyhtp a degreapeniisthe film resistance
reported by HeKi Lyeo et al. [2]. The resultshow that and an increase in the thermoelectric coefficient, which
upon crystallization, the thermal conductivity of the filmiogether can positively affect the thermodiiec quality
doubles, while the figure of merit increases by two ordei@ctor of the material, and as a result will allow the
ofmagnitude, reaching appradswelppmant af a thifilnpthegnodlectric ggnerator 1 .

Fig. 1. Temperature dependences of the thermoelectric po
coefficient and specific resistanf a thin GeSkTes film.
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0.0001 0 [B] | esdse | . vjtedst djCsteduj nsdj
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However, current thermoelectric materials used for
energy harvesting typically &ibit a figure of merit of Z ~
1 1T 10 |j K T, corresponding to a thermodynamic effici
of about 1516% of the ideal Carnatycle [3]. Therefore,
to achieve a twofold increase in efficiency compared to the
current l evel , a figun® of Kmerit greater than 10
would be required an almost unattainable value with
presentday thermoelectric materials.

Enhancingth&v al ue of Ge Sb Te thin films may be
possible by tuning their thermoelectric and electrical
properties, for example, through doping withraknts such
as Bi or Ti. Previous research conducted under PNIER
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Abstract. In this work we present the results of experimental studies on the synthesis by molecular beam epitaxy and physical propertie
studies of new IHV hybrid semiconductor nanostructures for rgeheration applications.

1 Introduction with 'InGaAs QD, d?ffraction pattgrn obtained in QD

' location and schematic representation of AlGaAs NWs

Nowaday Ill-V semiconductomanostructures attractyjth InGaAs QDs structurare shown in figure .1Studies

an increasing attention due to recent advances in their y4s)its have shown that grown hybrid nanostructures are
as building elements for various electronic, optical, argficient shigle photons sources and by changing the size
biological applicationg1-2]. Moreover, the progress iNngnd composition of QDs, we can strictly control the
modern synthesis methods enables osémictures of emission energy from the QD in a wide range. It is
combined dimensionality formation, such as quantum d@#gportant to note that the direction of emission from QDs
(QDs) in nanowires (NWs) [3]. The most studiegh the body of NWs was studied experimentally and
epitaxially grown QDs are seffssembled, i.e., grown bytheoretically. Our work opens new prospects for integration
island nucleation in the StranskKrastanov growth mode. of direct banegap semiconductors and singleoton

In common case, the zs, shape, and density of selfsoyrces on silicon platform for various applications in the
assembled QDs can be changed by growth parametersfigifs of silicon photonics and quantum information
it is a strain induced process and controlling the propert'@ghnomgy_
of the array independently is a challenging task [4]. QDs in |y addition, we pesent the results of experimental
nanowires have in contrast shown great poterfaa studies on the IV nanostructures growth on silicon
highly controllable system. The diameter, height, a’g‘atform by moleculabeam epitaxy and their physical

density of the QDs are defined by the NW diameter, theoperties studies for negeneration applications.
growth time, and the NW density, respectively, and can he

chosen more predictable. Due to the ability to accumul:
for strain in two dimerisns, the NW geometry is ideal for
monolithic integration of semiconductor materials witl
different lattice mismatched substrates, which is importe
for achieving high performance optoelectronic device
based on Si technology [5].

a) b) d)

L QD
2. Experiment

Nanostrutures were grown using moleculaeam
epitaxy (MBE) machine Riber Compact 21T equiped wil
Ga, Al In, Si, Beeffusion sources, As and P cracking
sources, N plasma source and additional chamber for h
temperature heating and Au deposition. Silicon plate = B
used as the substrates for MBE growkhe fluxesvalues = ===
were precalibrated using GaAs(100kubstrate The
physical properties of the synthesized nanostructures w'%e

studied using scanning electron microscof$EM), QD‘ ;:&Jgﬁ"g?g:'w 'ng)e of ?'r;gls ,iAI((B:aéAsl NWHWF'chTlré@GA i ma
transmission electron microscopy (TEM), < | gl e Al GaAs NW grown at 510Au
photoluminescencgPL) and other methods. obtained in QD location. d) Schematic representation of AlGaAs

3. Results and discussions NWs with InGaAs QDs structure.

In this work we present for the first time MBE growthAcknowledgements
of QDs in NWs based on (In)GaAs/AlGaAs materials The authors acknowledge SaPtersbry State

system on silicon surface also studied their physiqghjyersity for a research project 122040800254
properties.Typical TEM images of single AlGaAs NW
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The influence of heat treatment on the characteristics of
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Abstract. In this work, the influence of heat treatmentthe electrophysical, thermoelectric and mechanical properties of the fabricated
composite thermoelectric materials basedBoTe2.sSe.2 (n-type) andBio.sShysTes. (p-type) was investigated. Power factor for the
obtained composite thermoelectric materials was determined. The developed method of forming thermoelectric legs car be used f
fabrication of flexible thermoelectric generators.

1 Introduction thermoelectric material was crushed to a powder state and
' ) _mixed with a binder.The samples were formed by screen
Today, the developnent of flexible thermoelectric printing through afluoroplastic mask. after which they
generators (TEG) is of particular interest, since the use@re dried at room temperature for 24 hours. To remove
such TEGs can become both a serious addition andeggess moisture, the samples were annealed for 4 hours at

alternative to batteries used today in portable t e mperature of 110 . To st
microelectronics. The main advantage of flexible TEGRermoelectric properties of the obtained samples,
compared @ classical ones is the ability to take th@lectrical contacts were formed by the method of
necessary shape within certain limits, which makes dfectrochemical deposition. Ni and Cu wersed as
possible to use such devices on heat sources Wittyeposited materials, Ni was used as a diffusion barrier
developed surface, for example, to convert the heat ofager.

living organism, including the human body. The = Based on the results of differential scanning calorimetry
technology of thickfilm thermoelectric materials (namely(Netzsch DSC 204 F1 Phoenix), the temperature range for
composite materials) is of particular interest for thgeat treatment of materials was determined. The studies
formation of flexible thermoelectric generators. This pap@fere carried outin the temperature range from room
proposes a method for forming composite materials thaig mperatur e t o 400 i n an

include  thermoelectric ~ matella  modified by Thermogravimetric analysis of the obtained materials was
nanodispersed particles, and a matrix of aqueous alkaliiy ysed.
solutions of sodium or potassium silicates. The introduction Ejectrophysical and thermoelectric characteristics were
of nanoparticles of various natures (for examplgtydied for the formed samples. Measuremeetewarried
semiconductor particles with a narrow band gap, nanosizgf directly during the heat treatment process in an inert
carbon tubesr highly conductive metal oxides) toimprovey y gon at mosphere, the heatin
electrical conductivity can affect not only electron transport To study the thermoelectric characteristics of the
in the material, but also increase phonon scattering, thergbynufactured samples, 2 measurements were carried out,
increasing the thermoelectric figure of merit of the materigh the first case the temperatlependence of the Seebeck
One of the most impaant stages in the fabricationcoefficient was studied before heat treatment, in the second
technology of composite thermoelectric materials is hegise, after the heat treatment.The measurements were

treatment. Firstly, heat treatment allows to remove residgakried out in the temperature range from room temperature
moisture from the composite thermoelectric materigo 100 . The final stagte was

thereby increasing its electrical conductivity [1]. Sedly, ] )
heat treatment can lead to sintering of thermoelectde Results and discussions

material particles. It can significantly affect the Tpe electrophysical and thermoelectric properties of
electrophysical, thermoelectric and mechanical propertigsmposite materialbased onBi;Te;sSe (n-type) and
of.the res_ultlng composite materials. Thus, the purposemf .sp, Te; (p-type) modified with nanodispersed copper
this work is a complex stly of the heat treatment effect onyxides powder at a concentration of 0.1 wt.% were studied
the properties of lowemperature compositi.TesS&.> |n particular, the specific resistance, the Seebeck
and BbsShy sTes-based thermoelectric materials. coefficient, and electrical conductivity were studied. The
2. Experiment power faptor was calculated based on the resglts obtained.
The maximum power factor for thetype legs with 0.1%

Experimental samples were made using -Iov& . & .
; . uOCuOi s 3.5 , YUY thec Kegs is 3.8
temperature thermoelectric materid;Te; S 2 (n-type) g W/ ( dmBK results 02? the sﬁud@mg:owgd that the

and BiosShisTes. (p-type). Copper oxide nanopowder. | ... . X .
(CuO-C,0) in the amount of 0.1 Wt.% was used as addition of nanopowder leads to a noticeable increase in the

nanostructured additive. An aqueous alkaline solution eiectron mobility in the type composite material and a
. o ' q X %g(ht decrease in their concentration. For théype
sodium silicate was used as a binder, which acts as a matr

in the composite.To obtainthermoelectric suspension, the

72



11.0.04

compsite material, an increase in both the concentration
and mobility of the majority charge carriers was observed.

4. Conclusions

In this work, the influence of heat treatment on the
electrophysical, thermoelectric and mechanical properties
of the fabricatedompositeBi>Te, sSe) - and BpsShy sTes-
based thermoelectric material®s investigated.

The obtained values of power factor for samples of
composite thermoelectric materials with a matrix of
aqueous alkaline sodium silicate solution are lower than fo
the synthesized material. However, the developed method
of forming thermoelectric legs can be used for fabrication
of flexible thermoelectric generators.
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Abstract: Material failure in hightemperature sakprayenvironments predomindptaroused from thetrongerosion of surface
passivation layer, such as20g and TiQ. Here, anovel amorphous $Ar-O (SZO) coatingwas designedagainst this extreme
environment.Inspired by the biomineralizatiobehavior, a in-situ atomic bondingreguation mechanismwas proposedThe Na
absorption coupled witim-situ chemicabonding reorganizatiowas identified anchie SZOcoatingwas selfreinforcecto the structure

of amorphous SNa-O and nanocrystallineZrO: (t-ZrO2/U-SNQ. Molecular dynamicgMD) calculations indicated that tisaemical
stability and barrier propertyf amorphous SNa-O was closely related tine amount ofNa content andridging oxygenElectron
energy loss spectroscofELS) analysis demonstrated that the appropZiatentent in SZJacilitated optimal Na absorptionyhich
ensural sufficient bridging oxygen and redutthe reactivity of the silicosite thereby enhancing both chemical stability and barrier
propery. The optimized SZO coating demonstragighificant imgovement in corrosion resistance, maintaining structural integrity
for100hi n a 600 salt. spray environment

Keywords: Na absorptionin-situ bonding reorganizatipiEELS,MD calculations Salt sprayenvironment
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Abstract: The operation of aluminuiair batteries (AABsS) asubzero temperatures is significantly hindered by the poor ionic
conductivity of aqueous &electrolytes and sluggish Agyijs i ni
proposed by introducing zinc gluconate (ZnG) as a multiffanal additive into aqueous electrolytes, enabling the construction of a
robust antifreezing system suitable for letemperature operation. ZnG effectively reconstructs the hydroged network among

water molecules, modulates the solvation structum@ J@vers the freezing point while enhancing ionic conductivity. Simultaneously,
ZnG facilitates the in situ formation of a métalganic (MO) composite interfacial layer on the aluminum anode, replacing the
conventional passivation film. This MO layer o t e s Al | transpor t  -tragsferkiedtics raadtakegates nt e
low-temperature polarization. The optimized Zb&sed electrolyte exhibits excellent discharge capacity and cycling stability even at
i40 AC. Thi s s hanbleculerllevel; & gyreergistis mechartism between solvation structure regulation and interfacial
engineering, offering a novel theoretical framework and design strategy fepéiffrmance aqueous aluminum batteries operating
under extreme cold conditis.

Keywords: aluminum air batteriesmetal organic (MO) compositénterfacial layer, interfacial engineering
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Diffusion-driven photovoltaic effect in Mn/SiO2/n-Si
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Abstract. Thestudyis devotedot he | at er al phot ovol t-8ibtuctuesfatfcrgoganic terhpBré&yres,iremealang Mn
that carrier diffusionrather than driftdetermineghe photovoltage generation due to a weak Schottky barrier. Experimental results
closely match a €fusion-based model that incorporates wavelerdgpendent absorption and carrier transport. Additionally, a
magnetic hysteresis with a ~200 Oe coercive field suggests the formation of a weakly ferromagnetic MnSi phase ateh& rgeefac
findings higHight the potential of diffusiofdriven LPE systems for positiesensitive photodetectors and magreptoelectronic
applications, especially in lotemperature environments.

1. Introduction Optical irradiation was applied using a tunable halogen
: lamp and semiconductor lasers. The generated
The laterabhotovoltaiceffect (LPE) in semiconductor photovoltages were measured across varying temperatures,
based stctures offers promising applications in positionyavelengths, irradiation powers, and magnetic field
sensitive  photodetectors, spintronics, and magnejQyditionally, an MnSi layer was synthesized on a similar
optoelectronics. It is typically observed when a -noRypstrate to examine potential interfacial ferromagnetic
uniform illumination of a semiconductor creates a voltaqghases that could influence carrier dynamidste detailed

difference between spatially separated aotst This jnformation about the samplean be found iff].
voltage, termed lateral photovoltage (LPV), arises due to

the spatial separation of photogenerated carriers, whiefResults and discussions
move under the influence of buiti electric fields and One of the most significant findings of this study is the
diffusion gradients. While LPE has been extensivelyonf i r mat i on t hSastrycture theltPEa& Mn
studied at room tempature and under standard conditiongryogenic temperatures (down to 17 K) is predominantly
its behavior in complex metal/insulator/semiconductairiven by carrier diffusion rather than drift. This is a direct
(MIS) systems at low temperatuéesspecially under the consequence of tHew Schottky barrier height (~0.05 eV
influence of magnetic fieldsremains insufficiently at helium temperatures), which significantly weakens the
explored. Of particular interest is the role of carrignternal electric field responsible for separating
diffusion in generating LPV in systems where banphotogenerated electrdmole pairs. For comparison,
bending is weak and drift effects are suppressed. This wiygical MIS structures show Schottky barriers in the eang
presents a detailed investigation of a diffusisiven LPE of 0.1 to 0.8 eMf2-4], creating stronger buiin fields and
i n a MrSI Bbri@ stfucture, focusing on lew dominant drift currents. In the absence of such fields,
temperature conditions and magnédigdd influence. photogenerated carriers move primarily due to
2. Experiment concgntration gradierdsa . mephanism . that can be
' described using standard diffusion equagio
The experimental structure was fabricated using a Tqg quantify this behavior, a ordimensional diffusion
phosphorugloped rtype silicon substrate (doping levelnodel wasused incorporating carrier generation as a
~107 cm j), thermally o0 XjndidnZot dightt ghsorbtRri deptR ard lwaveleddtit S
layer, and a 15 nm Mn filmvas depositedon top of the dependent quantum efficiency. Carriers are generated at
structue via molecular beam epitaxy (MBEJEM image specific depths corresponding to thiesorption profiles of
of the structure is shown on fig. the incident photons, and their subsequent diffusion toward
: the contacts results in measurable photovoltage. The
absorption coefficientand quantum efficiency values for
silicon were takenfrom literature [5,6]. The carrier
movementin transverse directiowas describedusing
equations:
Ew €Q andnw €70Q (D)
Wheren(x) andp(x) are concentrations of electrons and
holes, respectiVg, at the vertical coordinate Simulation
results showed that the difference in carrier concentrations
between the illuminatedand nonl | u mi nanh(@d si ©
NB(X)] varies with wavelength, with sign reversals occurring
when the dominant photogeneaatishifts from one side of

Electrical contacts were formed both on top of the filifie substrate to the other. A comparison between the
and on backde of the substrate in order to measu@mulatedLPV and experimental measurements at 28.5 K

photovoltage in both lateral and transverse directions.

Fig. 1. Crosssectional transmission electron microscopy (TE
images of the Mn/Sin-Si structure.
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(fig. 2) showedgood agreement, validating the diffusion developing advanced optoelectronic devices, particularly
dominant interpretation. for cryogenic and magnetically active environments.
Future work may extend this approach to explore -spin

et ‘ Iﬁ\; polarized transport, temperattdlependent  band
60 - e"pe””:e”_ [N(x)-p(x)] alignment, and integtion into functional spintronic
! devices.
40 4 T=28.5K Acknowledgements
§ We thank M.N. Volochaev for assistance with the
E 20 electron microscopgtudies.
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hysteresidbehaviorof the magnetic field dependence of the
LPV atT = 17K (fig.3). It indicakesthe presence of a weak
ferromagneti c phaswthacdercitehe Si O [ Si interface
field B: of approximately 200 OeSmilar magnetic
hysteresis behaviowvas observed in ferromagnefidnSi
film grown on Si. Although Mn isnonferromagnetic,
interfacial reations during MBE growth and post
deposition annealing may lead to the formation of MnSi
phasenear the surface of Si substrafde presence of this
phase within or near the carrier transport region could
introduce additional magnetoresistatike effecst,
influencing the LPV.
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Fig. 3. Black curve represents magnetic field dependence of the
LPV in Mn/SiO2/kSi structure. Blueircles show the square of
magnetization as a function of magnetic field in MnSi/Si.

4. Conclusions

This study demonstrates thatn the Jd8n/Si O /n
hybrid structure, the lateral photovoltaic effect at low
temperatures is governed primarily by diffusion processes
due to weak Schottky barriémduced electric field. The
observed photovoltage spectra are well described by a
simple difusion model, emphasizing the importance of
absorption depth and carrier transport characteristics. The
magnetic hysteresis in the field dependence points to the
presencef interfacial ferromagnetic phase. These findings
highlight the potential of diffusin-driven LPE systems in
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Abstract. We are demonstrating an apptioa of two efficient original approachesHigh-Temperature Ultrd&ast Depositior(HT-

UFD) and sample with grad for pulsed growth of th&1g2Sii based compountg2Si-«Srx. Results of the exothermic process of
compound formation at different higémperature¢HT) are directly observed by HRTEM and SEHADX in different zones of the Si
sample with gra@. The intensity of the ultrfast process depends on the initial local temperature; the process results in different
structure and amount of the compound formedfier@nt sample zones.

1. Introduction 2. Experiment

Film growth and surface/interface processes are crucial At first the mixtureSi..xSn was cedeposited in UHV
in many modern technologies, including -i&ised on the clean Si(111) in 10 portions (to reduwe diffusion
microelectronics solar cells, thermoelectrics eté/e are inthe sample heated by the Ielagting irradiation from Si
demonstrating an application of two original apptesc and Sn sources). To synthesMg.Sii.xSry, the sampler
effective in film synthesiggradT andHT-UFD, for growth was risen up to the rangé ~300i 340 AC during 4 sand
of the MgSiibased compound Mg:SiixSn.The a large single portion of Mg was pudeposited onto the
approaches are shown in Fig.1 and will be demonstratecsimstratesurface. At the pulse moment, the sample heating
a short real time movid.he silicide MgSiixSrk attracts a current was reduced; in ~4 s after the pulse, the sample
significant attention of resegrers since it is relatively heating was stopped. We shall present a shorttireal
light, consists of ecologic, abundant and rather cheagvie illustratingthis processBased on literature data and
component@andhas good perspectives fapplications in our analogous experiments dfy,Si growthon Si by Mg
thermoelectric elements, solar cells etc. [1]. However, thi-UFD, it can be suggestethat the above procedure
synthesis of MgSiixSn films on Si surface is not ansple should result in a combustioror just explosiorlike
task since Mg is volatile at rather low T while Sn melts amkothermic reaction of M&ii.xSrx synthesis [4]. The
forms droplets. In addition,in certain rangesof obtained sample was cutinto 5 partséparatelgtudy the
compositios and temperatures MgzSiixSnc tends to films formedwithin differentT ranges
decompose into precipitates [2]. To form such precipitates . .
of supercritical size, the omponent atoms must beg' Results and discussions
redistributed by diffusion over some distance within the SOMeHRTEM and EDXresults are presented in Big
mixture; this process musgke a significant time. Thuty and 3 It is seen tat for the film formed at higher Tthe
understand the mechanism of the synthesis preresget €ntireSi-Sn mixturehas beerwompletely spent for M.
control upon it, thénvestigations of the dependenadshe xStk formation and the exceddg penetratedieeperinto
spatial relistribution of componentson temperaturaand the Si(111) substrate where it formed #ghaving lighter
time are highly required. contrast in Fig. 2 (see the image for zoneR)r high-T

It has beeshownby Tatsuoka e.a. that intense flows ofample zonesMg, Si and Sn are relativelyniformly
Mg onto hot S| (dum h|gh Vapor pressure Of Mg) result irintermixed within thefilm |ayerS. On the Contrary, for
Mg.Si formation [3]. We demonstrated that HJFD of lower T, relatively thimer and noruniform film formed
Mg onto Si allows to form high crystal quality Mgj films ~(See the images for zones 1 andTle Zcontrast evidere
within very short times ~0.1. 20 S[4-7]; this could be used th"’_‘t _somgunreacted Mg remained on the sur_fz;ttmn it
to reduce the redistribution of Sn, Si and formeeixidized in the atmosphereorlow-T films, the Strich and
compounds in the film. As we have demonstrated [7], gprrich compoundstend to eparate mostly by the
samples having wedgshaped T distributions on the nucleatlion and grpwth_ mechan!sm (tentatlv.e_ly, due to Sn
surface (se€Fig.1) can be usedo obtain an entireT- sepqratlon from Si during the mmtyredeposmon and/or
dependenceof a processin one experiment The reIanngy I.onger process of Mg diffusion and compound
combination of this method ith HT-UFD is easy and formation in lowT zones). o
natural.In the presentork, we apply the combination of It can be concluded that for highemitial T, the
gradT and HFUHV methodsto study the process ofcompound formation process reached some higher

synthesis of MgSiLSn by ultra-fast deposition of Mg corre_sponding to the higher intensity of the exothermic
onto SiSn mixture in the conditions far from equilibrium. 'éaction. Thernhe formed compound quenched due to the
rapid sample cooling. At lower initial T, the reaction was

less intensive, the miure was cooler, and the relatively
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Fig. 3. In depth distribution oélements for different zones of the
sample (see T distributicalong the samplian Fig.1).

4. Conclusions

An easy and highly efficient way to study dependences
of surfacel/interface processes on temperature is
demonstrated. Different products of these psses
obtained at different temperatures are directly observed in
different points of the sample. The entire dependence of the
Mg.Si.xSrk compound formation on temperature can be
studied in one experiment. Thus, it has been demonstrated
that the optimal teperature range for synthesis of the film
having the required morphology can be found in a single
experiment. The combination of HIFD with gradT
samples proved to be a very efficient and promising
experimental approach.
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Thermoelectric properties of MgsBi; flexible films
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Abstract. In this work, a method for synthesizing BBj. on a polyimide substrate was developed and thermoelectric properties of
such composite were investigated. The experiment was carriedndat high vacuum conditions by sclihase epitaxy with
recrystallization annealing at 300 AC. Ther moel ect Otod50pr op.
K. The highest value of the power factor was measured at 300 Kvan®.8sW/ ( c A),ItHeé Seebeck coefficient and specific
electrical conductivity were 478//K and 1656 S/cm, respectively. The dBgp film demonstrates high plasticity, retains conductivity

under strong bending and a large number of benrdirigending cgles.

1. Introduction 3. Results and discussions

The intensive introduction of wearable lpower It hasbeen established that the Seebeck coefficient has
electronics into everyday life has given impetus to reseapbsitive values in the entire measured temperature range.
and development of thermoelectric converters operatingAncording to literature data, the sign of the main charge
the room temperature region. In this work, 8 was carriers depends on the magnesium content in the material:
chosen for a number of reasons. Firstly, MRj> with an excess of magnesiumgeeiron conductivity is
demonstrates competitive thermoelectric properties in thleserved, and with a deficiency, hole conductivity [1].
room temperature region [1]. Secondly, the chemical 50
elements in the basis of this material are harmless to a
humans and the environment and are relatively cheap. g
Thirdly, magnesium bismuthide has plasticity [2], which
allows even bulk samples to be deformed without
damaging the crystal and disrupting conductivity. In other
words, the material is an excellent candidate for the role of
low-temperature thermoelectriconverters for wearable
electronics devices.

.
=}
L

Seebeck (1V/IK)

w
=4
1

2. Experiment

The experiment was carried out under high vacuum
condi t i &mbmr) Ky kdlidphise epitaxy. For this 0.
purpose, magnesium and bismuth weredeposited on a b
precleaned  polyimide substrate, liwed by bt BN
recrystallization annealing a ™ rmati on
reaction of chemical material formation was carried out 18501 \
using Raman spectroscopy (Figure 1) andra) 1800-]
diffraction. Raman shifts at 53.4 drand 83.4 cmindicate 1750
successful reaction [3]
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Fig. 1. Raman spectra of the sample with two peaks at 534 cm
and 83.4 cm that relate to MgBi>.
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Thermoelectrical measurements were carried out by Temperature (K)
four-probe differential method from 80

to 450K_. . . . -
temperature range. I<Flg. 2. Thermoelectric properties of MBi2 formed on polyimide

tape: ai thermoelectric coefficient, b conductivity, ¢ power
factor.
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The highest value of the powercfar wasmeasuredt
301K and is 3.8 eW/(cml K?, the thermoelectric
coefficient and conductivity at this temperature are 47.8
eV/IK and 1656 S/cm, respectively. It was found that the
samples keep their conductivity under repeated
deformation kendingcycles) andlow bendingangle

4. Conclusions

In this work, the prospect of using Mgj, material for
developing flexible planar thermoelectric converters of
low-temperature range was demonstrated. Samples were
formed by solidp hase epitaxy att 300 AC. The highes
conductive properties were demonstrated at room
temperature, the power factor, thermoelectric coefficient
and specific conductivity were 3.8W/ ( ¢ A\ 4.8
eV/K, 1656 S/cm, respectively. The sample demonstrates
high plasticity and retains conductivity under high
deformations.
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Nonlinear resistance drift kinetics in Ge>Sb,Tes thin films
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Abstract. This study focuses on the resistance changes iSkgess thin films after thermal annealing. We demonstrate that after
annealing at temperatures aboveA@, t he resi stance continues to evolve even
A total of seven annealing cycles (2 hours each) were performed in the rangilos TOA C . During the eigh
approximately 30 minutes aftetaee hi ng 140AC, the sampl e b e g aAiterwhich d strangimsciedsé o n

in current occurred, reaching the maximum possible current for the picoammeter. Reducing the DC voltage across thedilimeallow
current to be measuteand proved that a phase change of the film material had occurred.

1. Introduction at approximately 200 minutes represent these isothermal
' _ ) annealing periods. This was followed by an additional
Phasechange materials (PCMs) are widely used f@ipoling/heating cycle, though in this case heating was

data storage. The conventional approach, where asinglg bit mij t e d t o al 6t€pAnGolved Edoleng tb foom
of information is encoded in the amorphous and crystallig@nperature.

states, limits storage density. In recent years, research has

focused on increasing the stored information per cell . . . . . .

phasechange memory (PCM) [1, 2]. One of the majc 10-3F 1

challenges in achieving multilevel storage is resistance d

over time [3], which maifests as a gradual increase i o5k |

resistance, particularly at elevated temperatures. Stuc

have shown that this phenomenon persists even at rc < 70 °C J

temperature [4]. Several approaches to mitigate resista E 107 80 °C T

drift have been proposed, primarily based on delggel ‘;" 90 °C

engineering [5B]. © 109} 100 °C ]
However, the development of reliable multilevel PCN 110°C

requires a deeper understanding of resistance d 1011} 120 °C |

mechanisms at the material level. A key outstandil 130

question concerns how thermal history affects the dr — 140%C

kinetics. In this wrk, we investigate temperature 1077 100 200 300 _ 400 500

thresholds for irreversib Time, min 1 Ge

(GST) thin films and analyze the relationship betwee..

resistance drift and crystallization onset at elevatggy. 1. Current vs. time dependence during the experiment. The
temperatures. Our findings help clarify the thermadifityg  current changes follow the temperature profile, which remained
limits of GST's amorphous phase and provide criteria fegnsistent across all experimental runs.

optimizing multilevel PCM devices. . .
P 9 3. Results and discussions

2. Experiment As evidentfron Fi gure 1, anneal i ng¢

For resistance measurements before and afteihimal impact on the overall current profile, where the
annealing, as well as for conducting the annealing proceagrent at minimum temperature remained at noise level.
itself, we employed a research systeonsisting of a However, above 120AC, the cu
closedcycle cryostat (Janis CG&0/204N) and a by approximately one order of magnitude (browmve
picoammeter/voltage source (Keithley 6487) [9]. Sampdgound 400 minutes in Figure 1). Following further
resistance was measured simultaneously with temperamra ne al i ng at 1 3 0 A @f-magaitade a d d |
scanning under constant voltage conditions. current increase was observed.

The thin film was deposited by DC gmetron Interestingly, during the actual isothermal annealing
sputtering using a commercial polycrystalline target withe r i od s , significant current
99.99% purity. Xray diffraction confirmed the as andl 3 0 AC ( FThegcurnerd vales were normalized
deposited film to be amorphous. The film thickness way dividing each data point by the mean current during
approximately 130 nm. isothermal annealing at each respective temperature,

The measurement protocol began with cooling- toenabling direct comparison of temporal current dynamics
160AC ( Fifdlawede by b brief temperatureacross temperature regim@e hightemperature changes
stabilization period and subsequent heating at a consigsn be attributed to the onset of crystallization. The current
rate of 2AC/ min. Upon reachiamgon hat tA0 4@t haonweevael ri,n
temperature, the temper at rejovenatiora pheromenontim hanystallinew inaterialsN 0 . 0
precision using a LakeShore 335 temperature contrfoller previously introduced in the context of resistance drift [10].

2 hours. In Figure 1, the horizontal parallel lines beginning
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: . : : : : : separation between the Fermi level and valence band edge
(O 'O). Notably, the conductivity decrease corresponds

where the maximum resistance growth (corresponding to
current decrease) was observédove this temperature,
the rate of resistance increase gradually slowed until
130AC, where the trend iever
a clear signature of crystallization onset. Paostealing
roomtemperature relaxation led to further resistance
increasesThese electrical changes directly correlate with
changes in the Fermi level relative to the valence band,
demonstrating how heat treatment tunes the electronic
structure of phase change materidlbe observed nan

Figure 1 clearly demonstrates that following highmonotonic behavior reflects compedi mechanisms
temperature annealing ( 13ewveen) structuralerelaxaliens at rlaver temperatuees t
low temperatures (around 400 minutes) remaifts< 100 AC) and crystallizatio
substantially highecompared to the initial cooling cyclee | evat ed temperatures (>130A
_(ap.proximately 20 minutes').This change. in current ﬁcknowledgements
indicates longerm changes in the electronic structure o i , i
the material caused by the heat treatment. This work was supported by the Russian Science

A direct comparison of these effects is presented fpundation grant No. 249-10137
Figure 3, with shows two pairs of curretitne (https:lrscf.ru/en/prOject/_24910137/) and L!t|l|zed
(effectively currentemperature) dependencies: The fir§duipment from the Regional Centre for Probe Microscopy
pair corresponds to mea sOLRY¥ee RadioEqgineering Univeisiy, 1 30 Ac
annealing one recorded immediately after processing amgkferences
another obtained approximately 15 hours later (pmrél A. Athmanathan, M. Stanisavljevic, N. Papandreou, H.

su b's equent 140AC annea ' i Pozidis, E SERfheRictIBEE b. Enfkrd. Se®op. Cirbuis€ I N g
aging period at room temperature. The second pair shows syst.6 (2016) 87

data following 100AC anneg JMegg,Y. GNihBeM. RourisSXuMaly. zashgf@ ct s ar
prominent. These comparative measurements reveal Popescu, M. Kang, M. Miscuglio, N. Peserico, K.

significant timedependent evoligtn of electrical Richardson, J. Hu, H. Dalir, V. J. Sorgeight Sci Appl12
properties even without additional thermal processing, (2023)189. _ _

suggesting either progressive structural relaxation } A.Pirovano, AL. Lacaita, F. Pellizzer, S Kostylev, A.

metastable phase formation during the aging period. (E;e()%‘f)n?u&;' Bez. IEEE Trans. Electron. Devibés

[4] J. Pries, C. Stenz, S. Wei, M. Wuttig, P. Lucas. J. Appl.

0.98

w 102 S .
5 to a widening of this energy gap.

=1

= 101 4. Conclusions

(=1

= Thermal annealing experiments on GST films revealed

g Loo a ronlinear evolution of resistance drift with temperature.

3 Il nitial annealing at 70AC p
g 099 foll owed by a subsequent i nc
5
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Fig. 2. Time evolution of normalized current during nusitep
annealing (701 30 AC) .

' ser130C | ' ' ' Phys.135(2024) 135101.
o5k before 140 °C ) [5] \év.w. Koelmans, A. Sebastlan,_V.P. Jonnalagadda, D.
— after 100 °C rebs, L. Dellmann, E. Eleftheriou. Nat. @mun.6 (2015)
—— before 110 °C 8181.
L | [6] K. Ding, J. Wang, Y. Zhou, H. Tian, L.L. Lu, R.
< 10 Mazzarello, C. Jia, W. Zhang, F. Rao, E. Ma. Scigtf
B (2019) 2105.
E ol i [7] R.Zhao, M. He, L. Wang, Z. Chen, X. Cheng, H. Tong, X.
38 10 Miao. Sci. China Matei65 (2022) 281825.
[8] Y.Lv,Q.Wang, HChen, C. Xie, S. Ni, X. Li, Z. Song.
Tl | Micromachines (Basel)2 (2021) 1085
10 [9] A.V. Ermachikhin, V.G. Litvinov, AD. Maslov.The
measuring systems of semiconductor structures and its
10-13 . . . . . . software SIBCON(2015).
100 150 200 250 300 350 400 [10]J . Pries, C. Stenz, P.Luc&¢ ha f e
Time, min M. Wuttig. Adv. Funct. Mate32(2022) 2207194.

[11] Y. Vorobyov, A. Ermachikhin, A. Yakubov, E. Trusov, M.

Fig. 3. Current vs. heating time dependence after different Fedyanina, P. Lazarenko, S. Kozyukhin. J. Phys. D. Appl.
annealing treéments Phys 54 (2021) 315302
[12] N.F. Mott, E.A. Davis. Electronic Processes in Non

The available temperatugiependent conductivity data ~ crystalire  Mat eri al s 2nd edn ( Oxf ol
enables estimation of the Fermi level's thermal evolution Press) (1979).
[11]. Assuming holedominated band conduction in these
materials [12], the observed behavior could be attributed to
a nonlinear tempernate dependence of the energy
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Abstract. The technology of embedding metallic iron disilicidé¢-ReSt) nanocrystals (NCs) with different numbers of NCs
multilayers and different doping levels of silicon multilayers with holed®@@r® and 183 cn®) was tested on SOI substrates, and
heterostructures with 4 and 8 layers of embed#EdSpNCwereg r own using it. The maxi mund) powe
at T=450 K was observed in the heterostructure with the maximum hole concentration in the silicon interlayers, and mdikerease
hole concentration led to a decrease in the power factor@ . 2 5  R)W/T£480IKKdue to a sharp increase in the sheet resistance.

1. Introduction temperature; (2) annealing at T=6%Dfor 2 min and flash
One of the approaches to creating efficiert T=1000C°C for 5 s; (4) growth of the silicon layer (12 nm
thermoelectric materials is to embed metal nanocrystals=630°C and 24 nm at T=70%). To fam 4-layer and
(NC) into a semiconductor, such as germanium, whiérjayer structures with embgddeEFeSt NCs, these four
provides high matrix conductivity and an increase in thef€PS were repeated 3 or 7 times, followed by growth of the
Seebeck coefficient [1]. It does not require high crystallig@Pping silicon layer in two steps: 12 nm at T=680and
quality of materials with embedded nanocrystals afd nm at T=7006C. Individual multilayers were grown with
assumes the possibility of their random distribution in tffoPed dicon interlayers with different hole doping: 0
semiconductor matrix, includingjlicon. NCs of transition CM° (p+) and 16° cnt® (p-). Test samples with 4 and 8
metal silicides can be embedded into silicon, since th@ymmy growth stages without deposition of iron atoms, but
include both semiconductors [2] and metals [3]. It wa¥th annealing and stopping (emulation of NC growth)
known that embedding multilayers with one or two types ¥fith different silicon sources (p+ ar) were grown for
embedded NCs (CrSand b-FeSp) grown on an #type Comparison with samples with embeddaeFeSy NC
silicon substrate resulted in efficient hole injection fromultilayers. A total of 3 samples with embeddedreSp
embedded NCs, a change in the sign of the Seeb®kand 3 samples with NC growth emulation were grown.
coefficient from negative to positive, and an increase in the The morphology of the grown samples was studied
power factor in the temperature range from 200 K tokioousing a Solver P47 scanning probe microscope in the
[4]. At the same time, the incorporation of NC metdfPping mode. The phonon structafethe grown samples
silicides into a silicon matrix with-bype conductivity and was studied using an NTEGRA SPECTRAystem in the
orientation (100), as well as the effect of doping silicdRaman  spectroscopy ~mode. The transport and
interlayers during the growth of multilayers on theihermoelectric properties of the samples were studied on a

thermoelectric parameter@mained unexplored. Kriotel (Russia) laboratory setup in a nitrogen atmosphere
In this paper, we investigated the formation cittemperatures of 8850 K after preliminary formation of

multilayers with embedded NCs of metallic iron disilicid&ix Al contacts on an ADVAVAC PVE2ZEB2R11 vacuum
(a-FeSh) in siliconror-insulator (SOI) substrates oftppe setup (£=450°C for 20 minutes) to measure conductivity
conductivity with different numbers of NC multilayers an@nd thermeemf.

different doping levels of silicon multilayers, dett_ar_mineg_ Results and discussion

the phonon structure of the NCs, the conductivity and
thermoelectric propertiesf the grown heterostructures inF
the temperature range of-&860 K. €

After unloading the samples with embedded HC
Sp and the reference samples with growth emulation,
their surface morphology was studied by AFM. Due to the
2. Experimental procedure embedding of nanocrystals with a tetragonal lattice into
Multilayer heterostructures with embedded NCs &flicon, a process of thredimensional overgrowth of NC
metallic a-FeSi were grown in a VARIAN ultrahigh Was observed and puncturesrevéormed on the surface of
vacuum setup wit hXForrequipped B¢ @@RPEG, silieon yer. blqwever, the yield afeSk
with a molecular beam source of iron (Fe), sublimatidCs was not observed. The raneansquare roughness
sources of silicon (Si) with different hole concentratior¥as minimal for 4ayer heterostructures both with
(p+ and p) and a quartz thickness sensor. SOI S|(1GO) gmbedded NC and without them (Table 1) |aneaSing the

type wafers with a resistivity of {1 0) Oh m T néner gf énjtilayers led to its 23-fold growth, but the
chosen as substrates and Si sesr After lowtemperature depth of the observed punctures did not exceed 40 nm,
cleaning of the silicon swpighisdegsdéhanghe thigknepsofrile eapping sili¢on layers

for 10 minutes, a 50 nm thick silicon buffer layer was The study of the phonon structure of working samples
deposited at T=700 AcC. Thyé#a Ramanpeatefing geihod shogkatipilfilayers wi t
embedded NCs ofi-FeSp were formed. This processwith the supposed N&-FeSk do not have phonon peaks.

consisted of four steps: (1) deposition of 0.5 nm Fe at rodis proves the absence of the semiconductor pbase
FeSh [4] in the NC samples and indirectly confirms the
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formation of thea-FeSp phase, which does not havéigher than for the SIsubstrate (1002500 Ohm). Such
resolved Raman scattering phonons [5]. behavior of the sheet resistance can be associated with a
sharp increase in scattering on NEsr the sample with
built-in O-FeSh NCs, the Seebeck coefficient sharply
interlayers,dys i total thickness of heterostructurems increases with decreasing temperature below 140 K and

Table 1.Typesof heerostructures, type of doping of S

root mean square roughness. reaches valuesf 800¢V/K at temperatures of 11020 K
- with a subsequent decrease with increasing temperature to
Sample  TypeofHS Si' dus, s 200¢&V/K for the sample withJFeSp NCs. At the same
mc}gr ;’::]yer nm nm time, with an increase in temperature from 150 to 450 K,
ping an increase in the Seebeck coefficient from 300 to 600
A Dummy NC Si p* 256 2.0 eVIK is observed. Calculation of the power factor from
B 4L a-FeSh pt 258 23 temperature for sampldz‘sgndF and comparison with the
_ SOl substrate showedat in the temperature range of 150
c Dummy NC Si p* 375 7.0 450 K, the most effective thermoelectric is sanfpleith
D 8L a-FeSh p* 371 4.6 built-in UFeSi NC multilayers.
E Dummy NC Si p 417 051 4. Conclusions
E 8L a-FeSi o 429 792 A comprehensive technology for introducitgFeSh

NCs into SOI substrates has been developed using solid

The grown multilayer samples with embedded Ng¥1aseepitaxy with different growth temperature modes
(Table 1) represent a structure with randomly distributé§=630°C and T=1000C) for annealing 0.5 nm thick iron
NCs [4], to which the twdayer thermoelectric model [6] layers and molecular beam epitaxy (T=63W0°C) of Si
cannot be aplied to isolate the contribution of the modifiednterlayers. 4ayer and dayer samples with introduced!
layer. The electrical and thermoelectric properties wefe€Sk NCs and silicon interlayeriole concentration: 10
analyzed by comparing the temperature dependences offie and 10° cn®), as well as multilayer samples with
sheet conductivity and the Seebeck coefficient for the Sgsnulation of NC growth on SQLO0) substrates have been
substrate, the emulated substréBummy NC Si), and grown. It has been established that in adayer
samples with embedded NCs. The data on the resistaipgkerostructure with the maximum hole concentration in
and the Seebeck coefficient were obtained for the S@jjconinte | ayers, a power faktor
substrate and samples A and B with 4 layef366Sp NCs 1S observed at T=450 K, which is close to the best results
and the emulated sample, grown with heavily doped silicf#f thermoelectric materials at this temperature. A decrease
interlayers (p+). According to the dependences of the sh@eWe holg concentration |n_s_|I|con multilayers leads to an
resistance, it was found that it is minimal for a clean Séficrease in the Seebeck cheent, but the power factor
substrate. At the same time, for embedded NCs od£ C T eases t o) a T=258 K dut/io @ shlarl
Dummy NC Si Sam'e, the sheet resistance increases_by|ﬁcrease- in sheet resistance and Scatte”ng at gra|n
10 times depending on the temperature, so the doping of@Rgndaries.
intermediate silicon layers is not felt in the resistance. Tﬂ%knowledgements

maximum Seebeck _coefficient (5800 eV/K) s The study was carried out within the framework of the
demonstrated by sampBwith embedded NA-FeSi; in state assignment of the Institutdé Atomic Energy and

g]nedt?&pgsx:syrﬁges?fgg& é( ’ ;g tshee eﬁgc!ksigz‘:‘?gieeafmml Sciences of the Far Eastern Branch of the Russian

increases approximately equally with increasin ng;a my of Sciences (state budget topic FWESRE
temperature and reaches 50V/K at T=450 K. '
Calculations of the power factor showed thiatémains References
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To determine the effect of the doping degreeiladfon
interlayers on the thermoelectric parameters, a multilayer
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was grown (Table 1, sampke). For sampld~, the sheet
resistance (255,000 Ohm) at T = 115 K was significantly
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Abstract. I n this work calcium silicide films grown by MBE on a
ratios \cavsi = 3.49, 3.59, 3.95, the formation of a simghase epitaxial G&is film with a thickness of up to 40 nm was detected for

the first time, which was proven by HRTEM on a cross section. Reflection peaks in the region of interband transition®.35,2.25

3.7 and 4.6 eV, a sermietallic character afeflection at energies less than 0.5 eV and a unique phonon structure with Raman shifts at
104, 111, 125, 146, 162, 193, 220, 244, 287, 306, 349, 384, 419 and 454ecendetected for the first time in the reflection and
Raman spectra of the €3k film. The obtained experimental data are confirmed by the data gffinsiples calculations of the band
structure, reflection coefficient and absorption coefficient spectra

1. Introduction silicon source and a silicon sutzge. The Knudsen cell
Among calcium silicides CagiCaSi and CaSi are made of pyrolytic boron nitride heated with direct current
most commordisplaying interesting optical and electricaiv@s used as a Ca source. For the grown samples, the
properties and they have been grown as sipgkese films deposition rates of Ca and Si were (B3) nm mir *and
on silicon [+4]. However, the other calcium silicide & (0-910.95) nm mih ; respectively, in different experiments.
has not been easily grown as films and powderg][5 The morphology of the films was examined using a Solver
because of the peritectic reactionsidg its formation in 47 SPM. The transmission and reflectance spectra were
addition to close energies of formation of silicides in tH&corded at room temperature using Hitachis@10
CaSi system [8]. Here we decided to closely follow the tw@Pectrophotometers and a Bruker Vertex 80v Fourier
stage method previously used for magnesium silicif@nsform spectrometer in the photon energgezof 0.0%
formation [4]. At the first stage, a CaSi layer was forme?20 €V. Raman spectra excited by light with wavelengths
on the atomically clean silicon surface with the (0019f 473 and 633 nm were recorded at room temperature
orientation by the MBE method with an average C#§ingan NTEGRA SPECTRA Il setup. The Cross sections
supersaturation @u:vss= 3. 2) at a t e nf dhe aSamplese weser analyyed ugipg higolution
and then, with additional stepy-step reactive depositiontransmission electron microscoffRTEM) in a THEMIS
of calcium at temperatures of 460C, 600 AcC 29hFgaberrafign cosrected TEM/STEM microscope.
the transformation of the CaSi lattice into theGlglattice ~ The full structural optimization of the €%i; bulk has
was ensured. However, according to the XRD data [4], thgén performed by employing the first principles total
resulting film consisted of the main contribution ofs6a €Nergy projecteaugmented wave method (code VASP)
grains (narrow peaks) and a small contribution oSiCa[g]-. The absorption codffient and reflect|V|ty. havg been
grains (broadened peaks). The presence of two phase@Sinated at a dense mesh of at least #f0iixts in the
the film did not allow analyzing the structure andireducible part of the corresponding Brillouin zone

determining their optical functions as well as the nature QfResuIts and discussion
optical conductivity. '

In this work, we study the growth of the film by the Three samplesi, B andC) were respectively grown at
MBE methodwith an increased ratio of calcium to silicorflifférent calcium to silicon efocity ratios (¢a: vsi = 3.49,
deposition rates at a t emp d9ohapdthesamedeposiiqn gme. Althe maxipym
following identification of the structure of the €34 film ratio, a certain density of rectangular elongated
by the HRTEM method and investigation the optical arfgnocrystals (NC) is observed on the film surface (sample

phonon properties in order to comparenthaith the data ©). @nd a continuous film with roughness from 5 nm to 10
of ab initio calculations of bulk GiSis. nm is observed below them. With a decrease in the ratio of

calcium to silicon atom deposition rates, the number of

2. Experimental procedure and computational details  rectangular NCs decreases and the film roughness
Experiments on the formation of £ films on decreases to23 nm (samplé).

Si(111) substrate were carried out in an OMICRON The studies of optical transmission and reflection
Compact ultrahigh vacuum setup with a base vacofiin spectraof CaSiz have shown (Fig. 1) that the highest
I "1'@orr, as well as a block of Si and Ca molecular beateposition ratio (3.95, sampl€) provides a lower
sources and a quartz thickness gauge. A rectangular striproplitude of reflection spectrum in the entire range of
ntype sil i codnwith a resistivity @ 1000nphoton energies than smaller velocity ratios (samflesd
Ohml cm (Si(111)FZ1000) served as a sublimatiorB). In addition, in the reflection speatfor sample#\ and
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B in the region of photon energies greater than 2 eV, peak®ton energy range of GG 1.0 eV. In the reflection
with energies of 2.25, 2.75, 3.7 and 4.6 eV are observedjrectrum values of 0-8.0 are observed at low energies
the reflection spectra, which do not coincide with the peaftselow 0.1 eV) followed by a drop to 0.3 at 0.4 eV with
for sampleC, being very close to the peaks for CaS98l successive maxima at 0.8, 1.5, 2.2 and 3.6 eV.

2.6, 3.5 and 4.4 eV) [4]. Thus, it is not excluded that in The film structure in sampl€ was investigated by
sample C there is an admixture of the CaSi phaddRTEM on a crossection (Fig. 2). The FFT pattern from
(rectangular NCs) on the film surface. Calculations of tlegion 2 showed the presence of an ordered columnar NC
true reflectance spectrum of the calcium silicide film farith a CaSiz structure and an epitaxial ratio of
sampleA from the twelayer model [10] in the energy rangeCasSi3(002)//Si(220) in a film with a thickness of 40 nm.

of 0.17 1.25 eV showed (Fig. 1, curve,R) that at The studies of the Raman spectra for the film in damp
energies below 1 eV a weak minimum with an energy 6fwith excitation at a wavelength of 633 nm showed the
about 0.6 eV is observed [4]. Reflectance in all films beloappearance of a strong structure of 14 peaks with Raman
0.5 eV increases to 0i60.8 indicating a metallic chacter shifts (104, 111, 125, 146, 162, 193, 220, 244, 287, 306,

in the films. 349, 384, 419 and 454 ¢ty which differ greatly from the
0,9 Raman spectrum for CaSd][and correspond to the £S5
phase. When the laser wavelength is reduced to 473 nm,
08 some of the peaks below 190 ¢rdisappear from the
0,7 spectrum, but then they repeat the peaks at large Raman
© shifts.
S 06
9 05 4. Conclusions
hd The study of the morphology, crystatigture, optical
T 04 reflection and transmission spectra, and Raman spectra of
;o,g calcium silicide films gr own

that epitaxial Cé&bis grains were formed at the interface
with silicon. They have reflection spectra with unique
peaks at 2.252.75, 3.7, and 4.6 eV and a unique phonon
structure with 14 peaks in the Raman shift range from 104
o 1 2 3 a4 s & 7 to 454 cmt, which is confirmed by the band structure,
Photon energy, eV reflection spectra, and absorption coefficient calculated
_ _ from first principles for bulk Cs5is. It was found that the
Fig. 1. Reflectance (R) and transmittance (T) spectra of sample%éSi3 film exhibits semimetallic properties with

(A, B, C)with grown films The spectrum of RA is the spectrum ; )
of a calcium silicide film calculated from a tvayer model [10]. transparency in the photon energy range of (L5l eV.
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Abstract. In this work we investigated the lateral photovoltaic effed¢he cover/BiTes/n-Si(111)multilayer structuresTopological
insulator Bi2Tez have beerfifosen as attractive candidates for the buffer layer in photovoltaic cells. To enhanced photovoltaic
performancesseveral suggestiorigr the protective transparent coverimgiteral selectiorhave been proposed.

covering is made ofparatellurde (TeQ,) or a composite

1. Introduction _ layer of SiQ/TeO.
The development of optoelectronics opens up new

possibilities, including current control using light [1,2]. Thé- Experiment
use of topological insulators in photovoltaic cells will allow The Si(111)Bi.Tes-Te-Si multilayer structure was
optoelectronic devices to Ikansferred to spin transport [1formed using molecular beam epitaxyn a ultrahigh
3]. In such systems, diffusion spin transport is realized agacuum (UHV) chamber with a bageessure less than
result of the interference of Rashba and Dresselhaus $pin T0F° Torr. We used #type Si(111) wafers (40
splittings [3]. 2D topological insulatebased on bismuth 70M: ¢ m) a s Eha Bi g filnastwers grown at
chalcogenides are precisely the systemswhich spin temperature cibout240 C at which thefilm grew in step
orientation by current and/or light is possible. flow mode[9]. To reduce the amount dfe vacancies, the

It is known [47] that in order to optimize the efficiencyBij-to-Te flux ratio waschosen close to 1:14 with the
of multilayer thinfilm photovoltaic cells, it is necessary togrowth rate of abou®.3QL/min. After cooling to room
observe the criteria for selecting materials taking intemperature, the BFe; films were coveredy either 5 nm
account their eergy parameters {@], loss mechanisms [4] of tellurium or 2 nm of tellurium and then 1 nm of silicon.
and recombination processes [4,5]. In air, the top cwerings treata natural oxidation process,

One of the loss mechanisms reigcthe quantum resulting in the formation of tellurium and/or siliconides,
efficiency of photovoltaic cellsis reflection. This can be which act as a protective transparentarimg, the secalled
caused by light reflection at the interfaces and/or the ouiihdow layer [4].
surface. Another loss mechanism is the absorption of light |ateral photovoltaic effect was investigated by using
near the surface. This problem is addressed by introduckgNe laser (ML101J25with 633 nm, (25 mW for
the concept of a window/buffer/absorber heterojunction.incident beanon a surfacea spot diameter of 56m) and

In addition, the generation of carriers is counteracted Reithley 2000 multimeter. The response time wefined
the carrierrs@ 5 e aeodmbinaton hyoa digital oscilloscope (Tektronix TDS 2012B) of

regions that affect the efficiency of a solar cell #te 150MHz. The distance between the probes was 1 mm.
quasineutral recombination in the absorblyer, the

recombinatioratspace charge region, and recombination &t Results and discussions
the absorber/buffer interface. Recombination at the Inthework, after oxidation in airthe photovoltaiccells
interface can be reduced by forming an epitaxial buffaremadeby n-Si(111)absorbern-Bi;Tes bufferandTeO,
layer [1, 2, 4]. or SiO/TeG, window layers. To increase efficiency, we
This work presents the results of the LPE study in thesed the same elements in subsequent layersTig.
multilayer structure cover/Blesn-Si(111) within the differencesarein window materiab and them properties
electron system, i.e. without taking into account the splhe absorption in transparent windtayer istypically low
states. It is knan [8] that singlecrystal layers of bismuth due to the sufficiently high-energy band gamf the
chalcogenides are oxidized to a depth of 1 quintuple layeaterials used for this layddnfortunately, the absorption
(1QL). In this case, the kinetics of photoelectric propertiéy the BeTes buffer layer is a significant lossaesurcein
is observed during natural oxidation [8]. For exampléhe studied structuresHere one has to choose between
during the oxidation of 1 QL of BSe;, the photosensitivity performanceand losses
first increases and then decreases [8]. Since theFigure 1 reveat the dependences of the lateral
characteristics of the Biies/n-Si(111) structure depend onphotovoltage on the light sppbsition parameterized by
oxidation, in order to increase the reliability of the LPEhe times of exposure of the samples tolaithe inset of
characteristics, taking into account the above criteria, Wig.1 the photoresponsgependenceare presenteth the
formed two versions of thep protectivaransparent layer: LPV(t) graphical presentatioformat, sincen this casehe
Te(; and SiQ/TeQ. In the photovoltaic cell obtained invalue of the photoresponse signal corresponds to the
this way, the absorber is silicon, the buffer layer isTBi photosensitivity value. The photoresponse valaes
topological insulator, and th@op protective transparent comparable with those presented earlier [2, 8]
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The kinetics of photovoltaic characteristics allows us tt, unfortunately, requires a long formation time (130
analyze the oxidation processeswihdow layers. It is days).
known that Inm Te is completely oxidized in the first Comparson of Fig. & and b demonstrates the
24 hours [10], however, the sample with 5 A did not advantage of the SIeOJ/Bi;Tes/n-Si(111) system.
exhibit photovoltaic properties during the first weekSince the absorber is the silicon substrate, and
Kinetic changes in the LPV(x) and LPV(t) dependences jmotogeneration occurs at the;Biy/n-Si(111) interface,
the range of exgsure in air from 10 to 120 days allow usvhere the energy parameters of the structures are identica
to assume that the tellurium film is completely oxidized ithe reasons for the significant improvement of photovoltaic
10 days. Howevemn the assumption a&sults presented properties in the Si@TeQ,/Bi,Tey/n-Si(111) system are an
in Fig. 1a, we can conclude that initially, as a result ahcrease in the resistance of they&ing layer, an increase
oxidation, polymorphic phases of Te@ 1] and, highly in the transparency of tivéindow, and a decrease in losses
likely, TeQ, can be formedUpon subsequent exposure tin the RC dicuit, according to the basic scheme of the L PE
air, these polymorphic phases are transformed imooposed by us earlier [6].
paratelluride, which leads to a significant increase in the In addition, we defined the phaoespons@erformances
resistance of the TefBi,Tes/Si systembottom rightinsert of cover/BiTes/n-Si(111) structurestop left insets in
in Fig.1a, while the quality of the interface improvesFig.1, although the photosensitivitythese structures were
which in turn reduces the loss of light quanta involved lower than those in metaemiconductor or metaixide-
photogeneration at the deepepBa:/Si interfaceOnecan semiconductor structures [6, 8], the response time of these
seein Fig. 1a, an increase in the resistance of the systesttuctures were be faster.
leads to an increase in photosiinity (the magnitude of
the photoresponse puldep leftinsert in Fig. &).

4. Conclusions

. The photovoltaic properties observed in
120 days (@) cover/BpTes/n-Si(111) structures with a protective
transparentovering make them potential candidates for
optoelectronics. New possibilities for lighaised current
control are opened up in such structures due to the diffusion
spin transport, which is realizedlike structures as a result
of the interference of Rhba and Dresselhaus spin
splittings, which provides an almost instantaneous change
in the electron state using laser radiation. Thus, the obtained
results show thathe SiO)/TeQ,/Bi;Tes/Si photovoltaic
—A— 10days cells with a buffer layer made of a topological insoitand

== 120days , having a compund protective transparent eering may
-0,5 0,0 0,5 have potential applications as higheed polaritonic

X, mm devices.
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Abstract. The papepresents the results of investigatimfithe optical ane@lectronic properties of M&i films on Si(111) by infrared

(IR) spectroscopyThe samples containing these films (360 and 480 nm thick) were formed by layered reactive Epaadeating
temperature of the substr at espectwscapy datd, 0t was @und Bat the rdininmm vatudr of thd R
transmittance coefficient at 270 érfor the MgSi film of the first sample (360 nm) is@®; forthe second sample (480 nm) i®®,

The analysis of the transmission spectra inptheton errgy range from 0,05 to4 eV revealed the presence of alternating maxima
and minima (their energy position from 0,2 tdl1gV), which indicates the interference features of magnesium silicide films. According
to the absorption spectra, as a result ohgatdc calculations, the value of the band gap for e@the films was determined: 0,81 eV

for sample 1 and 83 eV for sample 2.

Fourier transmissin spectra obtained by investigation

L L samples in the far infrared range are shown in Figure 1.

It is indisputablethat electricity is the driving force
behind human progress. A wide range of eledtric
installations is used to provide it with electricity. Thei 0,401
composition is becoming more complicated every ye:
This increases the probability of electrical injury. T
eliminate it, electrical installations are equipped wit 0,304
optocoupletbased relay pretction. MgSi belongs to one
of the nanomaterials that are promising for the producti
of optocoupler photodetectdrs- 7]. After all, magnesium = 020
silicide films are characterized by a wide range ¢ 4451
photosensitivity (from 200 to 1800 nm}][ a low far X
infrared transmission coefficient (according to art{@p- 0,10
0,0056 with a photon wavelength of 272-§mand a small ¢ gs
band gap (from 0,6 to 0,8 eV§;[7]. The purpose of this
work was to determine the optical and electronic propert
of magnesium silicid films formed on silicon.

0,45 - Si (111)

0,35

0,25

T, arb.units

0,00 e
200 250 300 350 400 450 500 550 600 650 700

k, cm™

2. Experiment Fig. 1. IR-Fourier spectra of samples
The experiment on the formation of magnesium silicide _
films was performed at the AmSU Surface Physics Laboratory ATter analyzing the graphs of the dependence of the
in a Varian chamber with a base pressure 6ff& A KEF transmission coefficient on the photon wavenemii was
washer (111) with a resistivity from 0,160, 5 o h mL @Ynd thatagminimum peak at 270 €is observed in both
used for the substrates. A KDB (001) washer witharesistivlg'(?ed_ra' Its presence, according & §, indicates the
from 0,001 to 0,005 ohmtc M92§ Sc:ﬁtenh'@bé?te films oTpe pieseace of  reverse peag ¢
Mg source was taken with a purity of 99,999%. Before tAL270 €, according to the sourcB][ is explained by the
films grew, the substrates and sources undenstandard 2°SOrpion of magnesium silicide in the film due to the
purification steps excitation o_f atransverse optical phonon. At the same time,
The samples with films were formed by the method the transmission coeff|C|ent_at a photon wavenumber of
reactive epitaxy at a sub 240fmg forgthefilmsaof [P%f'f[ aﬂdesﬁ?rﬁ@ samples was ¢
Initially, a Si buffer layer (60 nm) was formed on th@02 and 03, respectively. Theninimurn transmission
substrates. Then, alternate deposition of magnesium SAgfficient at 610 cris also clearly visible on the spectra,
silicon layes (90 and 30 nm, respectively) was carried of¢ich, according to the data8-Ll0], indicates the
Precipitation was threefold for the first sample, and fourfofgpntribution of silicon (substrate) in the composition of the
for the second sample. As a result, samples with films of 38§Med samples. _ .
and 480 nm thicknesses were obtainkieach stage, film _ | "€ transmission spectra obtained by érarg samples
formation was monitoredin situ by electron Auger N the middle and near ranges of IR radiation are shown in
spectroscopy, which revealed the presence of magnesfufi® 2. From the graphs of the dependence of the
and silicon atoms in their respective layers. transmission coefficient on the photon energy, it can be seen
that in the range from.®to 11 eV, there is an alternation of
3. Resultsand discussions minima and maxima. According to the da® [, this
The optical and electronic properties of the formdtdicates the interference features ofBigilms.
films were studied by IR spectroscopy ex situ. TRe
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0,60 7 According to the results of geometric calculation of the
0,55 band gap from absorption spectra, according to the method
0,50 NG described in [1112], the following values of this parameter
0457 . were obtained: 0,81 eV for the first sample (Figure 3);
040 .J 0.83eV for the secon(Figure 4). The calculated values are

§ 0,354 | close to the reference datag®.8 eV) [6, 7].

g g:: 4. Conclusions

F 020 Thus, the method of HRourier spectroscopy revealed
0:15_ silicification in the films of both samples (by the presence
0,10 _zzzp:z; of a peak minimum transmission coefficteat a photon
0,05 ——=amp® 4| wave number of 270 c#). The transmission coefficients
0.00 . . , , , , , for Mg.Si films with thicknesses of 360 and 480 nm are
Y 02 0.4 0.6 0.8 1,0 1,2 1,4 0.02 and @3, respectively. Based on the analysis of the IR

E, eV transmission spectra, the presence of interference in both
Fig. 2. Transmission spectra of samplaghe near and middle IR fjjms (the presence of alternating maxima and minima at
range energies from @ to 11 eV) has been established. Based on

the results of geometric calculations of the band gap of

13 eV, there is a sigrifant decrease in the transsin Mg.Si films, it was foupd that for the first sample it is
value. At energies above 3L.eV, the transmission0-81€V, for the second is.83 eV.
coefficient is close to zero, wih, according to source [L0 References
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Abstract: Thiswork presents the results of the study of opticalgrties and surface morphologyM{j2Si films formed onSi (111)
substrates. The samples were formed by reactive epitaxyldgatayer (alternating magnesium and silicon) with final film thicknesses

of 240 and 320 nm. The optical properties were invattidyby IRUV spectroscopy, and the films were found to have reflections at

2.2 eV corresponding tdg2Si. Also the presence of magnesium silicide is shown by Raman spectroscopy by the maxima at 258, 348,
693 cm' shift. From the overall analysis of theesfra, it is found that the 320 nm thick film has higher intensity of these peaks. It was
found by atomic force microscopy that the films were formed by/diener-Weber growth modewith island sizes lying in the range

of 100 to 200 nm (240 nm film), 2G6 300 nm (320 nm film).

spectroscopylR-UV reflectance spectra are presented in

1. Introduction Figure 1.

Nowadays, optical narcand microdevices are being
widely developed in science and technology. Many mode %67 - Sample 1 (3 layers Mg+Si, h = 240 nm)
researchers are obtaining materials with new properties —— Sample 2 (4 layers Mg+Si, h =320 nm)
search of opportunities to increase the cosiva efficiency
of light energy into electrical energy. One of such promisil 050445 Mg,Si
materials is magnesium silicide. This material has f ;
forbidden band width in the range of 0.6 to 0.8 eV. One of 0451} :
advantages is a wide photosensitivity range: from the mg
ultraviolet (200 nm) to the shewave infrared (1800 nm}{
3].

0,55

0,40 ]

The aim of the presented work is to study optic 0351
properties as well as surface morphology of magnesi
silicide films formed by layeby-layer reactive epitaxy on %307
Si(111)

2. Experiment

The gravth of magnesium silicide thin films was
carried out in an ultrahighhvacuuvarian chamber at the
surface physics laboratory of AmSU. The films were grow::
on silicon substrates made of KEF (1ldpfers with Fig. 1. Reflection coefficient spectra of-IRV region of samples
resistivity of 0.20 . 5 Oh ml cm. Tehnvas si_I_I icon_.sour c
FZN (111)waferwith resistivity of 568 5 Oh ml ¢ m he gp cga in the energy range from 0.2 to 1.8 eV show

; ; alternation of interference maxima and minima, with a
Mg source was taken of chemical purity (99.999 %). Befofd & . . '
direct growth of films, substrates and sources underw: k. of 2.2 eV beluging toMgaSi [.4'8] for b.o.th samples.
chemical ad thermal cleaning of surfaces At this photon energy, the reflection coefficient values for

The formation was carried out by odi@e epitaxy at a the f'.|m31 and2 are 0.37 and 0.47, respgctlvely.
substrate temperat ur &ibufér 2 gigure 2 SPOHVS ttrﬁeplo?si qbtglrged st & man o
layer (60 nm) was formed on the substrates. In subseq ctroscopy. The. spectra possess all the “peaks
steps, silicon (20 nm) and magnesium (60 nm) layers wgpgracterisa of Mgz_Sl at shifts of 25.8’ 348’ 693 Ch.{A" .
deposited alternately. The number of such layers wh ) These peak_s |nd_|ca_te the excitation of longitudinal
different for each sample, so for the first etieree bilayers optical phonons n this film mate”al' When the specira
and for the second onefour bilayers. After formation, were compared with ee_ich ot_her,_ It was _found that the
films with thicknesses of 240 and 320 nanometres wetaPIe< has these maxima with higher intty and also
obtained for the first and second samples, respectively. THe<S the amorphous silicon peak (480-gmhis is a
growth was monitoredin-stu by electron Auger consequence of the fact that the film of this sample has a
spectroscopy, which confirmed the presence of magnesi@ffiater thickness.
and silicon atoms in their respective layers.

Reflectanc
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3. results and discussions

The optical properties of the formed films were
investigated by IRJV spectroscopy and Raman
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s - conclude that for the second sample the size of the islands
ample 1 (3 layers Mg+Si, h =240 nm) . . N
Sample 2 (4 layers Mg+Si, h = 320 nm) is larger than for the first sample, but the coalescence is less
pronounced. Also, the second sample has practically no
punctures, respectively, its film has greater continuity and
homogeneity. This is due to a longer heating of the
substrate of the second sdmpompared to the first one.

1,65 MQZSi

4. Conclusions

Thus, this paper presents the results of formation by
reactive epitaxy of samplest a substrate heating
temperatur e of RgpI films witho nt
thicknesses of 240 and 320 nm for the first and second
005l ; : : samples, respectively. The silicide formation bfg.Si
200 300 400 '500 600 700 films in both samples was determined byWR (based on

Raman shift, 1/cm the peak at photon energy of 2.2 eV) and Raman
Fig. 2. Ramanspectraof the samples. spectroscopy (based on the maxima at shifts of 258, 348,

: ; ; 3 cm' due to the excitation of longituakl optical
by ;gfniscu;;&:ggn?gﬁgggggfﬁghmemglgrzz ;/g?fh?\ézﬁlgjaetep onons). The reflection coefficient for the 240 nm thick

aare presented in Figure 3. Having analysed this imageﬁlm is 0.37 and for the 320 nm thidim is 0.47. The

was found that the film growth proceeded according to tﬁ&omic force microscopy method reveals the islanding

Vollmer-Weber modeln this case, the size of the islets |ie§1echanism of film growth. The sizes of islands for the first
in the range of 100 to 200 nm. Tistets coalesce to IargerSample are from00 to 200 nm and for the second sample

grains on the order of 500 nm. Inhomogeneity and hei m 200 to 300 nm. In the first sample, in contrast to the
difference is also observed due to the presence of pinh 8§0nd’| large gralfn_s IOf gbout 500 nm are observed due to
of the order of 20 nm depth in the film topography € coalescence ot islanas.
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Fig. 4. AFM image 6the second sample.

For the sample 2, the AFM image of which is shown in
Figure 4, the size of the islands is between 200 and 300 nm.
Comparing the surface images of the two samples, we can
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