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PREFACE

SeventhAsian School-Conference on Physicsand Technology
of Nanostructured Materials (ASCO-Nanomat 2025) has been
held under the auspices of the Institute of Automation and
Control Processes of Far Eastern Branch of Russian Academy
of Sciences and Presidium of Far Eastern Branch of Russian
Academy of Sciences, in Vladivostok on July, 11—15, 2025.
ASCO-NANOMAT 2025 was intended as a forum for
senior and young scientists and technologists from Asian
and European universities, academic institutes and industrial
enterprises where they could present their latest findings and develop new synergies in the field of
Physics and Technology of Nanostructured Materials and related subjects.

Vladivostok is a Russian city in Far Eastern region, geographically close to Asian countries:
China, Japan, Korea, India, Taiwan, Australia and others. Therefore, the first aim of this School-
Conference is to stimulate multidisciplinary contacts and cooperation between scientists form
Asia and Europe. Russia here acts as a bridge connecting two parts of the World. The second aim
is to give to young scientists the opportunity to deliver their presentations on the international
conference and encourage them by the award for the best oral or poster report.

The conference was held in on-site (“face-to-face”) mode in two parallel sections using two
conference halls of the Presidium of the Far Eastern Branch of the Russian Academy of Sciences
in Vladivostok.. More than 130 participants took part, including 41 speakers from Vladivostok,
including young scientists, graduate students, and undergraduates from various cities across the
Russian Federation. Several foreign scientists from Japan participated online as plenary and
invited speakers because of their inability to travel to Vladivostok. The school-conference was
successful. Participants, including renowned professors, young scientists, and graduate students
from five countries in Asia and Europe, including the Russian Federation, delivered 8 plenary,
18 invited, 54 oral talks, and 46 poster presentations. All conference objectives were achieved.
The ASCO-Nanomat 2025 was a multidisciplinary school-conference, which has been held for
the seventh time, and had eight scientific sections:

+ Physics of nanostructures and interfaces, self-organization processes, two-dimensional
materials

- I'Vth group material's alloys based on Si, Ge, Sn and Pb: formation, structure and properties

+ Physics of semiconducting nanostructures and heterostructures, including silicide,
germanide and chalcogenide heterostructures: experiment, calculations and technology

- Optical materials and photonic crystals

- Formation and properties of ferromagnetic and ferroelectric materials, spintronics

- Nanostructured coverages, nanocomposites, functional hybrid materials: formation,
structure and properties

- Biomaterials and sensors on their base

- Photonic devices: solar cells, nanophotonics, biophotonics
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Abstracts of all reports were published electronically by Dalnauka publishing house.

At the end of the conference, 10 young scientists (under 35 years old) were awarded for the
best oral and poster presentations.

Following the conference, participants in Vladivostok visited the Voroshilov Battery and the
Pospelov Fort on Russky Island, as well as the famous beach in Lazurnaya Bay (Shamora), 30 km
from Vladivostok, where they enjoyed swimming in the warm waters of Ussuri Bay.

The Publishing Committee and International Program Committee have selected 21 unpublished
articles, which have been recommended for publication in the “St. Petersburg Polytechnic
University Journal - Physics and Mathematics” as selected Proceedings.

We, the International Program Committee, are very pleased to publish selected articles of
“ASCO-NANOMAT 2025” for scientists, researchers and students with interest in the physics
and technology of nanostructured materials.

We would like to take this opportunity to thank all authors, Plenary and Invited lectors, the
Organizing Committee and International Program Committee members for their contributions to
the conference.

Professor Nikolay G. Galkin,
Chairman of ASCO-Nanomat 2025,
Vladivostok, Institute of Automation
and Control Processes FEB RAS
(galkin@iacp.dvo.ru)

© peter the Great St. Petersburg Polytechnic University, 2025
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Si-Fe composites with embedded a-FeSi, nanocrystals:
formation and thermoelectric properties

K.N. Galkin, O.V. Kropachev, O.A. Goroshko,
E.Yu. Subbotin, D.L. Goroshko, N.G. Galkin &

Institute of Automation and Control Processes, FEB RAS, Vladivostok, Russia
H galkin@iacp.dvo.ru

Abstract. The technology of embedding metallic iron disilicide (a-FeSi,) nanocrystals (NCs)
with different numbers of NCs multilayers and different doping levels of silicon multilayers
with holes (10" cm™ and 10" ¢cm™) was tested on SOI substrates, and composites with 4 and
8 layers of embedded a-FeSi, NCs were grown using it. The maximum power factor 0.1 to
0.25 mW/(mxK?) at T'= 450 K was observed in the composite with the maximum hole con-
centration in the silicon interlayers, and a decrease in the hole concentration led to a decrease
in the power factor to 0.01 mW/(mxK?) at 7 = 450 K due to a sharp decrease in the sheet
resistance with a weak increase in the Seebeck coefficient.

Keywords: silicon, a-FeSi, nanocrystals, crystal structure, doping, Si interlayers, conductiv-
ity, thermoelectric properties, power factor
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MaTepwuarnbl KoHbepeHLmn
YK 539.23+537.32+536.21
DOI: https://doi.org/10.18721/]JPM.184.101

Komno3utbi Si-Fe co BCTpoeHHbIMU HaHOKpuUcTanaamu o-FeSi,:
chopMmupoBaHMe U TepMo3JIeKTpUUeCcKMe CBOMCTBA

K.H. TankuH, O.B. Kponaues, O.A. lopowko,
E.1O. Cy660T1uH, A./1. lopowko, H.I. TanknH =

NHCTUTYT aBTOMaTUKKM U npoueccoB ynpasneHus ABO PAH, r. BnagueocTok, Poccus
® galkin@iacp.dvo.ru

Annoramua. Ha nomnoxkax KHWM  anpoOupoBaHa  TEeXHOJOTMS  BCTpauBaHUS
Hanokpucramnos (HK) wmeramnmueckoro aumcwmmnuna xenesa (o-FeSi,) ¢ pasHbiv
Kom4yecTBOM MyJibTHcioeB HK M pasHbIM ypoBHEM JIeTMPOBAHUSI KPEMHUEBBIX MYJIbTUCIIOEB
neipkamu (10 em™ u 10" cM™) 1 1o JaHHOW TEXHOJIOTMU BBIpAIleHBl KOMIIO3UTHI C 4 U
8 crosmu BeTpoeHHEIX B KpemMuuit HK o-FeSi,. Makcumanbnbnii pakrop momnHocTtr ot 0.1 1o
0,25 mBt/(MxK?) ipu T'= 450 K Habiiogancst B KOMIO3UTE ¢ MAKCHMMAaJIbHOM KOHLIEHTpalllei
IBIPOK B KPEMHMEBBIX IPOCJIOKAX, a YMEHbIIEHUE KOHILIEHTPAlMU IBIPOK MPUBOAWIO K
yMeHbllleHuo ¢akropa MomHocTu a0 0,01 mMBt/(MxK?) mpu T = 450 K 3a cuer pe3koro
YMEHBILIEHUS CJI0€BOr0 COMPOTUBIIEHUS TIpU cjlaboM pocTe KoadduumneHTa 3eedeka.

© Galkin K.N., Kropachev O.V., Goroshko O.A., Subbotin E.Yu., Goroshko D.L., Galkin N.G., 2025. Published by Peter the
Great St. Petersburg Polytechnic University.
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Introduction

One of the approaches to creating efficient thermoelectric materials is to embed metal
nanocrystals (NCs) into a semiconductor, such as germanium, which provides high matrix
conductivity and an increase in the Seebeck coefficient [1]. It does not require high crystalline
quality of materials with embedded nanocrystals and assumes the possibility of their random
distribution in the semiconductor matrix, including silicon. NCs of transition metal silicides
can be embedded into silicon, since they include both semiconductors [2] and metals [3]. It
was known that embedding multilayers with one or two types of embedded NCs (CrSi, and
B-FeSi,) grown on an n-type silicon substrate resulted in efficient hole injection from embedded
NGCs, a change in the sign of the Seebeck coefficient from negative to positive, and an increase
in the power factor in the temperature range from 200 K to 400 K [4]. At the same time, the
incorporation of NC metal silicides into a silicon matrix with p-type conductivity and orientation
(100), as well as the effect of doping silicon interlayers during the growth of multilayers on their
thermoelectric parameters, remained unexplored.

In this paper, we investigated the formation of multilayers with embedded NCs of metallic
iron disilicide (a-FeSi,) in silicon-on-insulator (SOI) substrates of p-type conductivity with
different numbers of NC multilayers and different doping levels of silicon multilayers, determined
the phonon structure of the NCs, the conductivity and thermoelectric properties of the grown
heterostructures in the temperature range of 80—450 K.

Materials and Methods

Multilayer heterostructures with embedded NCs of metallic o-FeSi, were grown in a VARIAN
ultrahigh vacuum setup with a base pressure of 2x107'° Torr equipped with a molecular beam
source of iron (Fe), sublimation sources of silicon (Si) with different hole concentrations (p* and
p) and a quartz thickness sensor. SOI Si(100) p-type wafers with a resistivity of (1-10) Q x cm
were chosen as substrates and Si sources. After low-temperature cleaning of the silicon surface
at a temperature of 900 °C for 10 minutes, a 50 nm thick silicon buffer layer was deposited at
T'= 700 °C. Then, multilayer samples with embedded NCs of a-FeSi, were formed. This process
consisted of four steps: (1) deposition of 0.5 nm Fe at room temperature; (2) annealing at
T = 630 °C for 2 min and flash at 7= 1000 °C for 5 s; (4) growth of the silicon layer (12 nm at
T =630°C and 24 nm at 7 = 700 °C). To form 4-layer and 8-layer structures with embedded
a-FeSi, NCs, these four steps were repeated 3 or 7 times, followed by growth of the capping
silicon layer in two steps: 12 nm at 7= 630 °C and 84 nm at 7 = 700 °C. Individual multilayers
were grown with doped silicon interlayers with different hole doping: 10" cm™ (p*) and 103 cm™3
(p). For comparison with samples with embedded multilayers of a-FeSi, NCs, test samples were
grown with 4 and 8 fictitious stages of silicon growth without deposition of iron atoms, but with
annealing and stops (NC growth emulation or dummy composite (CS)) with different silicon
sources (p* and p). A total of 3 samples with embedded a-FeSi, NCs and 3 samples with dummy
CS were grown.

© Tankun K.H., Kporayes O.B., I'opoiiko O.®., Cy66otun E.}O., F'opomiko A.J1., T'ankun H.T'., 2025. U3natenn: CaHKT-
[MeTepOyprckuii moauTeXHMYeCKUii yHuBepcuteT [letpa Bemmkoro.
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The morphology of the grown samples was studied using a Solver P47 scanning probe
microscope in the tapping mode. The phonon structure of the grown samples was studied
using an NTEGRA SPECTRA-II system in the Raman spectroscopy mode. The transport and
thermoelectric properties of the samples were studied on a Kriotel (Russia) laboratory setup in a
nitrogen atmosphere at temperatures of 80—450 K after preliminary formation of six Al contacts
on an ADVAVAC PVD-2EB2R11 vacuum setup (70 = 450°C for 20 minutes) to measure
conductivity and thermo-emf.

Results and Discussion

After unloading the samples with embedded o-FeSi, NCs and the reference samples with
growth emulation, their surface morphology was studied by AFM. Due to the embedding of
nanocrystals with a tetragonal lattice into silicon, a process of three-dimensional overgrowth of Si
atop a-FeSi, NCs was observed and punctures were formed on the surface of the capping silicon
layer. However, the yield of a-FeSi, NCs onto the surface of the composite was not observed.
The root-mean-square roughness was minimal for 4-layer heterostructures both with embedded
NC and without them (Table). Increasing the number of multilayers led to its 2—3-fold growth,
but the depth of the observed punctures did not exceed 40 nm, which is less than the thickness
of the capping silicon layer.

Table
Types of composites (CS), type of doping of Si interlayers, d is total
thickness of composite, 6___ is root mean square roughness

sample | omboste | doping | o™ | S 0
A Dummy CS, P 256 2.0
B 4L o-FeSi, P 258 2.3
C Dummy CS, P 375 7.0
D 8L a-FeSi, P 371 4.6
E Dummy CS, P 417 0.51
F 8L a-FeSi, D 429 7.92

The study of the phonon structure of working samples by the Raman scattering method
showed that multilayers with the supposed NC a-FeSi, do not have phonon peaks. This proves
the absence of the semiconductor phase p-FeSi, [4] in the NC samples and indirectly confirms
the formation of the a-FeSi, phase, which does not have resolved Raman scattering phonons [5].

The grown multilayer samples with embedded NCs (Table) represent a composite with randomly
distributed NCs [4], to which the two-layer thermoelectric model [6] cannot be applied to isolate
the contribution of the modified layer. The electrical and thermoelectric properties were analyzed
by comparing the temperature dependences of the sheet resistance and the Seebeck coefficient for
the SOI substrate, the emulated substrate (Dummy CS), and samples with embedded NCs. The
data on the sheet resistance (Fig. 1, @) and the Seebeck coefficient (Fig. 1, b) were obtained for
the SOI substrate and sample B with 4 layers of a-FeSi, NCs and the Dummy CS, (sample A),
grown with heavily doped silicon interlayers (p*). According to the sheet resistance dependencies,
it was found that it is maximum for a clean SOI substrate (40 kW/o at 320 K. At the same time,
for embedded NCs or the Dummy CS Si sample, the sheet resistance decreases by 3—6 times
depending on the temperature, so the doping of the intermediate silicon layers is strongly felt in
the sheet resistance. The positive Seebeck coefficient for sample B with embedded NCs a-FeSi,
increases from 360 pV/K at 7= 80 K, reaches a maximum of 760 uV/K at 7= 330 K and then
saturates to 450 K (Fig. 1, b), which indicates the main contribution of holes. Sample 4 (Dummy
CS,) demonstrates an almost linear dependence of the Seebeck coefficient on temperature,
increasing from +100 to +550 pV/K. That is, the incorporation of a-FeSi, NCs into the silicon
composite leads to a sharp increase in the thermal generation of holes in the system compared
to sample A (Dummy CS)). For the SOI substrate with p-type conductivity, the large maximum
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Fig. 1. Temperature dependences of the measured sheet resistance (a), Seebeck coefficient () and
power factor (c) for the SOI-substrate, dummy CS, (samples 4) and dummy CS, (sample C) and

4-layer an 8-layer composites in samples B and D with embedded a-FeSi, NCs respectively.
The case of p* Si interlayer doping

(480 mV/K) for the Seebeck coefficient is observed at 7= 260 K (Fig. 1, b), so the type of
temperature dependences between substrate and grown samples are different. Calculations of the
power factor showed (Fig. 1, ¢), that it remains minimal for sample A (Dummy CS)), reaching
0.005 mW/(mxK?) in the temperature range of 150-450 K. However, for sample B, the power
factor reaches 0.02 mW/(mxK?) at T = 180-450 K due to a higher sheet resistance and a lower
Seebeck coefficient.

Doping of silicon layers to p* has a noticeable effect on the 8-layer sample D with embedded
NCs (Table) and on the sample C (Dummy CS,) (Table). In this case, for the latter sample, the
sheet resistance with increasing temperature is lower than for the first by (6—10) times (Fig. 1, a).
According to the Seebeck coefficient, sample C demonstrates a similar behavior as sample A
(Fig. 1, b). For the multilayer sample with NC a-FeSi, (sample D), a smooth increase in the
Seebeck coefficient is observed from 360 pV/K at 7= 80 K to 750 uV/K at 7' = 350-450 K.
Calculations of the power factor showed that it remains maximum for the Dummy CS, sample
(C, Table), reaching 0.25 mV/(mxK?) at 7= 250 K and then reaching saturation (Fig. 1, ¢). For
sample D with embedded NC o-FeSi,, the power factor increases quasi-linearly with increasing
temperature, reaching 0.1 mV/(mxK?) at 7 = 450 K. That is, an increase in the number of
embedded nanocrystal layers led to an increase (by 3—5 times) in surface resistance compared to
sample C (Dummy CS,) due to an increase in scattering on defects. The growth of the Seebeck
coefficient in sample D is associated with the injection of holes into the composite layer. But
this did not compensate for the decrease in the power factor for it compared to the Dummy CS,
sample.

To determine the effect of decreasing the doping level of silicon interlayers on the thermoelectric
parameters, a multilayer sample (8 layers) with a reduced hole concentration (p7) was grown
(Table, sample F). For sample £ (Dummy CS,), the sheet resistance (5 kQ/o) at 7= 300 K was
significantly lower than for the SOI substrate (70 kQ/o) at 7= 360 K (Fig. 2, a). For sample F, the
nature of the temperature dependence of the sheet resistance changed significantly, demonstrating
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Fig. 2. Temperature dependences of the measured sheet resistance (a), Seebeck coefficient (b) and

power factor (c) for the SOI-substrate, dummy CS, (sample E) and 8-layer composite in samples F
with embedded a-FeSi, NCs. The case of p~ Si interlayer doping

a strong maximum (15 kQ/o) at T = 160 K (Fig. 2, a). The difference in the behavior of the
temperature dependences of the sheet resistance in samples F and F can be associated with a
sharp increase in scattering on the built-in NCs compared to the multistep growth of silicon in
the Dummy CS, sample. For the samples with embedded NC a-FeSi, (sample F) and sample £
(Dummy CS,), the Seebeck coefficient (Fig. 2, b) changes non-monotonically with temperature,
but demonstrating a similar nature of the dependencies. Two maxima are observed for them, but
the Seebeck coefficient is greater for sample F. The first maximum (370 uV/K for sample F and
220 uV/K for sample F) is observed at 7= 160-180 K, and the second maximum (420 pV/K and
370 uV/K, respectively) at 7= 450 K (Fig. 2, b). Calculation of the power factor from temperature
for samples £ and £ and comparison with the SOI substrate showed that in the temperature range
of 150—300 K, the most efficient thermoelectric is SOI substrate (0.1 mV/(mxK?)). But with
increasing temperature, the power factor for both samples (£ and F) also increase, reaching a
value of 0.01 mW/(mxK?) at 7= 450 K.

Conclusion

A comprehensive technology for embedding a-FeSi, NCs into SOI substrates has been
developed using solid-phase epitaxy with different growth temperature modes (7 = 630 °C
and T = 1000°C) for annealing 0.5 nm thick iron layers and molecular beam epitaxy
(T = 630-700 °C) of Si interlayers. 4-layer and 8-layer samples with embedded a-FeSi, NCs and
silicon interlayers (hole concentration: 10" cm™ and 10" cm™), as well as multilayer samples
with emulation of NC growth on SOI-(100) substrates have been grown. It was found that in
the 8-layer heterostructure with the maximum hole concentration in the silicon interlayers, a
sharp decrease in the sheet resistance is observed for the case of growth emulation compared to
the incorporation of a-FeSi, NCs and some increase in the Seebeck coefficient at 7= 80-35 K.
This leads to an increase in the power factor to 0.25 mW/(mxK?) for the sample with growth
emulation and 0.1 mW/(mxK?) for the sample with embedded a-FeSi, NCs at T'= 200-450 K.
A decrease in the hole concentration in silicon multilayers with embedded NC a-FeSi, leads
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to both a decrease in the Seebeck coefficient and a decrease in the power factor (up to
0.01 mW/(mxK?) at 7= 450 K due to a sharp increase in the sheet resistance during scattering
at grain boundaries.
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Introduction

The development of optoelectronics opens up new possibilities, including current control using
light [1-3]. One of the promising areas of optoelectronics development is the use of topological
insulators (TI), which will increase the speed of response [2-5]. TIs are materials capable of
conducting spin-polarized current along their surface, while remaining an insulator in the volume.
For example, in Ref. [6], a study of the Bi,Te, crystal surface showed that accelerated electrons
are able to move along the surface of a TI practically without scattering — unlike movement in
a conventional crystal — which means that they conduct current much faster, without heating
losses [6].

The lateral photovoltaic effect (LPE), in which the surface potential difference of a certain
system of materials varies linearly depending on the position of the incident laser beam, is one
of the popular effects found in optoelectronics [7, 8]. As a rule, in silicon-based photovoltaic
cells, lateral photovoltage is generated in the space charge region of silicon. However, since in
the Si0,/TeO,/Bi,Te,/n-Si(111) structure both Si substrate and Bi,Te, layer are absorbed in the
visible spectrum, it is be interest to study the origin of LPE in this structure. Moreover, due to
the spin splitting in Bi,Te,, when absorbing light, circular photovoltaic effect (CPE) is generated
in it. Therefore, if the regions of LPE and CPE generation are separate, then photovoltaic cells
based on the Bi,Te,/Si structure will expand the functionality of optoelectronic devices.

In this work, we studied the LPE in the SiO,/TeO,/Bi,Te,/n-Si structure by varying the
thickness of the Bi,Te, topological insulator layer under continuous and pulsed illumination, as
well as the wavelength and power of laser radiation to identify the origin of the photogeneration
process. Since the optical characteristics of the Bi,Te,/n-Si(111) structure depend on oxidation,
in order to increase the reliability of the LPE characteristics we formed the compound protective
transparent covering of SiO,/TeO,. The spectral dependences of the photosensitivity made it
possible to determine the localization of the generation-recombination processes at different
thicknesses of the topological insulator layer. According to the obtained results, the change in the
localization of the photogeneration process in the Bi,Te,/n-Si(111) heterostructure is due to the
kinetics of the energy structure with an increase of the thickness of the single-crystal Bi,Te, film.

Materials and Methods

Thin-film growth using molecular beam epitaxy was conducted in a ultrahigh vacuum (UHV)
chamber with a base pressure less than 5.0x107'° Torr. We used n-type Si(111) wafers (40—70 Q-cm)
with dimensions 3x5x0.5 mm as substrates. Atomically clean Si(111)7x7 surface was prepared
in situ by flashing to 1280 °C after the wafer was first outgassed at 600 °C for 6 h. Bismuth and
tellur were evaporated from effusion cells with integrated shutters. The Bi,Te, layers were grown

© IMucapenko T.A., flxoBneB A.A., Mapapos B.B., banames B.B., Urnarosuu K.B., llykanos JI.A., 2025. U3nartenb: CaHKT-
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at a higher temperature of about 240 °C, at which the film grew in step-flow mode. To reduce the
amount of Te vacancies, the Bi-to-Te flux ratio was chosen close to 1:14 with the growth rate of
about 0.3 QL/min [4]. One quintuple layer (QL) has a thickness of 1 nm. A series of samples with
Bi,Te, layer thicknesses of 3, 5 and 10 nm were formed.

The Bi,Te, films were covered by 2 nm of tellurium and then 1 nm of amorphous silicon to
prevent oxidation of the functional Bi,Te, layer, after cooling to the room temperature. The samples
were exposed to air, the top silicon and tellurium layers were native oxidized. We got the formation
of top optical transparent layers of paratellurid and silicon dioxise, so-called window layers [9]. As
result the lateral photovoltaic effect was studied for the SiO,/TeO,/Bi,Te,/n-Si structure.

Lateral photovoltaic effect was investigated by using a Ti:sapphire laser (max power 0.6W)
in continuous mode in wavelenght between 700-900 nm and He-Ne laser (ML101J25 with
633 nm). The wavelenght 385 nm was get on BBO (Beta Barium Borate) crystal by using a
Ti:sapphire laser in femtosecond mode. Power radiation 0.25 mW for incident beam on asurface
as well as a spot diameter after diaphragm 50 um take place for both lasers. Lateral photovoltage
(LPV) was measured with Keithley 2000 multimeter. The distance between the probes was
1 mm.The response time was investigated by a digital oscilloscope (Tektronix TDS 2012B)
of 150 MHz.

Results and Discussion

It is known [4, 9—-11] that in order to optimize the efficiency of multilayer thin-film photovoltaic
cells, it is necessary to observe the criteria for selecting materials taking into account their energy
parameters, loss mechanisms and recombination processes.

One of the loss mechanisms reducing the quantum efficiency of photovoltaic cells is reflection.
This can be caused by light reflection at the interfaces and/or the outer surface. Another loss
mechanism is the absorption of light near the surface. This problem is addressed by introducing
the concept of a window/buffer/absorber heterojunction.

In addition, the generation of carriers is counteracted by the carriers’ recombination [9, 10]. The
recombination regions that affect the efficiency of a solar cell are the quasi-neutral recombination
in the absorber layer, the recombination at space charge region, and recombination at the
absorber/buffer interface. Recombination at the interface can be reduced by forming an epitaxial
buffer layer [2, 3, 9].

In this work, photovoltaic cells are made on the basis of the Bi,Te,/n-Si(111) heterojunction
covered with protective transparent layers of TeO, and SiO,, which are usually called window
layers. To increase efficiency, we used the same elements in subsequent layers [9]. The differences
are in window materials and them properties. The absorption in transparent window layer is
typically low due to the sufficiently high-energy band gap of the materials used for this layer.
Unfortunately, the absorption by the Bi,Te, buffer layer is a significant losses source in the studied
structures. Here one has to choose between performance and losses.

In Fig. 1 we can see the lateral photovoltage dependence for photovoltaic cells with different
thickness of Bi,Te, buffer layer under continuous and pulse illumination. The dependence of
the lateral photovoltage on the laser spot position is parameterized by the sensitivity (k). In the
top left insert of Fig. 1 the photoresponse dependences are presented in the LPV(f) graphical
presentation format, since in this case the value of the photoresponse signal corresponds to the
photosensitivity value. According to this parameter, the structure with a 5 nm-Bi,Te, buffer layer
is more promising for photosensitive detector.

Moreover, we defined the photoresponse performances of cover/Bi,Te,/n-Si(111) structures,
top left insets in Fig. 1, although the photosensitivity of these structures were lower than those in
metal-semiconductor or metal-oxide-semiconductor structures [5, 11], the response time of these
structures were be faster.

The extreme dependence of photosensitivity on the Bi,Te, layer thickness is typical for hybrid
structures on silicon. However, note should be taken to the change in the sequence of the LPV(x)
and /(U) dependences with increasing Bi, Te, buffer layer thickness. This fact indicates that in the
Bi,Te,/n-Si(111) heterostructure, not only the change in the resistance of this system, but also the
change in the energy structure of the Bi,Te, buffer layer plays a role in the generation of lateral
photovoltage. To understand this result, we conducted studies with varying laser illumination
parameters such as wavelength and power.
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Fig. 1. Dependence of lateral photovoltage on the laser spot position in the SiO,/TeO,/Bi,Te,/
n-Si(111) structure with the Bi,Te, layer thickness: / — 3 nm, 2 — 5 nm, 3 — 10 nm. Inserts: LPW(7)
photoresponse (top left); dark /-V characteristics (bottom right). Ti:sapphire laser (A = 730 nm)

Figure 2 shows the spectral dependences of photosensitivity parameterized by the TI layer
thickness, and the inset shows the dependences of the photovoltage near the contact on the laser
illumination power.

As can be seen in Fig. 2, the dependence of the photosensitivity of heterostructures with a
Bi,Te, layer of thickness 5 QL or more correlates with the well-known absorption spectrum of
silicon [12, 13], which clearly indicates the generation of nonequilibrium photocarriers in the
near-surface silicon layer. Whereas with a Bi,Te, layer thickness of 3 QL, the spectral dependence
of the photosensitivity rather agrees with the absorption spectrum of thin bismuth telluride
layers presented in the work, which have a hybridization gap in the ARPES (Angle-resolved
photoemission spectroscopy) [14]. This transition is explained by the kinetics of the dispersion
relations of bismuth telluride [14], according to which the electronic structure develops up to a
film thickness of 5 QL, that is accompanied by an increase in conductivity [15]. It is known [16]
that films at 5 QL have dispersion relations of the bulk structure of Bi,Te,. Whereas films with a
thickness of 1-3 QL are characterized by the presence of surface states in the band gap [15, 16].

100;;
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Fig. 2. Dependence of lateral photovoltage in the SiO,/TeO,/Bi,Te,/n-Si(111) structure on the laser
illumination wavelength (Ti:sapphire laser). The insert shows the photosensitivity dependence on the
laser illumination power incidenting on a surface. / — 3 nm Bi,Te,, 2— 5 nm Bi,Te,, 3— 10 nm Bi,Te,

Thus, in the Si0,/TeO,/Bi,Te,/n-Si(111) structure with a bismuth telluride thickness of 5 QL
or more, the absorbing layer is the silicon space charge region, the bismuth telluride layer is
the buffer layer, and the tellurium dioxide and silicon dioxide layers are protective transparent
coatings, the so-called window layers. With the bismuth telluride thickness of 3 QL, the absorbing
layer is the bismuth telluride layer, which significantly damages the photovoltaic properties.

The linear increase of lateral photovoltage with increasing laser power is due to the increase
in the number of photogenerated carriers. At thicknesses of 5 QL and more, such a significant
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increase in photovoltage is possible only when it is generated in the region of the space charge of
silicon. In this case, the decrease in the slope of the U (W) dependence for a thickness of 10 QL
reflects both a decrease in resistance and an increase in absorption in the Bi,Te, layer.

The most striking evidence of lateral photovoltage generation in silicon can be observed in the
dependence of photosensitivity on the illumination wavelength. As can be seen in the inset in
Fig. 2, the dependence inherits the nature of the absorption spectrum of silicon at both thicknesses
of the buffer layer, which clearly indicates the generation of nonequilibrium photocarriers in the
near-surface silicon layer. Thus, in the SiO,/TeO,/Bi,Te,/n-Si(111) structure, the absorbing layer
is the silicon space charge region, the bismuth telluride layer is the buffer layer, and the tellurium
dioxide and silicon dioxide layers are protective transparent coverings, the so-called window layers.

In addition, the kinetics of photovoltaic characteristics allows us to analyze the native oxidation
processes of top protective layers. In order to increase the resistance and transparency of the
window layer, it was proposed to form a combined transparent covering SiO,/TeO,. It is natural
to assume that in this case, the amorphous silicon layer formed on the surface of the thinned
tellurium layer is oxidized first. Due to the high electronegativity of tellurium, the oxidation
process continues until the tellurium layer is completely oxidized, which follows from the current-
voltage characteristics (CCV), bottom right insert Fig. 3. Such a covering improves the transport
properties of the system, since its resistance increases by an order of magnitude, top left insert
Fig. 3, but, unfortunately, requires a long formation time (120—150 days).

3|

-OI,S 0,0 0;5
X, mm
Fig. 3. Lateral photovoltage of the SiO,/TeO,/Bi,Te,/Si structure during native oxidation: / — 10 days,
2 — 70 days, 3 — 150 days. Inserts: LPW(f) photoresponse (top left); dark /-7 characteristics
(bottom right). He-Ne laser (A = 633 nm)

Since at the 5nm-Bi,Te,/n-Si(111) interface the absorber is the silicon substrate, and
photogeneration occurs, where the energy parameters of the structures are identical, the reasons
for the significant improvement of photovoltaic properties during oxidation of the SiO,/TeO,/
Bi,Te,/n-Si(111) multilayer structure are an increase in the resistance and in the transparency of
the covering layers, and a decrease of losses in a RC circuit, according to basic scheme of the
LPE, proposed by us earlier [11].

Conclusion

This study revealed the role in a generation of lateral photovoltage of bismuth telluride layer
and silicon space charge region, which absorb in the visible spectrum. It was shown that a bismuth
telluride buffer layer no less than 5 nm thickness is optimal for position-sensitive detectors. It was
found the SiO,/TeO,/Bi,Te,/n-Si(111) photovoltaic cells with a buffer layer made of a topological
insulator and with protective transparent covering may have potential applications as high-speed
optoelectronic devices.
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Introduction

The idea of using nanoporous “host” matrices (examples include opal, zeolite, and asbestos,
etc.) for fabricating three-dimensional superlattices from nanoparticles of “guest” substances
within the regular systems of calibrated voids and channels of these dielectric “host” matrices was
proposed at the end of the twentieth century [1, 2].

One of the interesting applications of regular porous dielectric matrices is their use in the creation
of quantum confined nanocomposite ferroelectric materials in order to study confined geometry
effects. A theoretical explanation of the Curie point 7. shift towards lower temperatures [3] is
based on Landau phenomenological theory. This low-temperature shift of the 7. value has been
frequently observed in experiments with ferroelectric nanoparticles in porous matrices [4—8].
However, in some cases [9, 10] a T value shift towards higher temperatures is also possible in
systems of ferroelectric nanoparticles in “host” porous matrices, compared with the temperature
of the phase transition in a bulk “guest” substance.

The aim of this study was to determine experimentally the dielectric properties of the well-
researched ferroelectric substance [11—18], i. e. Rochelle salt (KNaC,H,O.<x4H,0, hereinafter
referred to as RS) embedded into a chrysotile-asbestos matrix near the upper ferroelectric Curie
point (7., = 297 K for the bulk RS material). Chrysotile-asbestos (Mg,Si,0,(OH),, magnesium
hydrosilicate) consists of fibers formed from twisted MgO and SiO, layers and contains parallel
channels (tubes) with an internal diameter of ~ 5 nm (Fig. 1). This nanoporous “host” matrix was
successfully used earlier for fabrication different nanocomposites [19, 20].

Fig. 1. Structure of asbestos porous dielectric matrix [20]

Materials and Methods

The Rochelle salt was embedded into asbestos matrix from a saturated aqueous solution at
room temperature (mass concentration of the initial supersaturated solution was 1500 g/L at
T = 303 K); the RS / asbestos nanocomposite sample was then washed with distilled water.
Then the sample was dried at 7= 300 K, and the procedure was repeated to increase the pore
filling factor. After applying graphite contacts to the sample surfaces, it was clamped between

© Martseesa T.I'., MBanosa M.C., ConoseeB B.I'., 2025. U3znarens: Cankr-IletepOyprckuii moauTeXHUIECKUl YHUBEPCUTET
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two copper electrodes (their sizes were 2mmx=2mm) of the measuring cell. The thickness of the
asbestos fiber bundle was about 1 mm. For control, similar measurements were also carried out
on a bulk Rochelle salt, as well as on the asbestos “host” matrix. Temperature dependences of
the nanocomposite electrophysical characteristics (dielectric permittivity, dielectric losses and
electric conductivity) were studied using a high-precision RLC-meter MS5308 at frequencies of
100 Hz, 120 Hz, 1 kHz, 10 kHz and 100 kHz. The error bars did not exceed 5%. The temperature
was measured on one of the electrodes using a two-channel thermometer GM 1312 (instrument
accuracy 0.1 K).

Results and Discussion

The temperature dependences of dielectric permittivity &' for the initial asbestos matrix
(curve 1), for the bulk ferroelectric (curve 2) and for the RS / asbestos nanocomposite (curve 3)
are presented in Fig. 2.

It is easy to see that due to the confined geometry there is a noticeable shift of 7. (AT = 3 K)
towards lower temperatures. This shift value is smaller than the low-temperature shift of 7.
(AT = 5 K) observed earlier [7] in the RS / zeolite nanocomposite since the diameters of the
channels in asbestos (~ 5 nm) are larger than the diameters of the pores in NaA zeolite crystal
(~ 1 nm). It should be also noted that the initial asbestos matrix has a much smaller &' value (&' = 6
at 100 Hz) without any observable temperature dependence in the studied temperature range.

290 292 294 296 298 T, K
T T T T T &

4 6000
4 4000

42000

Fig. 2. Temperature dependences of the dielectric permittivity for the asbestos “host” matrix (curve 7),
for the bulk Rochelle salt “guest” substance (curve 2), and for the RS / asbestos composite (curve 3)
at a frequency of f= 100 Hz

Arrhenius temperature dependence of the electrical conductivity for the RS / asbestos
nanocomposite is presented in Fig. 3. One can see that the curve has a kink near the temperature
T. = 294 K of the ferroelectric-paraelectric phase transition in composite. The composite’s
electrical conductivity as well as the conductivity activation energy value £ = (0.56 = 0.02) eV
in the paraelectric phase are higher than those for the initial asbestos matrix, where Arrhenius
plot with very small activation energy (~ 0.04 eV) is monotonic without any features in the

temperature region under study [21].

Ig(=, S/m)
-9,80
E = 0.56 eV
-9.85
-8,90
107,k
3,36 3,40 3,44

Fig. 3. Arrhenius temperature dependence of the electrical conductivity for the RS / asbestos
nanocomposite at a frequency of f= 100 Hz
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Figure 4 shows the frequency dependences of dielectric losses tgd for the initial asbestos “host”
matrix (curve /) as well as for the RS / asbestos nanocomposite (curve 2). In both cases, it is
possible to observe a power-law dependence of dielectric losses tgd on frequency f (tgd ~ f ),
where the exponent is n = 0.07 for the initial asbestos “host” matrix and » = 0.20 for the
RS / asbestos nanocomposite. Thus, both graphs display a smooth decrease of dielectric losses
with frequency without any extremes in the studied frequency range from 100 Hz to 100 kHz
which is typical for many dielectrics.

tgs
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0,4f
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0,2 -
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Fig. 4. Frequency dependences of dielectric losses for the asbestos “host” matrix (curve /)
and for the RS / asbestos nanocomposite (curve 2) at a temperature of 7= 295 K

Conclusion

The novel nanocomposite ferroelectric / asbestos material obtained by the infiltration of a
chrysotile-asbestos “host” matrix with a Rochelle salt “guest” substance demonstrates a shift of the
Rochelle salt’s upper ferroelectric transition Curie point 7. by ~ 3 K towards lower temperatures,
compared with the temperature of the phase transition in a bulk ferroelectric. This shift value
is smaller than the low-temperature shift of 7. observed earlier in the ferroelectric / zeolite
nanocomposite since the diameters of the asbestos channels are larger than the diameters of the
zeolite pores.
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Abstract. In the present work, using VASP and AIRSS, we have modelled possible structures of
Si(111)(2/3)V3x(2/3)V3-Mg. Ab initio density functional theory (DFT) calculations using pseu-
dopotentials were employed to investigate structural models of the Si(111)(2/3)V3x(2/3)V3-Mg
surface. A number of models were analyzed in a 2x2 surface cell. The study identifies the most
energetically favorable structure in the 2x2 configuration as the “7-3 _random” model, which
contains 1.75 monolayers (ML) of Mg and 0.75 ML of Si. The results of ab initio calculations
are well confirmed by experimental methods (STM and LEED observations).
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AnHotanusa. B Hacrosieit pabore c ucrnomb3oBaHuemM VASP u AIRSS mposeneHo
MOJEJINPOBAHNE BO3MOXHBIX CTPYKTYyp Si(111)(2/3)V3%(2/3)¥3-Mg. [nsa wuccnenoBaHus
CTPYKTYpHBIX Mogeneit mosepxHoct Si(111)(2/3)V3x(2/3)V3-Mg 6blLIM  UCHONB30BAHBI
pacueTsl ab initio MmetogoM TeopuM ¢yHKIMoHana rioTHoctu (DFT) ¢ ucmonab3oBaHueM
rceBaonoTeHuManoB. Psan Moneneil ObLT MpoaHaMM3UPOBaH B sueiike MmoBepxHocTu 2x2. B
HCCeNOBaHUM BbISIBJIeHA HauboJjiee SHEPreTUYECKU BBITOAHAS CTPYKTypa B KOHGUIypaluu
2x2 — monenb «7-3_randomy», comepxaias 1,75 monocnost (MC) maraus u 0,75 MC KpeMHUS.
Pe3yibTaThl pacuyeToB XOPOIIO COTJIACYIOTCSI ¢ DKCIEPUMEHTOM (HAOIIONEHUS] TTOBEPXHOCTH
metomamu MDD u CTM).
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Introduction

A considerable number of studies have focused on the investigation of magnesium silicide Mg,Si
on the Si(111) surface [1—4] due to its technological importance. However, atomic scale ultrathin
films of Mg,Si have not been explored theoretically and experimentally in detail, for example, a
structural model of Si(111)(2/3)V3x(2/3)V3-Mg (thereafter (2/3)V3-Mg) surface structure has been
proposed in [2], but comprehensive structure calculations was not performed. Here, in this study,
we present the atomic model of the (2/3)V3-Mg reconstruction, in particular, atomic structure
and composition were calculated used ab-initio calculations. The accuracy of the model was
compared with experimental data. It should be noted that the periodicity of the structure obtained
in diffraction experiments does not always reflect the real periodicity observed by the scanning
tunneling microscopy. For example, in the case of the surface 3x1-Mg periodicity observed on
the low-energy electron diffraction pattern, which reflects the arrangement of silicon atoms on
the reconstructed surface, while scanning tunneling microscopy observations clearly show the 3x2
periodicity, which also takes into account the arrangement of silicon and magnesium atoms.

Materials and Methods

The Mg/Si(111) sample was prepared in the Omicron MULTIPROBE ultrahigh vacuum
system (UHV) equipped with scanning tunneling microscopy (STM) and low-energy electron
diffraction (LEED). The base pressure in UHV system was in the order of 1x107'° Torr. The
atomically clean Si(111)7x7 sample was first annealed in situ at 600 °C for several hours and
finally was flashed to 1280 °C. Mg atoms were deposited from a Ta tube. The (2/3)V3-Mg surface
phase was prepared by deposition of ~2 monolayers (ML) of Mg onto the Si(111)7x7 surface
at 50—100 °C. Mg deposition rate was calibrated using well known Mg/Si(111) reconstructions:
Si(111)3x2-Mg (1/6 ML of Mg) [5], Si(111)6x6-MgPb (1 ML of Mg) [6] and Si(111)4x4-MgPb
(0.6 ML of Mg) surface phases [6].

The calculation was conducted using a plane-wave basis set and correlation functional projector-
augmented wave pseudopotentials (PAW-PBE) with generalized gradient approximation (GGA)
for the exchange-correlation energy. VASP ab initio program package was used for this study.
Wave functions were performed using energy cutoff 250 eV. The geometry was optimized until the
total energy was converged to 107° eV and the atomic forces reduced to 102 eV/A. For I'— point
the 7x7x1 grid was used.

The (2/3)V3-Mg surface structure has been simulated using the slab with periodicity of
Si(111)2x2. The slab consists of 6 Si layers and vacuum region with more than 20 A to prevent
interaction between surfaces in two adjacent cells. The dangling bonds of the bottom silicon layer
have been saturated by hydrogen atoms. Two bottom layers and hydrogen atoms were fixed and
the rest atoms in slab were allowed to move freely.

For structure search calculation the ab initio random structure search (AIRSS) was used.
Energy convergence was 105 eV and 5x5x1 k-points grid was set for this case. Since the (2/3)V3
cell disrupts the periodicity of the silicon substrate, a 2x2 unit cell was used taking into account
that 2x2 cell contains 3 subcells of (2/3)V3 cell.

© PoixkoBa M.B., bonnapenko JI.B., Llykanos I.A., 2025. U3natens: Cankr-IleTepOyprckuii moJuTeXHUIECKUI YHUBEPCUTET
Iletpa Benuxkoro.
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The formation energy was calculated following this formula:

E _ E, —Eg, —nglg — Nyrg Mg
form/1x1 N s

where E_ is total energy of calculated model, £, is energy of relaxed slab without silicon atoms
in surface phase (usually 3 atoms), ng and n,, are numbers of Si and Mg atoms, respectively. i
and p,, are the chemical potentials for the Si and Mg, respectively, taken from bulk phases of
these elements. N is a number of 1x1 cells in the given structure (N = 4 for 2x2, N = 6 for 3x2,
N = 3 for 3x1 and N = 49 for 7x7 cell).

All calculations were performed using the resources of the Shared use center of Far-Eastern

Computational Resource [7].
Results and Discussion

Figure 1, a shows the STM pattern obtained from the (2\3)V3-Mg surface at room temperature.
It is evident that the surface has a 2x2 periodicity with one protrusion per cell (highlighted in
white). Figure 1, b shows the Fourier transform of such a surface, with the 2x2 and (2\3)V3
spots observed in picture. Figure 1, ¢ shows the LEED pattern of the same surface, with only the
(2\3)V3 spots remaining. This resembles the situation with the 3x2-Mg surface phase, which also
demonstrated different periodicities in the LEED and STM experimental pictures.

Initially, we considered the model of (2\3)V3-Mg surface presented in the article [2] and
calculated its structure in the process of relaxation. It was shown that this model lost the
periodicity of (2/3)V3 and leaving only the 2x2 periodicity. However, this model demonstrated a
high formation energy (—0.153 eV/1x1) compared to other calculated models (Table).

We have modified this structure called as “model 9-3” (increased the Mg coverage to 2.25 ML:
9 atoms in a 2x2 cell, while the number of Si atoms remained the same (3 Si atoms or 0.75 ML
of Si)). After calculations the formation energy for this structure decreased to —0.619 eV/1x1
(Table), while maintaining only the periodicity of (2/3)V3. It is worth noting that “model 9-3”
best fits the parameters of the bulk magnesium silicide Mg,Si structure: interatomic distances
4.48A for Si-Si and Mg-Mg bonds.

Using AIRSS method, the most favorable structures were calculated for magnesium coverage
of 1.75 ML (7 Mg and 3 Si atoms per 2x2 cell, called as “7-3 random” model), 2 ML (8 Mg
and 3 Si atoms, “8—3” model) and 2.25 ML (9 Mg and 3 Si atoms, “9—3 random” model),
as well as 2 ML (8 Mg and 2 Si atoms) and 2.25 ML (9 Mg and 1 Si atoms, “9-1” model).

Parameters of models for (2/3)+/3-Mg/Si(111) surface fable
Model Energy, eV/1x1 Si-Si, A Mg-Mg, A
(2/3)V3-Mg [2] —-0.153 4 4.9
9-3 -0.619 4.4 4.4
9-3 random —0.703 3.5-4.5 3-3.7
8-3 —-0.772 4.8-5.1 3.1-4.7
7-3_random —-0.822 4.3-4.6 3.9-45
82 —0.604 4.6 3.1-4.6
9-1 —0.467 - 3-3.3
Si(111)3x2-Mg -0.53 - -
3x1-Mg —-0.527 - -
Si(111)7x7 —0.356 - -
Mg Si [10] - 4.48 4.48
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Fig. 1. STM picture (20x20 nm?) obtained from the (2/3)V3-Mg/Si(111) (a), Fourier transform of
STM pattern with the 2x2 and (2/3)V3 spots (one of the spots is marked with a white circle for each
type) (b), LEED pattern from the (2/3)V3-Mg/Si(111) surface, beam energy E = 36 eV (¢

Fig. 2. Model “7-3 random” of (2/3)V3-Mg/Si(111) surface structure (Mg atoms seen as orange
balls, Si atoms in Mg,Si structure seen as blue, Si atoms in Si(111) structure seen as black, 2x2 cell
is marked with a green rhombus and (2/3)V3 cell is marked with a light blue thombus), top view and
side view (a, b). Simulated STM picture of (2/3)V3-Mg/Si(111) surface (c). Experimental STM picture
(6x6 nm?) obtained from the (2/3)V3-Mg/Si(111) surface (2x2 cell is marked with a black rhombus) (d)
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Fig.3. The formation energy versus fraction of magnesium

Thus, we found the model with the lowest formation energy (—0.822 eV/1x1) and structure
consisting of 1.75 ML of Mg and 0.75 ML of Si atoms, model “7-3 random”. In Fig 2, a, b its
atomic structure is shown, top view and side view, moreover, in Fig. 2, ¢ the simulated STM image
shows an excellent match with surface structure observed experimentally by STM (Fig. 2, d).
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Let us note that all calculated models have only a 2x2 periodicity; the (2/3)V3 periodicity is
preserved only for silicon atoms with 3 Si atoms in structure. Considering models of magnesium
silicide it is visible that 3 Si atoms in the slab surface prefer symmetric places T,, H, and T , which
ensures a (2/3)V3 periodicity.

Fig. 3 shows the results of calculations of the formation energy depending on the amount of
Mg atoms placed in the Mg,Si/Si(111) surface structure. This plot also contains reference points
that relate to the calculations of the Si(111)3x2-Mg, Si(111)3x1-Mg and Si(111)7x7 surface
reconstructions. The latter structures we have also calculated based on the models of alkaline
earth adsorbates presented for 3x2 and 3x1 in the article [8] while surface structure of Si(111)7x7
was calculated related to standard DAS model [9]. It is seen that the most favorable structure for
Mg,Si/Si(111) ultrathin layer is “7—3_random” model that has 1.75 ML of Mg and 0.75 ML of
Si with 2x2 periodicity that is confirmed by STM observation.

Conclusion

We have performed ab initio calculation and experimental study to investigate Si(111)
(2/3)V3x(2/3)V3-Mg surface structure models. The most favorable structure with the lowest
formation energy (-0.822 eV/1x1) is the “7-3_random” model that consist of 1.75 ML of Mg and
0.75 ML of Si atoms with 2x2 periodicity. The results of ab initio calculations are well confirmed
by experimental methods used in this work (STM and LEED observations).
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Abstract. We study the Ising model on two-dimensional surfaces discretized using the Fibo-
nacci method with Delaunay triangulation, considering the ring, cut ring, and torus topologies.
The phase diagrams reveal a universal critical temperature of 7, ~ 3.33(3)J in the thermody-
namic limit, which is consistent with the results for the Fibonacci sphere [1]. Despite the ex-
clusion of topological defects (vertices with coordination numbers 5/7) in the ring and cut ring
Fibonacci configurations, deviations from the critical temperature of the ideal flat triangular
lattice are observed. The T, values, similar to the spherical case, experience shifts. Notably,
the torus, which possesses the minimal defect density (<1%), exhibits smooth convergence and
negligible finite-size shifts in 7. These results underscore the interplay between local connec-
tivity and global topology in shaping critical phenomena.

Keywords: Ising model, topological defects, Fibonacci lattices, Monte Carlo simulation,
phase diagrams
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AnHotamua. Mbl  ucciaenyemM  Mojaedab  M3uHra Ha o ABYMEPHBIX — ITOBEPXHOCTSIX,
IUCKPETU3UPOBAaHHBIX MeTogoM PuboHauyum ¢ TpuaHryasuuein [demoHe, paccMmaTpuBast
TOITOJIOTUM KOJIblIa, KOJIbIIa C pa3pe3oM U Topa. Pa3oBble aUarpaMMbl JEMOHCTPUPYIOT
YHUBEPCAIbHYIO KPUTHYECKYIO Temmepatypy 7. = 3,33(3)J B TepMOAMHAMUYECKOM MpELEIE,
4YTO corjacyercss ¢ pesyabTatamu mjist cepbl Pudonayuu [1]. HecMoTpst Ha McKIoueHue
TOIOJIOTUYECKUX 1e(eKTOB (BEPIIMH C KOOPAMHALIMOHHBIMU YUCIaMU 5/7) B KOH(PUTYpaIIUSIX
KOJIblla M KoJiblla ¢ pa3pe3oM PubOoOHAYUM HAOIIOMAIOTCSI OTKJIOHEHMSI OT KPUTHYECKOI
TEMIEPATYpPhl UAEATBHOM MJIOCKOW TPEYroNbHOM perueTku. 3HadyeHus T, aHaJTOTUYHO CIIydYalo
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chepbl, MCHOBITBIBAIOT cOBUrU. [IpuMedarenbHO, 4YTO TOp, OOJAZAIOLIMI MWHUMAIbHOI
IJIOTHOCTHIO AeheKTOB (<1%), 1eMOHCTPUPYET IIABHYIO CXOAMMOCTD U IIPEHEeOPEKMMO MaJjibie
capurn T, DTU pe3yabTaThl NOAYEPKMUBAIOT B3aMMOCBA3b MEXIY JIOKAJTbHON CBA3HOCTLIO U
IJI00AJIBHOM TOMOJIOTHEN B (POPMUPOBAHNN KPUTUUCCKUX STBJICHWIA.

KmoueBbie ciaoBa: moneinb M3uHra, Tomosiormyeckue nedekThbl, peiueTku PubGoHauyu,
Momnte-Kapno MoaenupoBaHue, (¢pa3oBble TUarpaMmMbl
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Introduction

The two-dimensional Ising model is a fundamental system for studying phase transitions
and critical phenomena [2]. Although its characteristics on standard flat lattices are thoroughly
documented, the behavior on curved surfaces featuring non-trivial topology introduces novel
theoretical questions and research avenues.

This research examines the ferromagnetic Ising model on curved surfaces, where the lattices
are defined by a Fibonacci distribution and discretized using Delaunay triangulation [3]. This
technique produces highly uniform tessellations consisting of nearly equal-area triangles [4],
offering a robust approach for investigating the thermodynamic limit on curved geometries. A
defining aspect of such lattices is the emergence of topological defects—specifically vertices with
coordination numbers five and seven. Growth in the number of nodes within a Fibonacci sphere
induces discrete transitions in the triangulation structure, marking sudden shifts in network
connectivity. These structural changes significantly affect the system's statistical mechanics, giving
rise to discontinuities reminiscent of first-order transitions as the sphere expands [1].

Fibonacci lattices have already been used in studies of the XY model [5] and have also proven
effective in modeling magnetic resonance [6], among other applications. In turn, studying the
ferromagnetic phase transition on curved surfaces will become an important aspect for modeling
spherical nanoparticles and magnetic films.

Fibonacci lattices

Fibonacci lattices are characterized by an almost uniform and isotropic distribution of nodes.
This allows for efficient discretization of curvilinear surfaces using triangles of approximately equal
area. The structure is based on Fibonacci numbers. A Fibonacci number F is part of an infinite
sequence in which each element, starting from the third (i > 3), is the sum of the two previous
elements: F,= F_ + F_,. The first few numbers in the sequence are: 0, 1, 1, 2, 3, 5, 8, 13, 21...
In the limit of a large number of elements, the ratio of two consecutrve numbers approaches the
value of the golden ratio g =(1++/5 )/2.

The Fibonacci distribution on two-dimensional surfaces forms a structure consisting of two
sets of spiral arcs [4, 7]. In these arcs, the distance between neighboring points is determined
by Fibonacci numbers [8]. Some sets of spirals are twisted clockwise, while others are twisted
counterclockwise. As the lattice radius (total number of nodes) increases, the number of dominant
spirals grows. It can also be shown that the Fibonacci lattice is essentially the result of a sequential
arrangement of elements along a single “generative spiral” [9]. The angular distance between
elements of this generative spiral corresponds to g.

When discretizing Fibonacci surfaces using a set of triangles in our case, Delaunay triangulation
— defects in connectivity properties are observed, as detailed for the sphere case in [1]. The number
of neighboring vertices varies from 5 to 7, with points having 6 neighbors being predominant.

© [MoumHok A.C., Momnoukos A.B., Yepnonyo M.H., Yenak A.K., 2025. U3narens: Cankr-IleTepOyprckuit mosuTeXHUUECKUit
yHuBepcuret I[lerpa Benaukoro.
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To examine the influence of lattice connectivity defects on the critical temperature of the Ising
model, it is necessary to study the phase transition in a region where the number of 5- and
7-coordinated nodes tends to 0. Defective connectivity is primarily localized at the poles of the
spherical lattice. Therefore, we use a ring topology of the Fibonacci sphere. This is achieved
by excising the poles, i.e., the polar regions with a high concentration of coordination number
defects. Such a structure forms an equatorial zone dominated by hexagonal order (6 neighbors),
bringing it closer to a regular triangular lattice. The width of the equatorial region with 6 neighbors
depends on the number of lattice sites N. The ring topology obtained by excising the poles of the
triangulated sphere is shown in Fig. 1, a.

To most closely approximate the case of an ideal flat triangular lattice for result comparison,
it is necessary to obtain a flat space with a Fibonacci distribution. In this work, we achieve such
a configuration by removing nodes along one generatrix of the ring. Thus, we obtain a locally
flat space (for all points except boundary ones) with a Fibonacci distribution with a hexagonal
structure (Fig. 2, b).

A toroidal triangulated lattice is equivalent to an ideal flat triangular lattice with periodic
boundary conditions, for which the known critical temperature of the Ising model is 7. =~ 3.64.
Therefore, we investigate the phase transition on the Fibonacci torus (Fig 1, ¢). Similar to the
sphere, the Fibonacci torus has points with 5 and 7 neighbors, but their number is significantly
smaller (<1%) (Fig. 2). The Fibonacci torus was defined by equations (1, 2):

x=(R+rcosp)cosO, y=(R+rcos)sin®, z=rsing, (1)
oo 20k o2k o
g N

where k is the site index and N is the number of sites in the lattice.

Fig. 1. Fibonacci lattices: ring (a); cut ring (b); torus (c)
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n

Fig. 2. Distribution of the number of neighboring vertices for a torus with 3000 and 47000 nodes
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The Fibonacci torus exhibits interesting patterns related to its spiral structure. The Euler
characteristic of the Fibonacci torus equals zero only for specific filling ranges. For example,
in the filling range 2500 < N < 3000, the lattices are topologically equivalent to a torus. For
N < 2500, the Euler characteristic is not zero, indicating defects such as intersections of triangle
bonds. Further statistical analysis revealed that the “true” torus occurs sequentially and was found
for N = {7000 — 8000; 17000 — 23000; 46000 — ...}. Moreover, as the number of points increases,
the width of the N range for “true” torus increases. This effect, similar to the sphere, may be
associated with the formation of new spirals but requires more detailed study.

Ising model

The two-dimensional Ising model is one of the simplest statistical models, where the spin
variable S represents the magnetic moment of an atom at site x. This variable can take values
§ =+l or S = -1, corresponding to upward or downward orientation of the magnetic moment
relative to the atomic crystalline plane. The Hamiltonian of the system is given by (3):

H=-J) 88 -h).S.. 3)
(x.0) x

We consider dimensionless variables in units of the coupling J = 1. All calculations will be
performed for systems in the absence of an external magnetic field # = 0.

A parameter critically sensitive to the phase transition is the magnetic susceptibility y , which
quantitatively characterizes fluctuations of the order parameter — spontaneous magnetization.

Within the formalism of the canonical ensemble and in the absence of an external magnetic
field, the magnetic susceptibility is defined via fluctuations of the total magnetization M by the
following relation:

()= (T’N)>;<M(T’N)>2 , @

where M = ZXSX is the total magnetic moment of the system.

Results and Discussion

The study of the Ising model phase transition on a ring lattice was conducted with fixed
boundary conditions: spins at the ring boundaries were fixed in the +1 state. This spin fixation
minimizes boundary fluctuations, simplifying the analysis of the contribution from internal nodes
to the phase transition.

Numerical simulation was carried out using the Monte Carlo method, using the Metropolis
algorithm.

The magnetic susceptibility of the Fibonacci ring (Fig. 3, b (right)) was calculated using
formula (4). This effect arises because the size of the excised poles and the number of boundary
points are related to the neighbor distribution. Critical temperatures for the three sequences,
derived from Gaussian function approximation of the magnetic susceptibility peaks, are shown
in Fig. 4. The magnetic susceptibility exhibits behavior similar to the sphere case [1], presenting
analogous sequences. In the continuum limit, the critical temperature of the phase transition on
the Fibonacci ring approaches that of the sphere, 7.~ 3.3.

For a comparative analysis of the critical temperature behavior of the ferromagnetic phase
transition between Fibonacci lattices and a flat triangular lattice, the magnetic susceptibility was
calculated for the cut ring topology (Fig. 1, ). Such a lattice is considered to be locally flat if
we consider the regions excluding the boundaries. The boundary conditions were similarly fixed.

The behavior of the magnetic susceptibility (Fig. 3, a (left)) is analogous to the ring case and
presents itself as sequences. The plot of the critical temperature dependence on the inverse number
of nodes is shown in (Fig. 4). For all sequences, the critical temperature differs insignificantly
and, as in previous Fibonacci lattices, approaches 7.~ 3.3 in the limit.

For further investigation of the Ising model phase transition on Fibonacci lattices, topologically
correct torus with Euler characteristic equal to zero were selected, namely with N = {3000, 8000,
17000, 47000}. Using the same calculation methods, magnetic susceptibility was obtained for this
set of lattices (Fig. 5).
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Fig. 3. Examples of two sequences of magnetic susceptibilities on Fibonacci ring (a — left) and
Fibonacci cut ring (b — right) lattices. Data corresponding to two different sequences are highlighted
with shades of similar colors
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Fig. 4. Scaling of the pseudocritical temperature derived from the magnetic susceptibility approximation
on the Fibonacci ring and cut ring as a function of the inverse number of sites, 1/N
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Fig. 5. Scaling of the pseudocritical temperature derived from the magnetic susceptibility approximation
on the Fibonacci torus as a function of the inverse number of nodes, 1/N

Unlike the sphere and its ring topologies, on Fibonacci torus the phase transition temperature
is consistently 7.~ 3.2. The value is constant due to the absence of abrupt changes in connectivity
properties.

Since the torus corresponds to a flat triangular lattice with periodic boundary conditions, it
was expected that the critical temperature would be close to 7.~ 3.64 [10]. However, contrary to
expectations, the critical point of the Ising model on the Fibonacci torus is close to the values on
the sphere, ring, and Fibonacci cut ring.
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Conclusion

In summary, it can be concluded that the Ising model on Delaunay-triangulated Fibonacci
lattices demonstrates universal critical temperature behavior regardless of topology. The proximity
of the T~ 3.33(3)/ value to that of the flat triangular lattice emphasizes the role of quasi-isotropic
node distribution and the predominance of hexagonal order. However, the slight deviation is due
to the spiral structure of the Fibonacci distribution, which leads to a decrease in 7. compared to
theoretical predictions for regular lattices.
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Introduction

In recent decades, research on amorphous metal alloys has become one of the priorities of
modern materials science due to their unique physical properties and a wide range of potential
applications in various fields of technology [1-3]. Special attention is paid to studying the effect
of alloying elements on the magnetic and structural characteristics of amorphous alloys, which
opens up new prospects for creating functional materials with specified properties [4, 5].

The purpose of this work is a comprehensive study of the magnetic properties and thermal
stability of a series of amorphous Fe-Co-Si-B-Mn alloys with variable cobalt content.

Materials and Methods

Ferromagnetic Fe-Co-Si-B-Mn alloys in the form of ~20 microns thick ribbons obtained by
rapid quenching from a melt on a rotating copper disk in an argon atmosphere were studied [6—8].
The analysis of the structure of the samples at the atomic level was carried out using the X-ray
diffractometer “KOLIBRI” of JSC “Burevestnik”, Ka(Cu) = 1.54 A, the X-ray profiles were
obtained from the free side of the spinning tapes. Alloy compositions Fe, B, Si;, Fe,Co B Si,
Fe.Co,B, Si;, Co,Fe,Mn,B Si, determined roentgenofluorescence method (Shimadzu
spectrometer EDX-7000, standard qualitative and quantitative analysis using a fixed element —
boron). The analysis of the structural relaxation processes in the studied samples was carried out
on a differential scanning calorimeter “DSC 404 F1 Pegasus”. The measurements were carried
out in the temperature range from 300 K to 973 K, and the heating rate was 10 K/s. The magnetic
characteristics of the alloys were studied using an induction vibration magnetometer and a PPMS
9T Quantum Design installation.

Results and Discussion

X-ray diffraction analysis of Fe-Co-Si-B-Mn samples with varying degrees of cobalt and
manganese doping confirmed their amorphous state, Fig. 1, a. The diffraction profiles of the studied
samples are characterized by a wide diffuse maximum at an angle of 20 = 45°, corresponding to
an amorphous matrix with a short-range order. With an increase in the cobalt content, a decrease
in the radius of the first coordination sphere is observed, which indicates a decrease in structural
disorder, Table 1.

When studying the thermal properties of amorphous Fe-Co-Si-B-Mn alloys by differential
scanning calorimetry (DSC), a two-stage crystallization process was recorded for all

© Canosckuit U.M., Paxmarysnaes T.P., [Tunuyk K.E., Kpaitnosa I'.C., Tkauenko N.A., Komoropues C.B., 2025. U3narens:
Cankr-IleTepOyprckuii moautexunyeckuii yauepcutet [letpa Benukoro.
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Fig. 1. X-ray diffraction profiles (a) and thermograms (b) of amorphous alloys Fe, B .Si,, Fe,Co B ,Si,
Fe,,Co,B ,Si;, Co,,Fe,Mn B Si,

samples (Fig. 1, b). The first stage is characterized by the precipitation of a-(Fe, Co) nanocrystals

Si [11], the second and final one is the crystallization of an amorphous matrix into metallides

(FeB, Co,B).

The complex nature of the structural relaxation of amorphous alloys Fe., B .Si;, Fe ,Co B ,Si,
Fe,Co,B,,Si,, and Co, Fe,Mn,B Si, was confirmed by an analysis of the temperature dependences
of saturation magnetization in Fig. 2, a, and the Curie temperatures were determined. Alloy
Fe B ,Si, is characterized by the classical behavior of magnetization with increasing temperature
for amorphous alloys [9]. Which made it possible to directly determine the Curie temperature
T,, Table 1. Upon further heating, a paramagnetic plateau is observed before the crystallization
of the alloy begins, and the nonmonotonic behavior of saturation magnetization makes it
possible to determine the Curie temperature of the crystalline phases. Note: for amorphous alloys
Fe,Co B Si,, Fe,Co,B Si,, and Co, Fe,Mn,B Si,, the saturation magnetization does not
decrease to zero with increasing temperature, so the temperature of the onset of crystallization of
these alloys with the loss of magnetic phases is below the Curie temperature T for the amorphous
state, Fig. 2, a.
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Fig. 2. Dependence of saturation magnetization on temperature (a) and hysteresis curves (b) for amorphous alloys
Fe B .Si,, Fe Co B Si, Fe Co, B, ,Si, Co, Fe,Mn,B Si

The determination of phase transition temperatures by the DSC method made it possible
to correlate them with the characteristics obtained from thermomagnetic curves for Fe, B .Si,,
Fe,Co B Si,, Fe, Co,B Si;, and Co, Fe,Mn,B Si; alloys. Table 1. The difference is due to
a complex, multi-stage crystallization mechanism in multicomponent systems, in which non-
magnetic phases can also occur in Fe and Co transition metal alloys. Note that the addition
of cobalt and an increase in its concentration in the alloy leads to an increase in the Curie
temperature, which is associated, as mentioned below, with an increase in the exchange interaction
constant. The decrease in T, for Co, Fe,Mn,B,Si; (to 772 K) is primarily attributed to the
significantly reduced iron content (3 at.%), which is the main ferromagnetic component in this
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Table 1
Position 20, radius of the first coordination sphere R, phase transition temperatures 7,,

T,, released energy AH, obtained from DSC and vibromagnetometry methods 7, , T, , T,
Samples 20, deg. | R, A T,K T.K |T, K| T K| T,K
Fe B Si, 44.66 2.49 782 819 787 824 701
FeCo B, Si. 44.78 2.48 734 806 743 821 802
Fe_Co, B, Si. 44.96 | 247 | 744 | 804 | 774 | 832 | 86l
Co,FeMnB Si. | 4554 | 244 | 702 | 828 | 748 | 855 | 772

system. The presence of Mn with its negative exchange interaction integral further contributes to
this reduction, Table 1.

An analysis of the hysteresis curves showed that with an increase in the cobalt content in
the amorphous alloys of the Fe-Si-B system, there is a consistent decrease in the saturation
magnetization of the M and the coercive force, Fig. 2, b, Table 2. The alloy Co,,Fe,Mn,B Si,
demonstrates the lowest H . value, which makes it a promising candidate for use in devices
operating in alternating magnetic fields [10]. However, its reduced M, limits its use in highly
inductive applications. The Fe,Co (B, Si, alloy demonstrates the most balanced properties.

Studies of the saturation magnetization dependence on temperature in the range of 50 K—300 K,
at a field strength of 1000 Oe (Fig. 3, a) revealed differences in the behavior of the samples. For
the Fe-Si-B alloy, a standard increase in magnetization is observed with a decrease in temperature;
alloys with cobalt showed an abnormal bending of the curves in the region of 150 K.
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Fig. 3. Dependence of saturation magnetization on temperature in the range (50-300) K (a) and

dependence of magnetization on the external magnetic field within the limits (b) for amorphous

alloys Fe, B, ;Si,, Fe.,Co B, ,Si;, Fe, Co,B,Si, Co,Fe,Mn;B Si.. The green line shows the
approximation curve

To analyze the low-temperature dependences, a modified Bloch function was used, taking into
account the Holstein-Primakoff correction [11]:

(M (7) =M (0)-(1-B-T")+C- £, T), (1

where Mg is the saturation magnetization, B is the Bloch constant, and C is the approximation

parameter, f,, is the Holstein-Primakov function

Based on the Bloch constant obtained for amorphous alloys Fe,B,.Si, Fe,Co B, Si,

Fe Co,B, Si;, Co, Fe,Mn,B .Si,, Table 2, the spin-wave stiffness constanzf 1313[12] was calésulgted:
2
_ kg [ 2.612gp51, 3’A=D-MS, ?)
4n M B 2gUy
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where U, is the Bohr magneton, g is the Lande multiplier, and k; is the Boltzmann constant.
These characteristics B and D allowed us to obtain the values of the exchange interaction constant
A for the studied alloys, Table 2.

With an increase in the cobalt concentration in the Fe-Si-B matrix, an increase in the spin-
wave stiffness constant D is observed, Table 2 and the exchange interaction constant A. In the
Co,,Fe,Mn,B,.Si, alloy, the negative sign of the Mn exchange interaction compensate the increase

3715
in the exchange interaction due to cobalt.

Table 2
Parameters of approximation by Bloch's law and exchange
interaction constants of the studied amorphous alloys

Samples M(0),G | H,Oe | H,Oe | B,10°K>? | D, meV-A? | 4,107 erg/cm
Fe B, Si, 1416 330 | 0.32 2.48 84.9 4.77
Fe_Co B, Si, 1257 250 0.2 6.01 80.5 4.46
Fe.Co, B, ,Si, 1233 230 | 0.18 4.30 102 5.44
Co,,Fe Mn B Si, 812 110 0.02 5.69 112 3.90

The analysis of the parameters of random magnetic anisotropy for the amorphous alloys under
study was performed based on the dependences of magnetization on the external field in the range
from 0 to 90 kOe at room temperature, Fig. 3, b.

To analyze the obtained dependences, the classical law of approximation of magnetization to
saturation was supplemented by the first term of the Holstein-Primakov function. The modified
approximation equation has the following form:

oa-H Y
M=M,|1- 1( 3“) ; +yH + ANH, 3)
HZ(H2+HL2J

where H is the field of local anisotropy of magnetic correlations; H, is the correlation field, a is
the symmetry coefficient, y is the high-field magnetic susceptlblhty, and VH is the first term of
the Holstein—Primakov functlon

From the obtained approximation parameters, the values of the local anisotropy Klocal
and the length of the magnetic correlations L. are determined according to the following
formulas [13], Table 3.

K, =8 o= =2 )

Table 3

Parameters of the approximation of the curves in Fig. 3, b using the law of approximation
of magnetization to saturation, the constant of random local magnetic anisotropy

K, . the length of magnetic correlations L. for the studied amorphous alloys
Samples H , Oe M, G H,, Oe K, ., 10°erg/cm’ L., nm
Fe B ,Si, 3428 1304 1917 5.7 8.9
Fe_Co B ,Si, 2016 1286 779 3.3 14.1
Fe Co, B, ,Si, 2831 1240 1037 4.5 12.4
Co_,Fe Mn B, Si, 1110 811 309 1.2 34.4
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Conclusions

It is shown that magnetically soft amorphous alloys Fe B .Si,, Fe.,Co B, Si, Fe,Co,B,Si,
and Co,,Fe,Mn,B Si, in the range of temperatures studied are characterized by a two-stage
process of transition to an equilibrium state. The effect of cobalt content on thermal stability
shows a non-monotonic behavior. While some compositions exhibit decreased crystallization
temperatures, others demonstrate increased thermal stability, as evidenced by 7, and 7, values in
Table 1. This behavior indicates a complex interplay of structural and compositional factors, which
is associated with accelerated structural relaxation and reduced thermal stability of the amorphous
phase; there is a decrease in saturation magnetization (~ 800 Gs), as well as a significant decrease
in coercive force (0.02 Oe). The Co,,Fe,Mn,B, .Si, fast-quenched alloy has the minimum H,
but the lowest M value, which limits its use in devices with high magnetic induction. The Curie
temperature, 7. ~700 K., has been experimentally determined for the amorphous Fe, B, Sig
alloy. The addition of Co to the basic matrix is accompanied by a decrease in the crystallization
temperature and an increase in 7. for the amorphous state.

An analysis of the low-temperature dependence of the magnetization of the studied alloys
revealed an abnormal bend in the temperature range of about 150 K. This feature may be due to
the specifics of the structure of amorphous alloys, where the variability of interatomic distances
is observed, which has a complex effect on the exchange interaction, affecting not only the
quantitative characteristics, but also the sign of the exchange integral. The formation of regions
with antiferromagnetic exchange interaction is a key factor determining the characteristic feature
of low-temperature magnetic dependences in the form of an inflection of the magnetization
curve. The calculations performed showed an increase in the spin-wave stiffness constant and an
increase in the correlation length for the Co-enriched alloys studied.
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Abstract. We present a study of the growth and optical properties of an embedded InGaN/
GaN superlattice in nanowires. Nitride nanowires with embedded superlattice were grown by
molecular beam epitaxy on a silicon substrate. The optical properties of the resulting nano-
structures were studied using low-temperature photoluminescence. Photoluminescence spec-
trum of InGaN/GaN superlattice exhibits two distinct emission bands. These bands correspond
to the radiation from the different parts of the InGaN insertions. The second band in the
photoluminescence spectrum is associated with the penetration of In into the GaN barrier.
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Annoranusa. B nanHoi1 paboTe MBI peCcTaBIsieM OTMCAaHNe CUHTE3a U OTITUYECKNX CBOWCTB
cBepxpemretkn InGaN/GaN BHeapeHHO B HUTeBUIHBINM HaHOKpucTaur GaN. CuHres

MAaCCUBAa HUTEBUAHBIX HAHOKPUCTAJIOB OCYILECTBIISLICS METOAOM MOJIEKYISIPHO-TYYKOBOU
3MUTAKCUM HA KPEMHUEBOW MOIJIOXKE. OnTuyeckue CBOICTBa HaHOCTPYKTYpPp Ha OCHOBE
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HUTPUAHBIX HUTEBUAHBIX HAHOKPMUCTAJIOB ObUIM M3yuye€Hbl METOAOM HU3KOTEMIIepaTypHOIl
dotomomuHeceHuMu. HuteBuaHsie HaHOKpUcTa/UIbl GaN ¢ KBaHTOBBIMU auckamu InGaN
JEMOHCTPUPYIOT JBE OTYETIMBBIE IIOJOCHI M3JIYYCHMSI B CIIEKTpe (DOTOJIIOMUHECLICHIIMU.
[Toslochl COOTBETCTBYIOT M3JYYEHMIO OT KBAaHTOBBIX AUCKOB InGaN. Bo3HUKHOBEHUST BTOPOI
TIOJIOCHI B CITEKTpe (POTOTIOMUHECICHIIMA MOXKET OBITh CBSI3aHO C IPOHWKHOBeHUEM In B
6apeep B 0aprep GaN.
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Introduction

Recently, the study of the optical properties of nitride nanowires (NWs) has attracted the
interest of researchers. The unique properties of these direct-gap semiconductors allow for
the wavelength to be changed from the near-UV range to the near-IR range by changing the
chemical composition [1]. While the geometry of NWs allows them to grow directly on silicon.
The opportunity to create diodes based on GaN NWs with InGaN insertions has already been
demonstrated [2]. Even more single-photon emission at room temperature from InGaN quantum
dots in NWs was shown [3]. InGaN ternary compounds with a high In content (In > 30%) have
a tendency toward phase decomposition due to the notable difference in bond lengths between
In—N and Ga—N, so-called “miscibility gap” [4, 5]. This feature complicates the growth of InGaN
thin films with high In content. Moreover, the growth of high-quality InGaN/GaN epilayers
with high In content is also complicated due to the high dislocation density, resulting from the
notable lattice mismatch between InN and GaN. We investigate InGaN/GaN heterostructures
through the NW growth to overcome these limitations. Due to a very efficient relaxation of elastic
stress on strain-free sidewalls, NW heterostructures can be grown in lattice-mismatched systems
without structural defects or with a largely reduced dislocation density compared to epi-layers [6].

Materials and Methods

Growth experiments were carried out on one-side polished n-type Si substrates in a Riber
Compact 12 MBE system. The surface orientation of the substrate was (111) with a 4° miscut
toward the [110] direction. The MBE chamber is equipped with Addon RF-N 600 plasma source
and Knudsen cells of Ga and In. Prior to loading into the growth chamber, the substrate was
etched in a 47.5% hydrofluoric acid solution for 40 seconds, followed by a 60 second washing in
deionized water. After that, the substrate was transferred into the MBE chamber and thermally
cleaned at 855 °C for 20 min. Then, the substrate temperature was cooled down to 620 °C. The
substrate temperature was obtained using an Optris CT Laser 3MH1 pyrometer calibrated on the
7x7 to 1x1 surface reconstruction of the Si(111) substrate. Next, the nitrogen plasma was ignited
at a source power of 350 W with a nitrogen flow of 4.4-10~° Torr, and the substrate was nitridated
for 20 min to form thin SixNy layer. At the next stage, two monolayers of Al were deposited
onto the formed SixNy layer for 6 seconds in the absence of nitrogen plasma. Next, the substrate
temperature was increased to 805 °C, the nitrogen plasma was ignited at the same parameters,
and the Ga source was opened to grow GaN NWs. This procedure allowed one to achieve
N-polar GaN NWs. The beam equivalent pressure (BEP) of Ga corresponded to 1.5-1077 Torr.

© Cyo6oruna E.A., Cy66otuna A.C., CepoB A.}O., ®unocodos H.I., I'puauun B.O., Cubupes H.B., Lpipiun I'.D.,
IItpom M.B., 2026. Usznarens: Cankr-IlerepOyprekuii moaurexHudyeckuii yuusepcurer Iletpa Bemmkoro.
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After a 18h of growth, the Ga source was closed, and the substrate temperature was decreased to
600 °C. The In and Ga sources were opened with BEPs equal to 1-10”7 Torr each other to form
InGaN insertions. After the formation of each 3-4 nm InGaN insertion, a 9-10 nm GaN barrier
was grown at the same substrate temperature. This process was repeated 15 times to obtain a
stack of InGaN quantum wells (QW) in GaN NWs. A scheme and SEM image of the obtained
nanostructure is shown in Figure 1.

a) b)
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Fig.1. SEM image of GaN NWs with InGaN superlattice(a) and a scheme of the NW with the
superlattice structure (b)

To study the opportunity of increasing indium content in active region during the growth, a
second growth was carried out with the BEPs of In and Ga set to 1.2 x 10”7 Torr and 0.8 x 107 Torr,
respectively.

Results and discussion

The optical properties of the synthesized samples were studied using an MDR-204-2
monochromator. The samples were placed in a closed-cycle helium cryostat. The photoluminescence
(PL) was excited by a He-Cd laser (excitation wavelength A = 325 nm, radiation power
W= 50 kW-cm™2) at T = 5K.

The PL spectra of InGaN/GaN superlattices embedded in GaN NWs demonstrate two PL
bands in both samples, see Fig. 2. The PL band maxima were for 2.8 eV; 3.2 eV Sample 1 and
for 2.1 eV; 2.6 eV Sample 2, respectively. The PL maxima were successfully shifted from the blue
to the orange spectral region by increasing the In BEP and decreasing the Ga BEP. The In/Ga
ratio was 1/1 for Sample 1 and 1.2/0.8 for Sample 2.

BE GaN NWs

Sample 1|

1

1

PL Intensity, arb. units

i 4™

T
20 22 24 26 28 30 32 34 36
Energy, eV

Fig. 2. PL spectra of GaN nanowires with fifteen InGaN quantum disks
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Previously, the properties of InGaN/GaN superlattices embedded in GaN NWs were
investigated in paper [7], where two PL bands with the spacing between maxima about 0.5 eV
were also observed on the spectrum. The authors of that paper assumed that the observed PL
bands are related to the formation of two emission levels from the superlattice regions with
different indium concentrations and thicknesses. The In-rich region has greater thickness and
less indium content near the sidewalls [7]. Our additional studies confirm that, in our case,
the situation is similar. The existence of two bands could be explained in terms of spontaneous
radial segregation.

Conclusion

GaN NWs with fifteen InGaN quantum disks were grown on a Si(111) substrate using MBE
with different In/Ga flux ratios. The opportunity to overcome “miscibility gap” in InGaN NWs
is shown. InGaN NWs without structural defects and with high indium content are demonstrated.
The PL spectra of InGaN superlattices exhibit two distinct emission bands. The existence of two
bands can be explained by spontaneous radial segregation. The PL band maxima were successfully
shifted from the blue to the orange spectral region by increasing the In BEP and decreasing the
Ga BEP. Which allows us to effectively change the wavelength of radiation from the InGaN
QWs embedded in GaN NWs. The increase in the In content does not lead to the formation of
additional nonradiative recombination centers.
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Abstract. The curvature of the ferromagnetic nanostructure is among its most important
properties because of the great influence on its magnetic behavior, induced by strong shape
magnetic anisotropy. In this work, we discuss the preparation and investigation of the magnetic
properties of Pt/[Co/Pt] ,/Pt thin films on the surface of convex (nanodomes) and concave
(nanopits) nanorelief, in the form of anodized aluminum oxide and aluminum matrices with an
etched anodized oxide layer, respectively. For all samples, the presence of perpendicular mag-
netic anisotropy was observed, which was also observed in the reference samples on the smooth
surface of SiO,. We show that an increase of the anodizing voltage leads to an increase in the
interpore distance and curvature of the surface, which has a great influence on the coercive
force and residual magnetization. In addition, we present the study of magnetic configuration
of the obtained films, which showed the presence of the localization of magnetic domains on
nanodomes and possible presence of skyrmions.
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Annoramusa. KpuBuszHa ¢deppoMarHUTHONW HAHOCTPYKTYPHI SIBIISIETCSI ONHUM U3 €€
BaXKHEUIIIUX CBOMCTB M3-3a OOJBIIOTO BIMSIHUSI HA €€ MarHUTHOE IOBeleHUEe, BbI3BAHHOTO
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CWJIbHOW MarHuTHO# aHu3oTponueir dopmbl. B 3Toif paboTe MBI 00OCyXImaem ITOJTydYeHUE
Y HUCCJIENI0BAaHME MArHUTHBIX CBOWCTB TOHKMX TuieHOK Pt/[Co/Pt] /Pt Ha MOBEpXHOCTH
BBIMYKJIOTO (HAHOKYII0JIa) U BOTHYTOro (HAHOSIMKM) HaHopesabeda, B BUJe aHOAMPOBAHHOTO
OKCHJa aJIIOMUHUS M aTIOMUHMEBBIX MATPHII C MPOTPaBAEHHBIM aHOAWPOBAHHBIM OKCHIHBIM
cJ0eM, COOTBETCTBEHHO. 11 Bcex 00pas3lioB HaOJIOMAIOCh HaJu4ue TepIreHINKYISIPHOMN
MarHUTHOW aHW30TPOITMHU, KOTOPAsl TAKXKe Ha0JII01aIach B KOHTPOJIBHBIX 00pa3iiax Ha IJIaaKoi
nosepxHocTy SiO,. Mbl oKa3bIBaeM, YTO yBEJIMYEHUE HAMPSKEHUS AHOAUPOBAHUS IPUBOJIUT
K YBEJIMYEHUIO MEXIIOPDOBOTO pACCTOSIHUSI M KPUBU3HBI TIOBEPXHOCTH, 4YTO OKAa3bIBaeT
00JIbIIIOE BIUSIHUE HAa KOIPIIMTUBHYIO CUJIy M OCTATOYHYIO HaMarHUYeHHocTb. Kpome ToroO,
MBI MIPEACTABISIEM UCCIEA0BAHUE MarHUTHON KOH(MUIYpallMU MOJyYEHHBIX IJIEHOK, KOTOPOE
1MoKas3ajo HaJuvue JIOKaJdu3allMi MarHWTHBIX JOMEHOB Ha HAHOKYMOJIaX W BO3MOXKHOE
MPUCYTCTBUE CKUPMUOHOB.

KnoueBbie ciioBa: IMOPUCTBIE OKCHUAHBLIC MaATpUIllbl, aHOAMPOBAHMUE, TOHKUEC TIJICHKH,
CKMPMHNOHBI
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Introduction

In recent years, skyrmions have been center of interest in the fields of nanomagnetism and
spintronics of science due to the unique properties of these topological quasiparticles, such as high
stability, small sizes and the ability to move under the influence of low current densities [1]. Such
properties open the prospect of their effective use as a unit of information transfer and storage in
novel spintronics devices [2]. However, there are a number of difficulties that currently prevent
their widespread use, with the stabilization of skyrmions at room temperature and in the absence
of an external magnetic field [1] being among them. An approach to solving this problem is to use
curved geometries nanostructures, which can create conditions for the formation and stabilization
of skyrmions [3, 4].

Thin magnetic films with curved geometry, which are created by depositing magnetic materials
on substrates with curved nanoscale relief, are an interesting object for research, as their geometry
can cause magnetic phenomena that are not characteristic of flat films [3—5]. A recent experimental
study has shown that a curved surface of asymmetric Pt/Co/Ta can significantly increase the
stability and localization of skyrmions in nanodomes [6].

In this work, we investigate further the influence of curvature of the substrate and study the
localization of magnetic domains in thin films with symmetric Pt/Co/Pt interfaces not only on a
convex curved surface but also on a concave one to analyze the influence of mirrored substrate
relief and different anodization voltages on magnetic properties of the magnetic films.

Materials and Methods

To modulate the surface, anodic alumina oxide (AAO) and aluminum with an AAO were
used, which were obtained by electrochemical anodization of aluminum in a solution of 5%
orthophosphoric acid H,PO,. To achieve a more even surface, the aluminum substrates were pre-
annealed in a vacuum at a temperature of 500 °C for 30 minutes, then electrochemical polishing
of aluminum was carried out in a solution of 1:4 HCIO, + C,H,OH for 1.5 minutes at an initial
temperature of 2 °C (cryostat KRYO-VIST-04) and a current density of 500 mA/cm? (laboratory
power supply Agilent 6030A). After obtaining a smooth mirror-like surface, aluminum was anodized

© PoraueB K.A., Camapnak A.}1O., bazpos M.A., llluuienos A.®., Cobupo M.U., Orues A.B., Camapnak A.C., 2025.
Wznarens: Cankr-IlerepOyprekuii monmutexHuueckuii yuusepcuret Ilerpa Benukoro.

50



4 Condensed matter physics >

in a 5% solution of H,PO, at a temperature of 2 °C with a constant voltage of 90, 120 and 150 V
for 6, 4 and 2 hours, respectively. For each used voltage, two types of substrates were achieved
— first type was obtained by etching of AAO to obtain nanopits in the aluminum and second
type synthesized by etching of aluminum to obtain nanodomes on AAO. Then, using magnetron
sputtering (Omicron), Pt(4 nm)/[Co(0.7 nm)/Pt(2 nm)] ,/Pt(2 nm) films were deposited on the
surface of nanodomes and nanopits. In addition, reference samples were synthesized by deposition
of films on the flat surface of the silicon oxide substrate. The surface morphology was studied by
scanning electron microscopy (SEM, ThermalScientific SCIOS 2) and atomic force microscopy
(AFM, NT-MDT NTEGRA Aura). The magnetic properties of the samples were determined by
vibrational magnetometry (VSM, LakeShore VSM 7410). Magnetic force microscopy (MFM,
NT-MDT NTEGRA Aura) was used to visualize the magnetic configuration.

Results and Discussion

The morphology of domes on AAO templates and its imprint in aluminum as pits was
investigated by SEM (Fig. 1, @) and AFM (Fig. 1, b) prior to deposition of magnetic films. For
ease, the following sample notation was introduced: nanodomes — D, nanopits — P, the numbers
indicate the anodizing voltage divided by 10. The letter L at the end of the sample name indicates
that a magnetic film is deposited on the sample surface. As in the analysis of the dependence of
the geometric dimensions of nanodomes and nanopits on the anodizing voltage shown (Fig. 1, ¢),
with an increase in voltage, the diameter of the structures on the surface increases proportionally
from 250 = 25 nm at 90 V to 400 £ 19 nm at 150 V for nanodomes and from 270 £ 12 nm at
90 V to 390 £ 29 nm at 150 V for nanopits, which is typical for AAO. Moreover, with increasing
voltage, the height of the obtained structures also increases from 53 £ 6 nm at 90 V to 61 £ 9 nm
at 120 V and to 90 £ 11 nm at 150 V for nanopits and 40 = 6 nm at 90 Vto 52 £ 9 nm at 120 V
for nanodomes. The decrease in the height of the nanodomes with increasing voltage from 120 to
150 V and the overall lower height of the nanodomes compared to the nanopits may be associated
with the impossibility of accurately studying the relief using AFM due to the large curvature of
the surface at the boundary of two nanodomes.

BHESBEIRFIRRARE
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w

Fig. 1 SEM (a) and AFM (b) images of the surface of substrates with nanodomes (D) and nanopits
(P) obtained at different anodizing voltages. Dependence of the geometric dimensions of the obtained
nanoscale surface curvatures on the anodization voltage obtained from AFM (c¢)

After studying the geometric parameters of the nanorelief, thin Pt(4 nm)/[Co(0.7 nm)/
Pt(2 nm)] ,/Pt(2 nm) films were sputtered on the prepared substrates. The study of the magnetic
properties of the films by VSM is presented in Fig. 2. To achieve hysteresis loops, samples were
magnetized in the out of plane direction of the external magnetic field H in a range of =1 kQOe.

All samples were able to maintain out of plane anisotropy despite the different curvatures of the
underlayer (Fig. 2, a, b), yet all of the films obtained on the surface of the modulated nanorelief
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were characterized by a lower residual magnetization M, /M in comparison to the reference
sample, which may be induced by additional points of nucleation induced by inhomogeneities of
their substate surfaces. The coercive force H . of the films in nanopits decreases drastically from
244 Oe at an anodizing voltage of 90 V to 230 Oe at 120 V and 167 Oe at 150 V, while residual
magnetization follows the same trend with a decrease from 0.893 at 90 V to 0.832 at 120 V and
0.745 at 150 V. The change in the magnetic behavior of the films on nanodomes with the change
of anodization voltage is different in comparison to that of the films on nanopits, with oscillating
M,/M;and H, values. At 90 V, M,/M ; and HC are 0.69 and 160 Oe, respectively, at 120 V,
M, /M and HC increase to 0.92 and 202 Oe, respectively. With an increase of anodization voltage
up to 150 V, the decrease of these values is observed, marking values of M,/M and H . as 0.65
and 132 Oe. Since the dependences of M,/M and H . coincide more with the dependence of the
height on the anodization potential (Fig. 1, ¢), we can conclude that the height of nanodomes and
nanopits influences their magnetic behavior much more than the diameter of the pores.
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Fig. 2. Magnetic characteristics of the obtained multilayer films: (a) hysteresis of films on nanodomes
and (b) nanopits in an out of plane configuration of H, dependence of (c) residual magnetization and
(d) coercive force on anodization voltage (straight gray lines in graphs (c¢) and (d) indicate residual
magnetization and coercive force of the reference film on the surface of oxidized silicon)

The study of the domain structure of the samples by MFM (Fig. 3) showed that the magnetic
configuration of the reference film on the surface of oxidized silicon has a labyrinth domain
structure, which is typical for such films [7]. A similar structure is also observed in the film
obtained on the surface with a modulated nanorelief. In all samples, round “bubble” domains were
observed, which are signs of possible presence of skyrmions [6, 8, 9]. However, for films obtained
on the surface of nanodomes, a higher localization of individual domains on the nanodomes is
observed. The magnetic configuration of sample D12F exhibits a predominantly labyrinthine
structure with a small number of localized bubble domains. The magnetic configuration of sample
D15F demonstrates an increase in the number of bubble domains arising from the breakdown of
the labyrinthine domain structure. Sample DIF exhibits the highest number of individual localized
domains, weakly or not at all connected to their neighbors. The decrease in coercive force H,,
and residual magnetization M,/M for the D9F and D15F samples compared to the DI12F sample
could be connected to higher localization of the magnetic domains and the partitioning of the
labyrinthine domain structure into bubble domains. In contrast, the magnetic configuration of
films obtained on the surface of nanopits is mostly characterized not by localized bubble domains,
but by a labyrinthine structure, as in the control sample.

52



4 Condensed matter physics >

Fig.3 MFM image of the film scattering fields on the surface of SiO,, surface relief (postfix “R”)
and MFM image of the scattering fields (postfix “M”) of the obtained films (postfix “O” means the
imposition of the MSM image on the surface relief)

Conclusion

As a result of the carried out work, multilayer Pt(4 nm)/[Co(0.7 nm)/Pt(2 nm)] ,/Pt(2 nm)
films were obtained by magnetron sputtering on the surface of AAO substate with non-trivial
morphology. Despite the curvature of the underlayer, samples achieved on nanodomes and
nanopits tend to maintain the perpendicular magnetic anisotropy, similar to a reference sample
obtained on flat silicon oxide. It was shown that magnetic properties of the films depend heavily
on the anodization voltage during the preparation of AAO templates, with an increase in the
voltage leading to an increase in the curvature of the surface and a decrease of the coercive force
H . and residual magnetization M,/M,. In addition, the presence of bubble domains and observed
localization of magnetic domains on nanodomes were shown as a result of studying the domain
structure of the films. As was discovered, the localization of the magnetic domains heavily depends
on the curvature of the underlayer as well, and nanodomes and nanopits are characterized by
different domain structures, despite being mirror reflections of each other.
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Abstract. The magnetic properties of ultrathin Pt/Gd/Pt films prepared by magnetron sput-
tering were investigated. The Gd layer thickness varied from 1 to 15 nm. At room temperature,
the samples exhibited a weak saturation magnetization, predominantly of interfacial origin. The
measured interfacial magnetic moment was 14.5 pergG-'cm=2. The contribution of bulk Gd lay-
ers to the saturation magnetization was found to be negligible. The shape of the hysteresis loops
did not depend on the Gd layer thickness. Crystallization into a face-centered cubic structure
was observed only for the 15 nm Gd layer. The results of this study emphasize the importance
of interfacial ferromagnetism in the Pt/Gd/Pt system.
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AnHoTanmusa. McciemoBaHbl MarHUTHBIE CBOMCTBa yJbTpaTOHKMX TIuieHOK Pt/Gd/Pt,
TMOJTyYEHHBIX METOJIOM MarHeTpOHHOTo pacmbiieHus. TommuuHa cinost Gd BapbupoBajiach OT
1 no 15 um. Ilpu kOMHaTHOI TemMmepatype B oOpa3uax 3aUMKCUPOBAH CIAOBIA MAarHUTHBIN
MOMEHT HaCBIILIEHUsI, UMEIOLIUI TTPEUMYIIECTBEHHO UHTepdeiicHyto npupony. MamepeHHbIi
nHTEepGENCHBIN MarHUTHBIM MOMeHT cocTtaBuia 14,5 MxOprlc 'cMm2 Bkiax B MarHUTHBIN
MOMEHT HachlllleHUs1 OT oO0beMHbIX cioeB Gd okaszancsi mnpeHebpexumo Mmaia. Dopma
neTeab TUcTepe3nca 00pas3loB He 3aBucena oT ToamuHbl ciosd Gd. Kpucramnuszamus B
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rpaHELIEHTPUPOBAHHYIO KyOMYECKYIO CTPYKTYPY HabtogaeTcs auib npu Toiarie Gd, paBHoOit
15 uM. Pe3ynbTaThl IPpOBEAEHHOIO MCCIIENOBAHUS MOAYEPKUBAIOT BaxKHOCTh MHTEP(EiicHOTO
deppomarnetusma B cucteme Pt/Gd/Pt.
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Introduction

Gadolinium is a ferromagnetic material with a Curie temperature of 293.4 K in the bulk
state [1]. In bulk samples and thick Gd films, a hexagonal close-packed (hcp) structure is formed.
However, in ultrathin films, a face-centered cubic (fcc) phase is observed [2]. In films with a
thickness of about 10 nm and an fcc structure, a Curie temperature above 300 K was recorded,
and the saturation magnetization at 50 K reached approximately 100 ergG'cm™.

Due to its unique magnetic properties, Gd is widely used in the creation of ferrimagnetic
systems. For example, Co Gd,__ alloys exhibit ferrimagnetism [3]. The magnetic parameters of
ferrimagnetic alloys, including the compensation temperature and saturation magnetization, can
be precisely tuned by varying the alloy composition. In Pt/Co/Gd heterostructures, it has been
established that the magnetic moments of ultrathin Gd layers deposited on Co are antiparallel
to those of Co [4]. However, some studies, based on density functional theory calculations, have
shown that in Pt/Co/Gd structures, only the magnetization of the two interfacial monolayers of
Gd is oriented antiparallel to the magnetization in the Co layers, whereas the magnetization in
the bulk Gd layers is aligned parallel to that in the Co layers [5].

In multilayer Pt/Co/Gd systems, the breaking of inversion symmetry along the film normal
leads to the emergence of perpendicular magnetic anisotropy, spin—orbit torque [6], and the
Dzyaloshinskii—Moriya interaction [7]. The presence of these effects in magnetic media is
important for the development of information storage devices based on such media, for example,
skyrmion-based memory [8]. To stabilize labyrinth and skyrmion magnetic configurations,
superlattices of the form [Pt/Co/Gd], are employed [9]. It is believed that at room temperature
the spontaneous magnetization in the Gd layers is caused by antiferromagnetic coupling with the
magnetization of the Co layer, occurring at the Co/Gd interface.

In this work, the possibility of ferromagnetism arising solely from the Pt/Gd and Gd/Pt
interfaces is investigated in a symmetric trilayer Pt/Gd/Pt system fabricated by magnetron
sputtering. The aim of the study is to determine the crystal structure and magnetic properties of
the Pt/Gd/Pt system while varying the thickness of the Gd layer.

Materials and Methods

The samples were fabricated by magnetron sputtering onto naturally oxidized silicon substrates
Si/Si0,. Deposition was carried out in an Omicron vacuum chamber equipped with a substrate
holder rotating at 40 revolutions per minute and four magnetron targets, ensuring uniform
deposition of different materials without breaking the vacuum environment.

© Typmak A.A., [Mamenko A.C., I[puxoguenko A.B., Tapacos E.B., UepnoycoB H.H., KysnenoBa M.A., [laBbinenko A.B.,
2025. Uznatenn: Cankr-IleTepOyprckuii moantexHmyeckuii yaupepcutet [letpa Bemmkoro.

56



4 Condensed matter physics >

The thickness of the deposited layers was monitored using a quartz crystal thickness monitor
with an accuracy of 0.1 nm. The sample structure was Pt (3 nm)/Gd (1—15 nm)/Pt (3 nm). For
brevity, a sample with a Gd layer thickness of X nm will hereafter be denoted as Gd(X).

Deposition was carried out in an argon atmosphere at a base pressure of P, = 1x10® Torr and
a working pressure of 1x1073 to 5x1073 Torr at a temperature of 300 K.

Magnetic properties and anisotropy were investigated using vibrating sample magnetometry
(VSM) at room and low temperatures. The work presents magnetic hysteresis loops obtained with
a SQUID magnetometer. The sample structure was studied by X-ray diffraction (XRD).

Results and Discussion

Analysis of the XRD spectra shown in Figure 1 indicates that a polycrystalline fcc Gd structure
with (222) texture forms only in the Gd(15) sample, whereas thinner Gd films remain amorphous.

Gd(222) Gd (15))

Sio, [——Gd (10)
——Gd (5

Si(200) G :1)}

Pt{111)

Intensity, a.u.

10 15 20 25 30 35 40 45 50 55
20, degrees

Fig. 1. XRD spectra of Pt/Gd/Pt samples with varying Gd layer thickness; formation of the fcc
structure is observed only at a Gd thickness of 15 nm

The normalized magnetic hysteresis loops of the samples, measured at room temperature in
magnetic fields oriented parallel (IP) and perpendicular (OOP) to the sample plane, are shown
in Fig. 2, a and 2, b, respectively. The presented hysteresis loops were obtained after subtracting
the linear signal from the nonmagnetic layers of the samples and the sample holder from the
experimental loops.

a) b)

1| —aam |

| —-—Gd(s) j

S o |

T 4 1

8 | !

-1}

-10 0 10 10 0 10

H, kOe H, kOe

Fig. 2. Normalized magnetic hysteresis loops of the samples with the magnetic field oriented: in the
film plane (IP) (a), perpendicular to the film plane (OOP) (b)

The hysteresis loops of all samples have a similar shape: they are isotropic and exhibit no
hysteresis. Varying the Gd layer thickness from 1 to 15 nm does not affect the shape of the loops.
Thus, it can be concluded that changes in the crystalline structure of Gd with increasing thickness
do not significantly influence the magnetic properties of the system. The behavior of the samples
resembles superparamagnetic systems composed of non-interacting magnetic nanoparticles or
isolated magnetic crystalline grains with randomly oriented magnetic moments due to thermal
fluctuations [10, 11, 12].
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It is worth noting that hysteresis-free loops can be observed in Gd films at temperatures close
to their Curie temperature [13]. The magnetic hysteresis loops of the samples measured by VSM
were recorded at 7= 293 K, which coincides with the Curie temperature of bulk Gd. However,
in Gd films thinner than 5 nm, a reduction in the Curie temperature compared to bulk Gd is
expected due to size effects [14, 15, 16]. In such a case, the hysteresis loop shape of the Gd(1)
sample would significantly differ from those of samples with Gd thicknesses of 5 nm and above,
which is not observed experimentally.

Fig. 3 shows the dependence of the saturation magnetic moment normalized to unit area on the
Gd layer thickness. It is evident that the magnetic moment increases only slightly with increasing
Gd thickness, indicating its interfacial origin. The dependence of the saturation magnetic moment,
ms, on the thickness of the Gd magnetic layer, dGd, is described by the equation:

m ms,in.
Ss =M, dg+ St , (1)

where M, v is the volumetric saturation magnetization of Gd, mg . is the interfacial saturation
magnetic moment of Gd, and .S is the area of the magnetic film. Extrapolating the experimentally
obtained graph to its intersection with the magnetic moment axis according to equation (1) yields
the value of the interfacial magnetic moment normalized to unit area, M /8=14.5 pergG'ecm2.
Since approximately the same interfacial magnetic moment is observed in the Gd(1) sample
with the smallest Gd thickness of 1 nm, it can be assumed that in all samples the interfacial
saturation magnetic moment originates from Gd layers with a total thickness of about
1 nm. Then, the volumetric magnetization of these interfacial layers can be estimated as:
M, =m_ /S/(1 nm) = 145 ergG~'cm~3. The volumetric magnetization of the inner Gd layers
in samples with Gd thickness greater than 1 nm, calculated according to equation (1) from the
slope of the straight line shown in Fig. 3, is M, v= 3 ergG'ecm™.
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Fig. 3. Dependence of the saturation magnetic moment normalized to unit area on the thickness of
the Gd layer; the solid line represents the linear approximation of the experimental data according to
equation (1)

Temperature-dependent measurements of the saturation magnetic moment were performed
for the series of samples (Fig. 4). The results show that the magnetic moment increases by only
10—20% compared to the value measured at room temperature when cooled down to 110 K.
These findings support the conclusion that the absence of hysteresis and isotropy of the loops are
not caused by the samples being close to their Curie temperature. Cooling the samples by 200 K
below the Curie temperature would be expected to result in a significant increase in the saturation
magnetic moment.

Interfacial superparamagnetism may be observed in Pt/Gd/Pt samples. Deposition by
magnetron sputtering can sometimes cause intermixing of materials at the layer interfaces [17].
Further detailed investigation of the interface structure in this system is necessary. Nevertheless,
assuming that the nonlinear magnetic signal arises from Gd magnetic clusters embedded in the
Pt matrix, blocking of these nanoclusters can be expected at sufficiently low temperatures [10].
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Fig. 4. Temperature dependence of the saturation magnetic moment (normalized to the maximum
value in the temperature range) for samples with Gd layer thicknesses from 1 to 15 nm

Fig. 5 shows the magnetic hysteresis loops of the Gd(10) sample measured by SQUID
magnetometry over the temperature range from 4 to 300 K. It can be seen that at 4 K the
magnetization reversal occurs by a jump, while at other temperatures the reversal is gradual. Thus,
the blocking temperature of this sample lies between 4 and 50 K. A more precise determination
of the blocking temperature can be achieved by analyzing magnetization curves measured at
different temperatures under different cooling conditions — with and without an applied magnetic
field (FC — ZFC) [18].
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Fig. 5. Normalized magnetic hysteresis loops of the Gd(10) sample measured with the magnetic field
oriented in the film plane at various temperatures: 300 K (a), 100 K (b), 50 K (¢), 4 K (d)

In addition to the idea of interfacial superparamagnetism of Gd nanoclusters, the formation of
a Pt-Gd alloy at the interfaces, exhibiting ferromagnetism at room temperature, can be considered
to explain the observed results. However, no studies confirming this hypothesis have been found
in the scientific literature. It is possible that the induced magnetization of Pt atoms due to the
magnetic proximity effect plays some role in the observed ferromagnetism of the samples [19].
Notably, the magnetic proximity effect in Pt layers has been experimentally observed in systems
where Pt layers form interfaces with alloys of transition and rare-earth metals. Moreover, the
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direction of the induced magnetization in the Pt layers coincides with the magnetization direction
in the transition metal layers, regardless of whether the magnetization of the sublattices of the
transition or rare-earth metals predominates in the alloy [20]. Thus, the nature of the observed
interfacial ferromagnetism in the Pt/Gd/Pt system remains unclear, and further studies are
required to clarify it.

Conclusion

Isotropic superparamagnetic behavior independent of Gd layer thickness is observed in the
symmetric trilayer Pt(3 nm)/Gd(1—15 nm)/Pt(3 nm) system. The saturation magnetization of
the samples is predominantly due to interfacial effects, while the contribution from the bulk
Gd layers is negligible. Films with Gd thicknesses below 10 nm remain amorphous, whereas a
polycrystalline fcc phase forms at a Gd thickness of 15 nm. The interfacial magnetic moment
value in the samples is 14.5 pergG~'cm™2 at room temperature. The results demonstrate the
possibility of realizing weak interfacial ferromagnetism of Gd adjacent to heavy metal Pt layers
at room temperature.
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Abstract. The paper discusses the low-temperature growth of gallium arsenide (GaAs) nano-
wires on a silicon substrate initiated by a thin layer of lead. Typically, the growth of III-V semi-
conductor nanowires occurs via a vapor-liquid-solid mechanism with a droplet at the tip of the
nanowire. The particles on the nanowire's tip act as physical catalysts, reducing the nucleation
barrier. In case of GaAs nanowire, the droplet at the tip typically consists of Ga and a foreign
catalyst. However, at a low growth temperature of 350 °C, a different situation was observed.
The particle at the nanowire tip was found to contain a high concentration of arsenic. This sug-
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process. The particle at the tip turned out to be a mixture of silicon and arsenic, rather than
lead and gallium, indicating that the growth process followed a vapor-solid-solid mechanism.
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HUTEBUIHBIX HAHOKPHUCTAJJIOB TIPOMCXOIUT 0 MEXaHU3MY Map-XKHUIKOCTh-KpucTami. Mx poct
MMPOBOJST C MCIOJb30BaHUEM KaTaJM3aTopa, XOPOIIO PacTBOPSIOLIETOo TOJAbKO ayneMeHT Il
rpynmbl. B maHHo# paGoTe B KayecTBe MHUIIMATOPA POCTA MCITOIb30BAJICS CBUHEL, KOTOPBIN
TaK XK€ XOPOIIO PacTBOPSIET 2JeMEHT V TPYIITBI — MBIIbIK. OKa3ajloch, YTO MPU HUIKOU
temnepatype pocrta 350 °C, wmexaHu3M (HOPMHMPOBAHUS HUTEBUIHBIX HAHOKPUCTAIIOB
CUJILHO OTJIMYaeTcsl OT Kilaccuuyeckoro. YacTuila-karaaus3atop Ha BeplIMHE OKas3ajach He
CBUHIIOBBIM, & KPEMHHMEBBIM apCEHUIOM. DTO MO3BOJISIET YTBEPXKIAATh, YTO POCT HUTEBUIHBIX
HaHOKPHCTAJIOB TTPOXOIN IO MEXaHU3MY Map-KPUCTaI-KPUCTALI.

KnioueBbie caoBa: HUTEBUIHBIX HAaHOKpPUCTAJLJIbI, I/IHI/I]_[I/II/IpyeMBIﬁ CBUHILIOM POCT, POCT C
KPCMHUCBbLIM KaTaJIM3aTOPOM, MCXAaHU3M IMap-KpUCTAII-KPUCTAJLZI, MOJICKYJIAPHO-ITYYKOBaA
SIUTAKCUSA
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Introduction

The growth of arsenides and phosphides nanowires (NWs) by the Vapor-Liquid-Solid (VLS)
mechanism almost always occurs using a catalyst that dissolves group III element well [1], but
poorly dissolves group V element. The most commonly growers use precious metals such as
gold [1, 2], rarely silver [1] or copper [3], or group III elements (gallium, indium) [1, 2]. These
materials dissolve the element of the third group well, but arsenic or phosphorus poorly, which
complicates the possibility of obtaining n-type doping of NWs [2, 4]. Another disadvantage is the
blurring of the heterojunction in InGaAs/GaAs or AlGaAs/AlAs [3—35].

These problems already have some technological solutions. However, it is proposed to consider
an alternative solution for the growth of A3B5 N'Ws with a drop rich in element group V (nitrogen
group), rather than metal. Only two such catalysts are mentioned in the literature: tin [6, 7] and
lead [5]. NWs already grown with such catalyst, but tin is quite easily integrated into arsenides
and phosphides. Even more in paper [6] shown that droplet composition is Sn-As.

In this paper, the growth of GaAs NWs with a lead (Pb) catalyst is discussed. Pb dissolves both
Ga [8] and As [9] as well. Ga and Pb are immiscible liquids and easily separate into two distinct
layers [8]. Pb with As forms an eutectic system [9].

Materials and Methods

Growth experiments were carried out in a Riber Compact 12 MBE system, equipped with
effusion sources of gallium and arsenic. The growth of GaAs NWs proceeds on Si(111) substrates
with a pre-deposited layer of lead. In more details growth method is described here [5].

In order to remove the defective oxide layer, the substrates were previously treated in a weak
hydrofluoric acid solution. The deposition of a 10 nm thick lead film was carried out by electron
beam evaporation on an Auto500 (Boc Edwards) system with oil-free pumping at a residual
vacuum of at least 5x107° Torr and a sample table temperature of about 80 °C. The thickness of
the deposited layer was controlled by an optical meter and fixed to 5 nm. The purity of lead was
at least 99.99%.

After that, the substrates were transferred to a growth chamber. The substrate was heated to a
rising temperature of 350 °C. Lead dissolves quite easily in silicon, so we avoided long annealing
to prevent lead droplets from dissolving in the substrate. After stabilization of the substrate

© Cubupes H.B., Wnbku U.B., Yosrisok E.B., Comnuxko W.I1., Iltpom WM.B., Pe3nuxk P.P., Bproxanosa B.B.,
Hpipaun I.9., 2025. Uznarens: Cankr-IletepOyprekuii monmurexHudeckuii yausepcureT Ilerpa Benaukoro.
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temperature, the gallium and arsenic deposition started and NWs growth began. The gallium flux
during NW synthesis corresponded to the growth rate of the GaAs planar layer is 0.7 ML/sec. The
flow of arsenic was ten times greater than the flow of gallium. The growth time was 10 minutes.

The morphology of the surface of the samples was studied using a Supra 25 scanning electron
microscope (SEM) (C.Zeiss) equipped with the Ultim microanalysis console (Oxford Instruments
inc.). Studies of the structural properties and composition of synthesized the NWs were performed

using transmission electron methods (TEM) on a Zeiss Libra 200FE microscope equipped with
an X-Max energy dispersive X-ray detector.

Results and discussion

The results of morphology studies did not bring any surprises, most of the NWs were needle-
shaped, and some still had droplets on them, see Figure 1.
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It is natural to explain the NW shape by the gradual dissolution of lead in the NW body, as
well as the superiority of arsenic flux over gallium. The length of the NW was approximately 1.5
microns, which corresponds well with usual idea of a 10-fold increase in the NW growth rate.
The base radius is about 70 nm.

The study of the NW composition gives unexpected results. The lead level turned out to be
extremely low and practically did not differ from the error of the energy dispersion detector
(EDX). Only near the NW tips signal was greater than 2%. At the same time, the silicon content
was significantly higher than that of lead. These data for five different NWs are shown in Figure 2.
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Fig. 2. The results of measuring the Si content along NW length. Different symbols (squares, stars,

circles, triangles and pentagons) correspond to different NWs

The TEM image of the NW tip showed an elementary contrast. Several layers at the NW

tips clearly differed in composition, see Figure 3. EDX clearly indicated that the particle on the
nanowire tip contains a lot of silicon.
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The solubility of silicon in lead at this growth temperature does not exceed 1%, that is, it
cannot be silicon that got into the droplet at the initial stage. Autocatalytic growth of GaAs NWs
at such a temperature is usually not observed, and the solubility of silicon in gallium is also not
high, less than 1% [4, 10]. This means that during the growth of the NW, silicon was constantly
coming from the substrate. Silicon was etched with lead from the wafer. The mechanism of Si
etching is similar to the formation of black silicon (6-Si) via metal-assisted chemical etching [11].
Pb acted as a catalyst to etch the Si substrate surface. However, there is a difference between our
process and the formation of h-Si. In our method, active Si atoms diffuse to the NW, whereas in
the formation of 5-Si, atoms are removed through gas or liquid flow.

Fig. 3. TEM image of NW tip

No Pb was found at the top, but Si and As clearly observed. Most probably it means that
particle on the tip is one of the polytypes of SiAs. The crystal structure of SiAs has really similar
to GaAs(111)B facets [12]. Arsenic atoms form an elongated octahedron around a pair of silicon
atoms. The distance between neighboring atoms varies in range 3.7—4.7A. In the most stable
configuration, the direction of the elongated axis alternates through three layers, in our case
it’s not necessary. The As octahedra can be rotated so that the lattice mismatch between the
GaAs(111)B and SiAs facet is less than 2%.

Conclusion

The paper discusses the unusual growth of GaAs gallium arsenide NWs initiated by lead. The
growth was carried out by the MBE method in a highly nonequilibrium regime on a Si substrate.
High supersaturation was achieved by a low substrate temperature of 350 °C. At this temperature,
the solubility of Si in Ga-Pb mixtures, or Pb-As solution is less than 1%. An unexpected formation
of SiAs solid particle on the NW tip was observed. The NW growth rate with solid particle on the
tip was of the same order as for convenient Vapor-Liquid-Solid method.
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Magnetic structure of bilayer systems of thin films Pt/Co/(Co0O)
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! Far Eastern Federal University, Vladivostok, Russia
B kuznetcova.mal@dvfu.ru

Abstract. Effect of oxidation ferromagnet Co layer on magnetic parameters of thin poly-
crystalline bilayers Pt/Co/(CoQ)/Pt films have been studied. Films was obtained by magnetron
sputtering. It is established that the oxidation of the cobalt layer leads to an increase in per-
pendicular magnetic anisotropy (PMA) in comparison with non-oxidized system also the order
of oxidation layer is important. Heat treatment causes a decrease in PMA and an increase in
magnetization, which is explained by interlayer diffusion and the formation of a Pt-Co alloy.
Structural XRR-analysis showed that oxidation increases the thickness of the Co/CoO layer
and reduces the roughness of the adjacent layers. The dependence of the coercive force and
anisotropy on the oxidation sequence of the layers is found, which indicates the importance
of the structural organization for controlling magnetic properties. The results demonstrate the
promise of controlled oxidation in PMA tuning and exchange interaction in Pt/Co systems,
which can be used in spintronic devices, including skyrmion memory and elements controlled
by spin orbital momentum.

Keywords: perpendicular magnetic anisotropy, Pt/Co multilayer structures, cobalt oxida-
tion, spin-orbit interaction, X-ray reflectometry, domain structure
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MarHuTHaa CTpyKTypa ABYCJ/IOMHbIX CUCTEM
TOHKuX nsieHoK Pt/Co/(CoO)
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Annoranus. MccienoBaHo BIMSIHUE OKMCIICHUS CI0sT ¢peppoMarHeTnka Co Ha MarHUTHBIC
napaMeTphbl TOHKMX MOJMKPUCTANIMYECKUX ABYCHoiHBIX mieHoK Pt/Co/(Co0O)/Pt. O6pa3siibl
ObUIM TMOJIyYeHBl METOIOM MarHeTPOHHOIO pacIblICHUS. Y CTaHOBIEHO, YTO OKUCIEHUE CIIOSI
KobaibTa MPUBOAUT K YBEJIMUEHMIO TEPIEHAUKYISIPHON MarHUTHOI aHu3otponuu (ITMA) o
CPaBHEHMIO C HEOKUCJIEHHO CUCTEMOM, a TAKXKE UTO MOPSIIOK OKUCICHHOTO CJI0SI CYIIIECTBEHHO
BJIMSIET HA MAaTHUTHBIE XapaKTepucTUkU. HarpeB Takoil cMCTeMbl MPUBOAUT K YMEHbBIICHUIO
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[IMA u yBennuyeHWI0O HAMarHUYEHHOCTU, YTO OOBSCHSIETCS MHTepdeiicHol auddysueit u
obpaszoBanueM cruaBa Pt-Co. PeHTreHorpaduyeckuii aHaau3 MoOKasaj, 4YTO OKMUCJIEHUE
yBenmuuBaeT ToauHy cjoss Co/CoO M yMeHbIIaeT IIePOXOBAaTOCTh COCEIHUX CJIOECB.
OOHapyXeHa 3aBUCMMOCTb KO3PLUMTUBHON CHMJIBI U aHU3OTPOIIMU OT TIOCJI€I0BAaTEIbHOCTH
OKHUCJICHUS CJIOEB, YTO YKAa3bIBaeT Ha BaXKHOCTh CTPYKTYPHOI OpraHW3alWM TS YIIPABICHMUS
MarHUTHBIMU CBOMCTBaMHU. Pe3yabTaThl JEMOHCTPHUPYIOT MIEPCIICKTUBHOCTH KOHTPOJINPYEMOTO
okucieHus npu HacTpoiike [IMA u ooMeHHOTO B3amMoeiicTBus B cuctemax Pt/Co, KoTopsie
MOTYT OBITh UCIIOJIb30BaHbl B YCTPOMCTBAX CIIMHTPOHUKM, BKJIIOYAss CKUDMUOHHYIO MaMsTh U
3JIEMEHTBI, YIIpaBJsieMble CIIMH-OPOUTATbHBIM MOMEHTOM.

KioueBbie cioBa: TIEpICHOWKYJISIpPHAsS MAarHATHAs aHU30TPOIMS, MHOTOCIOITHBIC
IUICHKM, OKCUAMPOBAHME KOOAabTa, CIUH-OpPOMTAIbHOE B3aMMOICHCTBUE, PEHTTEHOBCKAS
pedaeKToMeTpusI, JOMEHHasl CTPYKTypa
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Introduction

Pt/Co and Pt/Co/MOx thin films (where M is an oxidizable metal such as Gd [1], Al [2],
or Ni [3], etc.) have attracted considerable attention in spintronics research due to their unique
interfacial magnetic properties. These systems exhibit perpendicular magnetic anisotropy (PMA)
[4], efficient spin-orbit torque (SOT) generation via the spin Hall effect [5], and a pronounced
Dzyaloshinskii-Moriya interaction (DMI) [6], all of which are crucial for next-generation
magnetic devices.

The origin of PMA in Pt/Co interfaces stems from the hybridization of Pt's 5d electrons
(which possess strong spin-orbit coupling) with the 3d electrons of the ferromagnetic Co layer [7].
This interaction leads to preferential out-of-plane magnetization, a key requirement for high-
density spintronic applications. Further enhancement of PMA and DMI can be achieved
through controlled oxidation of the ferromagnetic layer, as evidenced by studies on Pd/Co/CoO
systems [8—9]. Additionally, oxidation can introduce exchange bias effects at low temperatures
[10], which may be exploited for stabilizing magnetic configurations in device architectures.

While the Pt/Co/CoQO presents a promising platform for investigating interfacial magnetic
phenomena. The potential to tune PMA, DMI, and exchange coupling in this system makes it a
candidate for advanced spintronic applications, including skyrmion-based racetrack memory [11],
ultra-sensitive magnetic sensors [12] and other emerging spintronic devices that rely on precise
control of magnetic interactions at metal/oxide interfaces.

Materials and Methods

The samples were prepared using magnetron sputtering under high vacuum conditions, with
the SiO. substrate rotating at a speed of 40 rpm. The layer structure consisted of an initial 5 nm
Pt layer, followed by a 1 nm Co layer, a 2 nm intermediate Pt layer, and a 3 nm Pt capping
layer. The Co layer was oxidized in the magnetron load chamber under a constant pressure of
P = 1x1073 Torr for two minutes. As a result, 6 samples were obtained (two single-layer and
four bilayer films, thicknesses are given in brackets in nanometers, molar volume ratio CoO/Co
k= 1.74):

1. SiO,/Pt(5)/Co(1)/Pt(3)

2. SiO,/Pt(5)/Co(1-x)/CoO(kxx)/Pt(3)

3. §8i0,/Pt(5)/Co(1)/Pt(2)/Co(1)/Pt(3)

4. SiO,/Pt(5)/Co(1-x)/CoO(kxx)/Pt(2)/Co(1)/Pt(3)

© KysznenoBa M.A., Typmak A.A., KoznoB A.T"., [Tpuxoquenko A.B., 2025. Uznarens: CaHkT-IleTepOyprckuit moJMuTeXHUUECKU it
yHuBepcuret I[lerpa Benaukoro.
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5. Si0O,/Pt(5)/Co(1)/Pt(2)/Co(1-x)/CoO(kxx)/Pt(3)

6. SiO,/Pt(5)/Co(1-x)/CoO(kxx)/Pt(2)/ Co(1-x)/CoO(kxx)/Pt(3)

The films were heated in a vacuum oven under working pressure P =2x1073 Torr for 10 minutes
at 7= 300 °C.

The magnetic properties (magnetic moment, anisotropy field, coercive force) were determined
by analyzing hysteresis loops measured using a vibrating sample magnetometer (VSM by
LakeShore). Additionally, domain wall motion dynamics were studied using Kerr microscopy
(EvicoMagnetics), and layer roughness was evaluated based on X-ray reflectometry (XRR) spectra.

Results and Discussion

All samples exhibited perpendicular magnetic anisotropy (PMA), as confirmed by the hysteresis
loops in Fig. 1, a. The strength of the anisotropy was found to scale with the number of oxidized
layers, suggesting that interfacial oxidation plays a crucial role in enhancing PMA, likely due to
increased interfacial spin-orbit coupling and structural modifications at the Co/CoO interface.

After heating (Fig. 1, b, red dots), a noticeable reduction in PMA was observed, accompanied
by a significant increase in magnetization. This behavior can be attributed to interfacial diffusion
and structural relaxation. Heating likely promotes intermixing at the Pt/Co interface, leading to
the formation of a Pt-Co alloy, which alters magnetic interactions. The displacement of the CoO
layer and possible reduction of oxygen vacancies may weaken the anisotropy while enhancing
magnetization due to improved ferromagnetic ordering.
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Fig. 1. Magnetic parameters of samples after and before heating (a) anisotropy field, (b) saturation
magnetization per area, (c¢) coercive force

The magnetic properties of the samples varied not only with the number of oxidized layers
but also with the sequence of oxidation (whether the first or second Co layer was oxidized).
This dependence implies that the stacking order of oxidized and non-oxidized layers influences
interfacial spin interactions and strain distribution. Such variations may arise from differences in:

+ Crystal structure distortion: oxidation modifies the local coordination of Co atoms, affecting
magnetocrystalline anisotropy.

+ Interfacial roughness and strain as seen in Fig. 2, a, the order of oxidation impacts the
structural morphology, which in turn alters magnetic coupling.
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The coercivity of the samples was also sensitive to oxidation conditions (Fig. 1, ¢), likely due
to the redistribution of defects that act as pinning sites for domain walls. An increase in defect
density typically leads to higher coercivity, whereas annealing may reduce it by promoting defect
annihilation or recrystallization.

Structural characterization (Fig. 2, b) revealed that oxidation leads to an expansion of the
Co/(Co0) layer beyond its initial nominal thickness (1 nm), consistent with the incorporation
of oxygen and the formation of a graded interface. Additionally, Fig. 2, ¢ demonstrates that
the presence of the oxide layer reduces the roughness of the adjacent Pt layer, suggesting that
oxidation induces interfacial smoothing, possibly due to stress relaxation or atomic rearrangement.

The magnetic domain structure, imaged by Kerr microscopy (Fig. 3), displayed small, irregular
domains with jagged walls, indicative of strong pinning effects.
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Fig. 2. XRR-measurements (a) roughness of Co/(CoQO) layers, (b) thickness of Co/(Co0) layers, (c)
roughness of Pt-interlayer in bilayers systems
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Fig. 3. Kerr-images of domain structure after the 0.2 ms pulse of perpendicular field Hz = 10.8 mT

70



4 Condensed matter physics >

Conclusion

The study of polycrystalline Pt/Co/(CoQO)/Pt films, fabricated by magnetron sputtering, reveals
a strong dependence of their magnetic properties on the structural organization of the layers. A
critical finding is that the presence and order of oxidation in the CoO layer play a decisive role
in modulating the interfacial magnetic interactions. These films exhibit pronounced perpendicular
magnetic anisotropy (PMA), with the anisotropy field (Ha) increasing systematically as the number
of oxidized layers grows, suggesting that controlled oxidation enhances spin-orbit coupling effects
at the Pt/CoO interface.

Interestingly, while oxidation strengthens PMA, it also introduces competing effects: a
reduction in magnetic anisotropy is observed alongside an increase in the film’s net magnetic
moment. This behavior is attributed to two interrelated factors — the displacement of the oxide
layer, which alters interfacial hybridization, and the release of bulk metallic Co, which contributes
to a stronger ferromagnetic response but reduces anisotropy contributions from the interface.
Structural characterization via X-ray reflectometry (XRR) further supports these observations,
confirming that the CoO layer thickness exceeds that of the metallic Co, indicating deep oxidation
penetration and possible interfacial diffusion.

These findings highlight the delicate balance between oxidation depth, interfacial structure, and
magnetic performance in Pt/Co-based multilayers. The ability to tailor PMA through controlled
oxidation makes this system promising for advanced spintronic applications, including skyrmion-
based memory and spin-orbit torque devices.
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Abstract. In this work calcium silicide films grown by MBE method on a Si(111) substrate
at a temperature of 500 °C with deposition flux ratios NCa : NSi = 3.49, 3.98, the formation
of a epitaxial Ca,Si, film with a thickness of up to 40 nm was detected, which was proven by
XRD method. Reflection peaks in the region of interband transitions at 2.2, 2.75, 3.57 and
4.4 eV, a semi-metallic character of reflection at energies less than 0.5 eV, partial transmittance
at 0.4-1.25 eV and a unique phonon structure with Raman shifts at 102, 110, 124, 160, 190,
220, 241, 344 and 379 cm™ were detected for the first time in the reflection and Raman spectra
of the Ca,Si, film.

Keywords: silicon, Ca,Si,, MBE growth, film, crystal structure, optical functions, IR trans-
parency, free carrier absorption
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Poct nnenok Ca_ Si, metogom MJ13 Ha nognoxxke Si(111):
CTPYKTypa M onTHYecKne CBOMCTBA
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AnHotanuga. B maHHoiT paboTe Ha TUIEHKAX CWIMINMIA KaJIbIMsI, BBIPAIIEHHBIX METOIOM
MOJIEKYJISIDHO-TTy4eBOl anutakcun Ha mnomioxke Si(111) mpu rtemnepatype 500°C ¢
COOTHOIIEHUSIMU MOTOKOB ocaxaeHus NCa : NSi = 3,49, 3,98, oGHapykeHO oOpa3oBaHMe
snurakcuanbHoi teHku CaSi; TommmHOiM o 40 HM, YTO TIOATBEPXKIEHO METOAOM
PEHTTeHOBCKOW nudpakiuy. BrepBbie B CHeKTpax OTpaXeHWS W KOMOMHAIIMOHHOIO
paccesnus reHku Ca,Si, 0OHapyKeHbl MKKA OTPaXeHMs B 00JACTH MEX30HHBIX NEPEXON0B
npu 2,2, 2,75, 3,57 un 4,4 3B, TonymMeTaIMUeCKUA XapaKTep OTpaXkKeHUS MTPU SHEPTHUSIX MeHee
0,5 3B, wactuunoe mponyckanue npu 0,4-1,25 3B u yHukanbHasi (hOHOHHAsI CTPYKTypa C
KPC cnBuramu nipu 102, 110, 124, 160, 190, 220, 241, 344 u 379 cm™".

Kmoyesbie caosa: xpemuumit, CaSi,, MJID poct, mieHKa, KpUCTalInyecKas CTPYKTypa,
onrtuueckue ¢pyHkunu, MK rnpo3padHocTh, MOMIOLIEHNE Ha CBOOOIHBIX HOCUTEISIX
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Introduction

Among calcium silicides CaSi,, Ca,Si and CaSi are most common displaying interesting
optical and electrical properties and they have been grown as single-phase films on silicon [1-4].
However, the other calcium silicide Ca,Si, has not been easily grown as films and powders [5-7],
because of the peritectic reactions during its formation in addition to close energies of formation
of silicides in the Ca-Si system [8]. In paper [4] it was decided to follow the two-step method
previously used for the formation of magnesium silicide. At the first stage, a CaSi layer was
formed on the atomically clean silicon surface with the (001) orientation by the MBE (molecular
beam epitaxy) method with an average Ca supersaturation (NCa : NSi = 3.2) at a temperature
of 400 °C, and then, with additional step-by-step reactive deposition of calcium at temperatures
of 490 °C, 600 °C and 700 °C, the transformation of the CaSi lattice into the Ca,Si, lattice was
ensured. However, according to the XRD (X-ray diffraction) data [4], the resulting film consisted
of the contribution of Ca,Si, grains (small narrow peaks) and a bigger contribution of CaSi grains
(broadened peaks). The presence of two phases in the film did not allow analyzing the structure
and determining their optical functions as well as the nature of optical conductivity.

In this work, we study the growth of the film by the MBE method with an increased ratio
of Ca to Si deposition rates at a temperature of 500 °C with the following identification of the
structure of the Ca,Si, film by the XRD method and investigation the its optical and phonon
properties, including the calculations of the optical functions.

Materials and Methods

Experiments on the formation of Ca,Si, films on Si(111) substrate were carried out in an
OMICRON Compact ultrahigh vacuum setup with a base vacuum of 1x107'° Torr, as well as
a block of Si and Ca molecular beam sources and a quartz thickness gauge. A rectangular strip
of n-type silicon (4x17 mm?) with a resistivity of 1000 Ohm x cm (Si(111)-FZ1000) served as
a sublimation silicon source and a silicon substrate. The Knudsen cell made of pyrolytic boron
nitride heated with direct current was used as a Ca source. For the grown samples, the deposition
rates of Ca and Si were (7.3—8.4) nm min! and (0.9—0.95) nm min!, respectively, in different
experiments. The morphology of the films was examined using a SPM Solver P47 in the tapping
mode. The transmission and reflectance spectra were recorded at room temperature using Hitachi
U-3010 spectrophotometers and a Bruker Vertex 80v Fourier transform spectrometer in the
photon energy range of 0.05—6.50 eV. Calculations of optical functions were done in the frame
of a two-layer optical model of the film-substrate system [9]. Raman spectra excited by light
with wavelengths of 473 and 633 nm were recorded at room temperature using an NTEGRA
SPECTRA 1I setup. The crystal structure of the grown films was examined by X-ray diffraction
on a RIGAKU SmartLab diffractometer (ICH FEB RAS) in the 20 angle range from 5° to 80°
with a step of 20 = 0.01°.

Results and Discussion

Two samples (A and B) were respectively grown at different calcium to silicon flux ratios
(N, : N; = 3.49 and 3.98) and the same deposition time. After reloading of samples the morphology
of grown films were studied. At the minimal ratio of Ca to Si atom flows in samples A (Fig. 1, a),
the small number of islands on the film surfaces and the film root mean square roughness

© Tankun H.T., Tankun K.H., Kpomaues O.B., louenko C.A., 2025. Uznarens: CaHkT-IleTepOyprckuii moJMTeXHUUECKUI
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(6_) 3.7 nm is observed. At the maximum ratio of Ca/Si atomic flow (sample B, Fig. 1, b),

ms

a certain density of rectangular elongated nanocrystals (NC) on the film surface withc,_ = 4.23 nm
is observed.

0 0,5 1,0 1,5 |.|rn 0 02 04 06 08 um
Fig. 1. AFM images of the surface of the Ca silicide films in samples A (a) and B (b)

The XRD spectrum was recorded immediately after unloading from the chamber for sample B.
The XRD spectrum (Fig. 2) shows contributions from the Si substrate on which the film was
grown at 28.45° and 58.86°, corresponding to diffraction from the Si(111) and Si(222) planes. In
addition, it shows peaks from the film at several angles 20: 16.1°, 32.5°, 40.16°, 44.5°, 49.6° and
75.6°. The first peak corresponds to trigonal-rhombohedral CaSi, polymorphs (space group R3m)
of the CaSi,-3R(003) [10] plane. The second peak can be attributed to two silicides: CaSi,-3R(006)
and tetragonal Ca,Si,(220) (space group I14/mcm) [11]. According to databases, the intensities of
these peaks are approximately the same, so it is difficult to unambiguously interpret which silicide
a given peak belongs to. The third peak is in good agreement with the Ca,Si,(125). The other
three peaks are characterized by an intensity less than 1% of the intensity of the peak 2@ = 32.5°
and correspond to Ca,Si, with planes (134), (141) and (12 11), respectively.

Si(111), Cu Kg J
Si(222)

CaSiy-3R (003)
Cagi, (125)

Ca,Si, (220) / CaSiy 3R (006) ]

si(111)

XRD intensity, a.u.

CagSiy (12 1)

15 2:{! 2:5 3:0 3:5 -l:() 4:5 5:0 5:5 B;D 5:5 ?‘0 75 80
26, degree
Fig. 2. XRD spectrum of the film Ca,Si, film in the sample B

Studies of the optical transmission and reflection spectra of Ca,Si, showed (Fig. 3) that the
highest velocity ratio (3.95, sample B) provides a larger reflectivity amplitude in the 0.1-1.2 eV
range and narrower peaks, indicating better crystalline film quality. In addition, in the reflection
spectra for samples A and B in the region of photon energies greater than 2 eV, peaks with
energies of 2.20, 2.75, 3.57 and 4.4 eV are observed, which almost do not coincide with the peaks
CaSi (1.95, 2.6, 3.5 and 4.4 eV) and CaSi, (1.9, 3.2, 3.9 and 5.0) [4]. According to the XRD data
(Fig. 2) in the sample B there is an admixture of the CaSi, phase on the film surface. Calculations
of the true reflectance spectrum of the calcium silicide film for sample B from the two-layer
model [9] in the energy range of 0.1—1.2 eV showed (Fig. 3, curve R, B) that at energies below
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Fig. 3. Reflectance (R) and transmittance (T) spectra for samples A and B

1 eV a weak minimum with an energy of about 0.6 eV is observed [4]. Reflectance in all films
below 0.5 eV increases to 0.6—0.8 indicating a metallic character in the films. Registration of
transmission spectra in the far IR region (50700 cm™') showed that Ca,Si, films are characterized
by the absence of IR-active phonon modes.

From the reflection and transmission spectra, within the framework of the two-layer model [9],
calculations of the optical functions for the Ca,Si, film were performed. The spectra of the
refractive index (n) and extinction (k) are shown in Fig. 4, a. Sample B is characterized by
higher values of the refractive index and extinction coefficient than sample A, which is due to
less scattering at grain boundaries, i.e. better crystalline quality in comparison. Calculations of
the absorption coefficient in films (Fig. 4, b) showed the relative transparency of the films in the
photon energy range of 0.4—1.25 eV and a smooth increase at lower energies, which is determined
by the absorption on free carriers in them [12].

a) b)
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Fig. 4. Spectra of refraction index (n) and extinction coefficient (k) (a) and spectra of absorption
coefficient for films in the samples A and B (b)

The studies of the Raman spectrum of the film in sample B upon excitation by a laser with a
wavelength of 633 nm showed the appearance of a pronounced structure of 14 peaks with Raman
shifts (102, 110, 124, 160, 190, 220, 241, 304, 344, 379, 387, 416, 449 and 521 cm™'). When the
laser wavelength is reduced to 473 nm, some of the peaks below 190 cm™! and the peak at 304 cm™!
disappear from the spectrum, but the rest repeat the peaks with large Raman shifts. The peaks at
304 and 521 cm™' are attributed to the silicon substrate phonons (2TA and TO s, respectively).
It is known [4, 10] that a peaks at 387, 416 and 449 cm™ is observed in the CaSi, film, which
confirms the presence of the CaSi, phase detected according to the XRD data in the grown film.
The remaining 9 peaks 102, 110, 124, 160, 190, 220, 241, 344 and 379 cm'correspond to the
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Ca,Si, phase, for which there are currently no data on active Raman phonons in the literature.
These calculations are planned to be carried out together with first-principles calculations of the
electronic structure and presented in the next article.

I [—— =473 nm =
—— =633 nm| ]

SiTO]

Raman intensity, a.u.

@
3 !
v

100 150 200 250 300 350 400 450 500 550
Raman shift, cm™'

Fig. 5. Raman spectra of the CaSi, film in the sample C on the Si substrate

Conclusion

A technique for growing Ca,Si, films by molecular beam epitaxy with a variable calcium-to-
silicon flux ratio at a substrate temperature of 77= 500 °C has been developed. According to X-ray
diffraction and morphology studies, it has been established that the maximum single-phase state
of the Ca,Si, film is achieved with a calcium-to-silicon flux ratio of 3.98. A study of the optical
reflection and transmission spectra, as well as the Raman spectra of calcium silicide films, has
shown that the polycrystalline Ca,Si, film is characterized by a reflection spectrum with unique
peaks at 2.20, 2.75, 3.57, and 4.4 eV and a reflection coefficient of 0.38—0.43 with an increase in
the reflection coefficient to R = 0.8 in the far IR range. It was found that the Ca,Si, film has a
unique phonon structure with 9 peaks in the Raman shift range from 102 to 379 cm™!. Calculations
of the optical functions of the Ca,Si, films showed that it exhibits semi-metallic properties with
transparency in the photon energy range of 0.4—1.1 eV and absorption on free carriers at phonon
energies of 0.1—0.4 eV.
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Abstract. Magnesium silicide films were formed on n-type Si (111) substrates with resistiv-
ities ranging from 2 to 15 Ohm-cm (samples 1 and 2) and from 0.1 to 0.5 Ohm-cm (samples 3
and 4) using reactive epitaxy with layer-by-layer deposition of magnesium and silicon layers at
a temperature of 250 °C. The article presents the results of a study of the morphology, optical
and phononic properties, and the band gap of samples containing magnesium silicide films with
thicknesses of 496, 682, 1143, and 414 nm, according to SEM data on a cross section. Atom-
ic force microscopy showed that the films of all samples were formed by the Volmer-Weber
mechanism, with the islands coalescing into clusters and grains. The island area of the film of
the first sample ranges from 0.12 to 0.48 um?, the second — from 0.02 to 0.06 um?, the third
— from 0.01 to 0.04 pm?, and the fourth — from 0.04 to 0.09 um?. The islands coalesce into
clusters and grains. In all grown films, Raman scattering (RS) peaks were detected at 258, 348,
and 693 cm™', which correspond to the formation of Mg, Si. In the IR spectra, the minimum
transmittance at a wavenumber of 270 cm™' varies from 0.04 to 0.01, which corresponds to an
increase in the absorption of IR photons with an increase in the thickness of the Mg,Si films
in the grown samples. The reflection and transmission spectra of the grown films revealed both
interference peaks (below 1.5 e¢V) and a peak with an energy of 2.2—2.3 eV, corresponding to
the interband transition in Mg,Si. Based on the infrared absorption spectra, the indirect band
gap width was calculated for each film: 0.80 and 0.86 ¢V for samples 1 and 2; 0.77 and 0.79 eV
for samples 3 and 4.
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AnHoranusa. PopMUpOBaHUE IUIEHOK CUJIMLIMAA MarHusl OCYLIECTBIISUIOCh Ha ITOIUIOXKKAX
n-tuna Si (111) ¢ yneabHbIM conpoTuBieHueM ot 2 10 15 Om-cm (obpasusl 1, 2) u ot 0,1 1o
0,5 Om'cM (0ob6pasubl 3 U 4) cOocOOOM PEaKTUBHOUW SMUTAKCUU MPU MOCIOMHOM OCaXKIACHUU
CJI0eB MarHusi U KpeMHus mnpu temmnepatype 250 °C. B craTbe mpeacTaBieHbl pe3yJbTaThl
nccienoBaHus Mopdosiorum, onTUIeCcKnx, (GOHOHHBIX CBOMCTB M IIIMPUHBI 3aMPEIIeHHOM 30HbI
00pas3LoB, CoAepXalluX IJIEHKU CUJIMLMUAA MarHus ¢ ToamuHaMu 496, 682, 1143 u 414 um 1o
maHHbIM COM Ha monepedyHoM cpede. MeTogoM aTOMHO-CHJIOBOT MUKPOCKOITMU MOKAa3aHo,
YTO TIJIEHKM Bcex 00pasuoB (opMUpOBaJUCh Mo MexaHu3mMy Boabmepa-Bebepa, nmpu sToM
OCTPOBKM KOAJIECIUPYIOT B KJIacTepbl U 3epHa. Bo BceX BhIpallleHHBIX IIJIEHKAaX OOHapyXeHbI
MUKU KoMOrMHauroHHoro paccesHus cseta (KPC) 258, 348, 693 cm™!, KOTOpbIE COOTBETCTBYIOT
(dopmuposanuio Mg, Si. B MK-cnekTpax MMHMMaJLHOE TIPOITYCKAHUE TPY BOJIHOBOM YMCJIE
270 cm ! m3mensiercst ot 0,04 mo 0,01, 9YTO COOTBETCTBYET yBeaWdeHMIo mornomeHus MK-
(HhOTOHOB C POCTOM TOJILMHEI IJIEHOK Mg,Si B BeIpalleHHEIX 0Opa3uax. B cnekTpax oTpaxkeHus
1 TIPOMYCKaHMSI BbIPAILLIEHHBIX TMJIEHOK OOHapyXeHbl KaK MHTep(hEepPeHIMOHHbIE MUKU (HUXE
1,5 3B), Tak u nuk c sHeprueit 2,2-2,3 3B, COOTBETCTBYIOLIMI MEX30HHOMY Iepexoay B
Mg,Si. Ilo maHHBIM MHGPAKPACHBIX CIIEKTPOB MOTJIOLIEHMS, pacCUMTaHa HEMpsMas IIUpUHa
3alpelleHHOM 30HbI 11 Kaxaoi rmienku: 0,80 u 0,86 3B — o6pasust 1 u 2; 0,77 u 0,79 3B
— oOpasusl 3 u 4.

KnoueBble cjoBa: CUJIMUMA MarHus, HAHOIUIEHKHW, ONTMYECKHUE CHEKTPHI, 3amlpelleHHas
30Ha, MOP(OJIOTUSI TOBEPXHOCTHU
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Introduction

Currently, areas related to nano- and microelectronics are being widely developed in science
and technology. Many modern researchers in the field of photovoltaics are searching for
promising materials with new properties in order to increase the conversion rate of light energy
into electrical energy. One of these materials is Mg,Si nanofilms [1-3]. This material is a narrow-
band semiconductor with an indirect band gap (from 0.6 to 0.8 V) [1, 2]. Mg,Si films have a
wide spectral photostability range (200-1800 nm) and a high maximum absorption coefficient
(95%) in this wavelength range [3]. The epitaxial growth of magnesium silicide in the film form is
complicated by the high degree of Mg atom desorption from the silicon substrate at temperatures

© ®owmun [.B., ToasikoB A.B., onbirun M.O., Tankun H.T., Tankun K.H., 2025. W3narens: Cankr-IlerepOyprekuii
rnosMtexHuueckuit ynusepcuret [lerpa Benukoro.
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above 300 °C [5]. Therefore, one of the main tasks of modern researchers is also to find an
effective method for their formation. This paper discusses the optical, electronic properties, and
surface morphology of Mg,Si films formed on silicon.

Materials and Methods

The formation of Mg,Si films was carried out in the surface physics laboratory of AmSU in
a Varian vacuum chamber, a PHI-590 device, with a base pressure of 107 Pa. Two experiments
were conducted to grow Mg, Si films on n-type Si (111) substrates. The first experiment used
substrates with a resistivity of 2 to 15 Ohm-cm, while the second experiment used substrates with
a resistivity of 0.1 to 0.5 Ohm-cm. In both cases, the deposition of silicon and magnesium on the
substrates was performed using the following thermal sources: n-type Si (111) with a resistivity of
50 to 85 Ohm-cm and Mg with a purity of 99.999%. Before the films were grown, the substrates
and sources were chemically and thermally cleaned.

All samples with films were formed by the reactive epitaxy method at the substrate heating
temperature of 250 °C. A Si (60 nm) buffer layer was formed on the substrates beforehand, the
successive deposition of portions of Mg and Si was carried out.

In the first experiment, Mg and Si layers were deposited three times in a thickness ratio of
2.75:1 (sample 1) and 3:1 (sample 2). The deposition rates of magnesium and silicon were 9.4
and 1.1 nm/min, respectively. In the second experiment, Mg and Si layers were deposited in a
thickness ratio of 3:1, three times (sample 3) and four times (sample 4). The deposition rates of
magnesium and silicon were 10.7 and 1.7 nm/min, respectively.

The thickness of the formed films was determined using scanning electron microscopy (SEM),
their optical properties were researched using Raman, infrared, and visible spectroscopy, and their
surface morphology was researched using atomic force microscopy.

Results and Discussion

The AFM images of the samples (Fig. 1 and 2) were obtained using the Solver P47 microscope
in semi-contact mode.

a) b)

A

0 1,0 20 30 40 um 0 1,0 20 30 40 pm
Fig. 1. AFM images of the surface of the first (¢) and second (b) samples

Analysis of the AFM images of the film surface (Fig. 1) showed that both the first and the
second sample have a Volmer-Weber island growth mechanism [6, 7]. The lateral dimensions of
the particles are in the following ranges: length from 0.4 to 0.8 um (sample 1) and from 0.2 to
0.3 pm (sample 2), and width from 0.3 to 0.6 um (sample 1) and from 0.1 to 0.2 um (sample 2).
Based on the geometric measurements, the area of the islands for the first sample ranges from 0.12
to 0.48 um?, and for the second sample, it ranges from 0.02 to 0.06 pm?. Visualization of the AFM
images showed that the islands did not completely fuse in sample 1, but in sample 2, they coalesced
and formed clusters. The cluster sizes of the second sample in the XY plane are as follows: length
from 1.4 to 1.8 pm, and width from 0.7 to 1.4 pm. Their area ranged from 0.98 to 2.52 uym?2. In
addition to the islands, a triangular step with a depth of 30 nm is clearly visible in the surface
relief. Based on the above, the first sample has a more developed surface relief than the second.
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By analyzing the AFM images of samples 3 and 4 (Fig. 2), it was found that the growth of
the films also followed the Volmer-Weber mechanism [6, 7]. In the third sample, the size of the
islands ranges from 0.1 to 0.2 um, and in the fourth sample, it ranges from 0.2 to 0.3 um. The
area of the islands ranges from 0.01 to 0.04 pum? (sample 3) and from 0.04 to 0.09 um? (sample 4).
The islands coalesce into larger grains of about 0.5 pm, with an area of 0.25 pm?, in sample 3.
In sample 4, the coalescence of the islands is less pronounced. There is heterogeneity due to the
presence of punctures with a depth of about 20 nm in the surface relief of the third sample. The
fourth sample has almost no punctures. Based on the above, it can be concluded that sample 4,
compared to sample 3, contains a film with a less developed surface relief.

The thickness of the grown films was determined from the analysis of the SEM images of the
cross-sections of the samples obtained using a Hitachi S-3400N electron microscope (Fig. 3).
Based on the image analysis results, the film thickness of sample 1 is 496 nm, sample 2 is 682 nm,
sample 3 is 1143 nm, and sample 4 is 414 nm.

0 10 20 30 40 um 0 10 20 3,0 40  pm
Fig. 2. AFM images of the surface of the third (a) and fourth (b) samples

b)

S-3400N 10.0kV 10.4mm x35.0k SE 4 S-3400N 10.0kV 6.5mm x35.0k SE

Fig. 3. SEM images of samples 1 (a), 2 (b), 3 (¢), and 4 (d)
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The samples were examined by Raman spectroscopy using an NTEGRA Spectra II (NT-
MDT) spectrophotometer at a laser wavelength of 473 nm. Raman spectra are shown in Figure 4.

The spectra have all the peaks characteristic of Mg,Si at raman shifts of 259, 349, and
693 cm™! [4, 8, 9]. These maxima indicate the excitation of longitudinal optical phonons (F,
LO, 2LO0O, respectively) in this film material. The graphs (Fig. 4) show a low-amplitude peak at
480 cm™', which is consistent with amorphous silicon according to [4, §].

The far-infrared transmission vibrational spectra (Fig. 5) were obtained using a Bruker VERTEX
80v Fourier spectrophotometer.
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Fig. 4. Raman scattering spectra for samples 1 and 2 (a), 3 and 4 (b)
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Fig. 5. Infrared transmission spectra for samples 1 and 2 (a), 3 and 4 (b)

The light transmission spectra through the samples (Fig. 5) show a minimum at a photon wave
number of 610 cm™'. According to sources [8, 10], this peak corresponds to the excitation of a
phonon in Si. At the same time, the graphs show a minimum in the transmission coefficient at
270 cm™!, which, according to [8, 10, 11], corresponds to the fact that the formed films contain
Mg,Si. The presence of a peak at 270 cm™ is due to the excitation of the transverse optical
phonon TO, which is responsible for the absorption in the silicide films of all samples. The
minimum transmission value corresponding to Mg Si for the formed films is 0.03 (sample 1),
0.02 (sample 2), 0.01 (sample 3), and 0.04 (sample 4). This is due to the fact that thicker films
transmit less of the incident light. The above results are consistent with the SEM data presented
in Figure 3.

The IR-UYV transmission spectra (Fig. 6) and reflection spectra (Fig. 7) were obtained using
the following spectrometers: Bruker VERTEX 80v and Spectrophotometer U-3010.

From the graphs of the transmission coefficient as a function of photon energy (Fig. 6), it
can be seen that there is an alternation of minima and maxima in the range from 0.2 to 1.1 eV.
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Fig. 6. Near- and mid-infrared transmission spectra for samples 1 and 2 (a), 3 and 4 (b)
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Fig. 7. Reflection spectra for samples 1 and 2 (a), 3 and 4 (b)

This, according to [1, 2], indicates the interference features of the films. In the energy range of
1.1 to 1.3 eV, there is a significant decrease in the transmission value. This is due to absorption,
both in silicon [12] and partially in magnesium silicide [3], which is related to the specific
electronic structure of magnesium silicide films in the samples. At energies above 1.3 eV, the
absorption coefficient of silicon increases significantly, and the transmission of the film-substrate
system approaches zero. The absorption coefficient in magnesium silicide also increases due to
interband transitions, which is characteristic of the semiconductor Mg,Si [10].

The reflection spectra in the IR region of the spectrum in the energy ranges from 0.2 to 1.8 eV
(Fig. 7) show alternating maxima and minima of interference, as well as peaks in the visible
region at 2.3 (samples 1, 2) and 2.2 eV (samples 3, 4), which are attributed to indirect band Mg,Si
according to [6, 8, 10]. Due to the relatively small thickness, the transmission of Mg,Si films is
still noticeable at photon energies in the range of 1.2—1.5 eV [3]. This leads to the appearance
of the first interference maximum in the reflection spectrum at a photon energy of about 1.5 eV
(Fig. 7) when light is reflected from the film-opaque silicon substrate system at these energies.
The intensity of the maxima increases smoothly with decreasing photon energy, which is due to
a decrease in the absorption coefficient in the transparency region, but not to zero. The latter is
determined by the absorption on defects [12] in the grown films. The increase in the intensity of
the peaks at 2.3 and 2.2 eV is associated with a decrease in grain scattering in the films in samples
3 and 4, as well as with an improvement in their crystalline quality. The latter is confirmed not
only by an increase in intensity, but also by a decrease in the half-width of the reflection peaks. In
samples 1 and 2, an increase in light scattering on the film grains reduces the reflection coefficient
due to multiple reflections on the grains and partial loss of light during absorption in the grains.

To calculate the indirect band gap of the formed Mg,Si semiconductor films, we plotted the
dependence of the square root of the absorption coefficient on the photon energy (Fig. 8).
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Fig. 8. Absorption coefficient spectra for samples 1 and 2 (a), 3 and 4 (b)

According to the results of geometric calculation of the indirect band gap from absorption
spectra, according to the method described in [6, 7], the following values of this parameter were
obtained: 0.80 and 0.86 eV for the first and second samples; 0.77 and 0.79 eV for the third and
fourth samples. These values are close to the reference values (0.6-0.8 eV) [1, 2]. Higher values
of the indirect band gap in Mg,Si films in samples 1 and 2 compared to samples 3 and 4 may
be due to increased uncontrolled scattering of light on numerous grains and increased errors in
extrapolating experimental data.

Conclusion

Thus, this work presents the results of Mg,Si film formation on Si (111) by reactive epitaxy
with layer-by-layer deposition of magnesium and silicon at a substrate heating temperature of
250 °C. The film thicknesses in the samples were 496, 682, 1143, and 414 nm for the first, second,
third, and fourth samples, respectively. The island growth mechanism of films was revealed using
atomic force microscopy. The area of the film islands varies in the following ranges: from 0.12 to
0.48 um? (sample 1), from 0.02 to 0.06 pum? (sample 2), from 0.01 to 0.04 pm? (sample 3), and
from 0.04 to 0.09 um? (sample 4). The surface morphology of the films is also characterized by the
presence of grains and clusters caused by the coalescence of islands. Using the Raman spectroscopy
method, silicide formation was detected in all samples based on the peaks corresponding to Mg,Si
phonons: F, (259 cm™), LO (349 cm™), and 2LO (693 cm™'). The formation of Mg,Si in the
films of all samples was confirmed by IR vibrational spectroscopy, based on the presence of a
strong absorption peak for the 270 cm™! phonon in the transmission spectrum, whose amplitude
correlates with the thickness of the grown films. The reflection spectra of the grown films show
a peak at an energy of 2.2-2.3 eV, which also confirms the formation of Mg,Si in all the films.
However, the best crystal quality of the films and the maximum amplitudes of the reflection peak
at 2.3 eV are observed for samples grown with an increased ratio of magnesium deposition rates
to silicon, which provides a more uniform surface with minimal roughness. Based on the results
of geometric calculations of the band gap width of Mg,Si films, it was found that the band gap
width for the first sample is 0.80 eV, for the second sample it is 0.86 eV, for the third sample it is
0.77 eV, and for the fourth sample it is 0.79 eV. Based on the above, it can be concluded that the
reactive epitaxy method, with the sequential deposition of magnesium and silicon portions, allows
for the formation of magnesium silicide films with specified properties by changing the deposition
rate ratio towards magnesium enrichment.
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Introduction

One of the main limitations of X-ray radiotherapy is the lack of selectivity of ionizing
radiation action on the tumor, which leads to increased risks of unwanted irradiation of healthy
tissues and, consequently, the occurrence of side effects such as inflammation, scarring, and
functional impairments in the irradiated area. An equally important aspect of this problem is
the impracticability to deliver radiation doses sufficient for radical treatment, which, in turn,
necessitates additional fractionation of radiotherapy sessions [1, 2], thereby increasing the burden
on medical personnel and equipment as well as on patients.

Therefore, a relevant task is to develop new methods to enhance the efficiency of converting
the energy of therapeutic X-ray beams within a targeted region of the body. One promising
approach to increase tumor contrast involves introducing high atomic number nanoparticles into
the specified volume [3, 4]. The increased probability of interactions between metals and photons,
relative to biological tissue, results in a higher number of interaction events between nanoparticles
and radiation. In its turn, induced secondary radiation creates an additional dose component in
the vicinity of the nanoparticle, thereby amplifying its destructive effect on the tumor. The short
mean free path characteristic of X-ray-induced secondary radiation ensures that these effects are
localized, reducing the risks of overexposure to non-targeted organs and tissues.

This work aims to investigate the features of irradiation of composite Fe,O,-SiO,-Au nanoparticles,
specifically focusing on determining how the size and number of gold nanoparticles on the surface
of Fe,0,-Si0, influence the yield of secondary radiation emitted from nanoparticle surfaces.

Materials and Methods

The nanoparticle model was based on data from real systems with a “core-shell-satellite”
structure: a magnetite core coated with a thin film of amino silica, onto which gold nanoparticles
are attached [5]. The systems are presented in two configurations which differ in the nanoparticle
coverage density on the surface of the SiO, adhesion layer. The average number of GNP per
Fe,0,-Si0, nanoparticle was 16 = 4 for the first system and 40 + 12 for the second. The
average size of the iron-containing core was 62 £ 10 nm for both systems. The size of the gold
nanoparticles (GNP) on the adhesive layer surface was 13.7 £ 1.9 nm and 9.5 = 1.8 nm for the
first and second systems, respectively [5].

A series of numerical experiments was performed to identify the features of X-ray irradiation of
the described nanoparticles. A more detailed description of the simulation model, creation method,
and calculation methodology is presented in our previous work [5]. Here are the key parameters.

© Mapxkun H.C., Topnees U.C., MBannukoB C.U., Camapuak A.1O., Camapnak A.C., Oraes A.B., 2025. WUznatens: CaHKT-
[MeTepOyprckuii moauTeXHMYeCKUii yHuBepcuteT [letpa Bemmkoro.
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The simulation of radiation transfer processes was performed using the general-purpose radiation
transport Monte Carlo code PHITS version 3.33 [6—9]. In this work, the track-structure mode
was utilized in all geometric areas for particles with energies ranging from 100 eV to 10 keV. For
interactions involving particles with energies higher than 10 keV, the EGS5 (Electron-Gamma
Shower) code was used as part of PHITS.

Table 1
Geometric parameters of targets and model comparison

A system equivalent in chemical

This work composition [5]
Setl 87 2 10 31 87 2 5 331
Set2 87 2 10 62 87 2 5 661
Set3 87 2 10 208 87 2 SH* -

Notations: d[Fe,0,], d[Au] — diameter of Fe,O, core and Au nanoparticles; t[SiO,] — thickness of SiO,
adhesive layer; n[ Au] — the number of Au nanoparticles on SiO, adhesive layer.
**The adhesive layer was coated with a continuous layer (shell) of Au with a thickness of 5 nm.

An approach based on a spherical Fibonacci lattice was used to implement a physical model
of the experimentally obtained core-shell nanoparticles [10]. Such approach allows to achieve
uniform distribution of gold nanoparticles on the surface of adhesion layer of SiO,. The coordinates
of the AuNPs on the SiO, shell surface were defined in the geometry for PHITS simulations using
the FitsGeo code [11]. This study considered four configurations of core-shell-satellite geometry.
The targets parameters are demonstrated in Table 1.

The target was irradiated with a parallel monoenergetic X-ray beam. The photon energy was
50, 100, and 150 keV. At each independent simulation, 108 primaries were transported to provide
good statistics. The flat circular radiation source was positioned so that its axis coincided with the
centre of the nanoparticle. The diameter of the source coincided with that of the nanoparticle.
The source was placed close to the nanoparticle.

We considered the physical processes responsible for electron generation and the spectra of
secondary electrons crossing the sphere that encloses the target. To account for changes in the
geometric parameters of the radiation source and detectors (their area) relative to similar parameters
used in previous work [5], data on the particle flux crossing the sphere was renormalized.

Results and Discussion

At the first stage, the spectra of secondary electrons emitted from the target surface were
analyzed. The overall shape of the spectra for a system with large gold nanoparticles (10 nm) is
similar to that recorded from the surface of previously analyzed systems with smaller nanoparticles
(5 nm) [5]. To assess the effect of nanoparticle size, the obtained spectra were conventionally
divided into several regions: the Auger electron region (6—10 keV), and the photoelectron regions
at 30—40 keV, 70—95 keV, and 80—120 keV for primary beam energies of 50, 100, and 150 keV,
respectively, corresponding to emissions from iron and gold. The electron fluences within each of
these energy ranges were summed. The intensity of electron emission for systems with different
nanoparticle sizes but identical gold content is comparable across all energy ranges, regardless of
the primary photon energy. The data indicates the absence of self-shielding effects as particle size
increases for high-energy (>1 keV) electrons.

A significant reduction in secondary electron emission with an increase in the GNPs size in the
system was recorded in the low energy region (< 1 keV) of the spectrum (Table 2). A dependence
of this effect on the density of the GNPs coverage was also identified. Let ®, and ®@,, be the flux
of secondary electrons with kinetic energy <1 keV for systems with a GNPs diameter of 5 and
11 nm, respectively. The ratio @ /@, increases with an increase in the surface concentration of
GNP on the SiO, shell.
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Fig. 1 Simulated spectra of secondary electrons emitted from the target (for example, 11nm 228p

system) surface during its irradiation by photons with different energy (where K-L, K-M, L3-M,

L2-M, and L1-M indicate the energy differences between the corresponding electron shells of

atoms) (a); comparison of the emission intensity of Auger electrons (b, ¢, d) and photoelectrons (e, f, g)
from the target surface for 50, 100, and 150 keV photons respectively

Table 2
Geometric parameters of targets and model comparison
D, O 1073, 14 1073 Viaer 11107
cm™ I\S/IeV’1 cm’121 MeV™! /Dy Waterrﬁsrf ’ " rfrlrlf s
*Setl 4.61 (5.5) 2.99 (4.2) 0.648 (4.3) 123.2 339.2 0.363
*Set2 5.19 (6.7) 3.57(3.8) |0.688 (3.8) 101.5 318.3 0.319
*Set3 8.25(4.2) 8.12(2.5) |0.985(2.5) 0 2159 0

Notations: *Setl-3 corresponds to the numbering in Table 1.
The relative error in determining the parameters is given in parentheses.

The increase in electron emission with increasing of GNP lattice density can be attributed
to a decrease in electron path length into the aqueous medium. In rarefied systems, the
mean path length of secondary electrons passes through the water-filled volume between
the GNPs and the detector increases. This leads to lower measurement results. This
hypothesis is confirmed by the value of the Pearson coefficient R = 1 for the dependence
D /P = f(Vyser 11 / Vivaer 5)» Where Vi and V. — is the volume of water filling the

space between the GNP and the bounding sphere (electron detector) for systems with a GNP
size of 5 and 11 nm, respectively.
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Conclusion

PHITS calculations revealed that the emission intensity of secondary electrons with energies
above 1 keV from Fe,0,—SiO,—Au nanoparticles is independent of the size of the gold nanoparticles,
given their uniform distribution on the adhesive layer. The stability of the secondary electron
emission intensity with energy >1 keV is because the average thickness of the gold layer that an
electron must pass does not exceed its mean free path in gold [12]. A decrease in emission intensity
was observed in the low energy region of the spectrum (£ < 1 keV). This effect is attributed to the
model parameters, specifically the absorption of electrons in the water filling the volume between
the GNPs. The presence of this effect precludes a definitive conclusion regarding the presence or
absence of effects associated with the self-shielding of electron of this energy group. In the future,
it is planned to replace the interparticle medium with a vacuum.

The main factors controlling the configuration of dose fields are the chemical composition of
the nanoparticles and the energy of the primary photon beam.
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Abstract. We report the fabrication and structural study of TiO, nanopillar arrays produced
by two-step anodization of Al/TiN bilayer (1000 nm/250 nm). The as-prepared nanopillars are
amorphous; their structural evolution was investigated upon air annealing in the 300—800 °C
range. Annealing at 300 °C initiates crystallization, at 500 °C predominantly nanocrystalline
anatase is formed, while at 800 °C grain growth and coexistence of anatase and rutile are
observed. The array morphology (diameter ~20 nm, pitch ~50 nm, height ~150 nm) remains
intact even after high-temperature treatment. These results indicate that ~500 °C is an optimal
annealing condition to obtain pure anatase while preserving the nanostructured geometry,
which is important for photocatalytic applications and for using TiO, nanopillar arrays as plat-
forms for hybrid SERS-substrates.
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crpyktypel  Al/TiN (1000 ©wm/250 HM). B ucXomHOM COCTOSIHUM HaHOCTOJIOUKU
amopdubl. Orxur npu 300 °C mHumuMupyet Kpucrammmsauuio; npu 500 °C dopmupyercs
NpEeuMYILLIECTBEHHO HaHOKpucTaaauueckuii aHatas; npu 800 °C HabaomaloTcss pocT 3epeH U
cocylllecTBOBaHME aHaTa3a u pytuiaa. Mopdonorus maccuba (quametp ~20 HM, war ~50 HM,
BeIcOTa ~ 150 HM) coxpaHsIeTcsT Jake IOcje BEICOKOTEMITepaTypHOil 00paboTKM 6e3 CIIeKaHUS
cronoukoB. [TokaszaHo, uro ~500 °C gBimseTcss ONTUMAIBHBEIM PEXKMMOM IIOJTyIeHMST aHaTa3a
IIpY COXPAaHEHUU HAHOCTPYKTYPUPOBAHHOM I'€OMETPUM, UTO BAXKHO MJisI (POTOKATATIUTUYECKUX
MIPUIOXEHUI U UCTIONL30BAHUSA MACCUBOB HAaHOCTONOUKOB TiO, Kak miuatdopm A1 TMOPUAHBIX
SERS-nomnoxex.

Kmouesbie cnosa: nanocronouku TiO,, anogupoBanue, GOTOKATaIN3, aHATA3, PYTUI
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Introduction

Titanium dioxide (TiO,) is a popular functional material in nanotechnology due to its excellent
photocatalytic properties [1—3], chemical stability, and bioinertness [4, 5]. It is widely used
for photocatalytic decomposition of organic pollutants, water and air purification [6], as well
as in solar energy devices [7] and sensors [8]. The photocatalytic activity of TiO, essentially
depends on its phase state and surface morphology. Amorphous TiO, is known to have much
lower photocatalytic activity compared to crystalline forms due to rapid recombination of charge
carriers [9]. Anatase (metastable tetragonal phase of TiO, with a bandgap width of ~3.2 eV) usually
exhibits higher photocatalytic efficiency than rutile (stable tetragonal phase with a bandgap width
of ~3.0 eV) due to slower recombination of photogenerated electron-hole pairs [10]. Rutile, in
turn, possessing a narrower band gap, has an absorption spectrum extended into the visible region,
but the high rate of charge recombination reduces the efficiency of rutile-only photocatalysts [11].
On the other hand, a combination of phases (e.g., anatase-rutile mixed structure) can improve the
total photocatalytic activity by broadening the spectral response [12]. Therefore, the control of the
phase composition of TiO, is a key factor in the development of high-performance photocatalytic
systems.

To date, many approaches to obtain nanostructured TiO, [13] have been proposed, ranging
from sol-gel technologies [14] and hydrothermal synthesis [15] to anodic oxidation [16—18].
Among them, the anodization of massive titanium is particularly prominent, which allows
the formation of highly ordered arrays of TiO, nanotubes directly on the metal surface [19].
Classical anodization of Ti leads to the formation of an array of densely packed hollow
nanotubes. In recent years, the approach of anodizing thin films of Ti or TiN through a
sacrificial Al layer has been developed, which allows to obtain arrays of vertically oriented TiO,
nanopillars [20] separated by a certain distance. By varying the anodization modes and heat
treatment conditions, it is possible to vary the geometry of such an array as well as the phase
composition of TiO,. Thus, the combined anodization of Al/TiN layers opens possibilities
for the synthesis of ordered 3D nanostructured TiO, substrates with controlled morphology
and phase state. In this work, two step anodic synthesis of TiO nanopillar arrays on Al/TiN
substrate was realized and their morphology and structural evolution during thermal annealing
in the range of 300—800 °C were investigated.

© Bosikosa JI.C., I'pumun T.C., Jynun A.A., Hazapkuna 10.B., [lyoxos C.B., I'pomos [I.T"., I'aBpunos C.A., 2025. U3narens:
Cankr-IleTepOyprckuii moautexunyeckuii yauepcutet [letpa Benukoro.
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Materials and Methods

TiO, nanopillar arrays were fabricated by two-step anodization of a silicon substrate with Al/
TiN/SiO, layers (1000 nm/250 nm/300 nm). The anodization procedure followed the scheme
described in [21]. In the first step, the Al layer was anodized in a 5% H,SO, electrolyte at a
constant current of 7, = 0.07 mA and voltage U, = 30 V for ¢, = 2.5 min. During this stage, a layer
of nanoporous anodic aluminum oxide (AAO) was formed and subsequently removed by chemical
etching in a CrO, + H,SO, solution. As a result, a quasi-ordered hexagonal array of dimples was
formed on the surface of the remaining Al.

In the second step, the anodization of the Al layer was carried out in the same electrolyte,
starting from U, = 30 V with a voltage ramp of 1 V every 5 s up to U, = 115V, followed by a
constant-voltage anodization for 7, = 5 min. At this stage, the anodic oxidation front reached
the TiN layer through the thin AAO barrier layer, initiating localized oxidation of TiN at the
pore bottoms and leading to the formation of vertically oriented TiO, nanopillars confined by the
pore geometry. The remaining porous AAO was removed by a second etching in CrO, + H,SO,
solution for 10 min, after which the samples were rinsed with deionized water and air-dried.

To investigate the phase evolution of the fabricated TiO, nanopillars, the samples were annealed
in air for 60 min at 300 °C, 500 °C, and 800 °C. Annealing was performed in a muffle furnace with
a heating rate of ~5 °C/min. After annealing, the samples were allowed to cool naturally to room
temperature together with the furnace.

The morphology of the obtained nanostructures was examined using a dual-beam scanning
electron microscope (SEM) Helios G4 CX (TFS, USA). The internal structure and phase
composition of the nanopillars were studied with a transmission electron microscope (TEM)
JEM-2100 Plus (JEOL, Japan). For TEM analysis, thin cross-sectional lamellac of the arrays
were prepared using a focused ion beam (FIB). To protect the region of interest from unwanted
ion-beam damage, the samples were pre-coated with a thin amorphous carbon layer.

Results and Discussion

Fig. 1 shows typical SEM images of the fabricated TiO, nanopillar arrays. The top-view image
(Fig. 1, a) confirms the regularity of the structure: the nanopillars form an ordered hexagonal
array with a pitch of ~50 nm. SEM images with 52° tilt (Fig. 1, b) demonstrate that the nanopillars
are approximately 150 nm in height. The pillars have slightly conical shape; some of them are
bended at the base, but their tips are predominantly oriented perpendicular to the substrate. The
nanopillar diameter at the base is ~20 nm, tapering to ~10 nm toward the top.

a) b)
P X PR R A T e A I TG TR Lo S W R T 1B

Fig. 1. SEM images of the formed array of TiO, nanopillars: top view (a), 52° view (b)

The nanopillars are firmly anchored to a thin continuous underlayer formed as a result of
TiN anodization. This layer provides mechanical stability of the array and prevents delamination
from the substrate. Thus, the two-step anodization method enabled the formation of vertically
oriented TiO, nanopillar arrays with reproducible geometric parameters (diameter, height, and
pitch), robustly fixed to the substrate. No residual Al or porous AAO fragments are observed on
the surface, which confirms the completeness of the anodization and subsequent etching process.
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(220)

— (020)

Anatase

. S0
Fig. 2. TEM image of a cross-sectional view of TiO, nanopillars array before annealing. The nanopillars
are coated with amorphous carbon, which was sputtered to protect the array from undesirable effects of
the ion beam (a). Electron diffraction patterns obtained from unannealed (b), annealed at 300 °C (c¢),
500 °C (d), 800 °C (e) nanopillars

Despite their well-defined morphology, the nanopillars are amorphous immediately after
anodization, as confirmed by TEM observations (Fig. 2, a): HRTEM images do not reveal ordered
atomic planes typical of crystalline structures, and the selected area electron diffraction (SAED)
pattern shows only an amorphous halo and a bright central spot corresponding to the direct beam
(Fig. 2, b). The absence of distinct diffraction rings indicates the lack of crystalline grains of
appreciable size. The high intensity of the central spot with a very weak amorphous background
is explained by the fact that the electron beam passes mainly through empty space between the
pillars (due to the low material filling of the selected area), so the fraction of electrons scattered
by the structure is small.

Low-temperature annealing at 300 °C initiates the onset of TiO, crystallization, although the
overall degree of crystallinity remains low. After annealing at 300 °C, the nanopillars are still
predominantly amorphous; however, the SAED pattern exhibits the first signs of ordering: weak
diffraction rings are observed (Fig. 2, ¢), most likely corresponding to anatase reflections. Due to
the small number of reflections and low intensity of the rings, definite phase identification is not
possible. It is likely that at 300 °C nanocrystallites with a size of only a few nanometers begin to
form within the nanopillars.

Significant structural changes occur after annealing the nanopillars at 500 °C (Fig. 2, d).
Direct observation of nanocrystallites in HRTEM images is complicated by the carbon coating;
nevertheless, the SAED patterns clearly indicate the presence of anatase. Compared to the 300 °C
sample, the amorphous halo in the 500 °C diffraction pattern is substantially weakened, and the
diffraction rings have “spotty” appearance. Such “spotty” ring appearance may indicate crystallite
growth and a modest orientation spread; however, this interpretation could not be confirmed by
HRTEM because direct lattice imaging was limited by the carbon coating on the FIB-prepared
lamella.

During annealing at 800 °C, the most pronounced changes in the phase composition of TiO,
occur. The SAED pattern of the sample annealed at 800 °C (Fig. 2, e) is characterized by the
appearance of well-defined diffraction rings of significantly higher intensity, with distinct spot
reflections, indicating an increased degree of crystallinity. The measured interplanar spacings
suggest the coexistence of both anatase and rutile phases. Thus, at 800 °C the onset of the anatase-
to-rutile phase transition is observed, which is consistent with literature data on the stability
ranges of TiO, polymorphs [22]. It should be emphasized that the nanopillar morphology is
preserved after crystallization.
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Conclusion

Two-step anodization of the Al/TiN structure (1000 nm/250 nm) enables the formation of
quasi-ordered arrays of vertically aligned TiO, nanopillars with a diameter of about 20 nm and
a height of ~150 nm. In the as-prepared state, the nanopillars are amorphous. Annealing at
300 °C initiates their crystallization, while annealing at 500 °C results in crystallization into the
anatase phase, with preservation of the nanostructured morphology. High-temperature treatment
at 800 °C leads to grain growth and the coexistence of anatase and rutile phases, while the original
nanopillar morphology is retained.

Crystallization of TiO, into the anatase phase at ~500°C is important for achieving high
photocatalytic activity under UV irradiation. This annealing temperature can be considered
optimal for realizing UV-induced photocatalytic self-cleaning of the surface. In addition, TiO,
nanopillars can serve as a 3D-scaffold for plasmonic nanoparticles [23], opening the possibility
of creating hybrid SERS substrates that combine Raman signal enhancement with photocatalytic
surface self-cleaning [24].
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Abstract. The search of minimal enthalpy structures of ternary magnesium alloys of differ-
ent stoichiometry Mg . Sl Ge, under pressure P < 6 GPa has been performed using the software
suite USPEX 1mplement1ng the evolution algorithm combined with the density functional
theory (DFT) approach. The evolutionary search has yielded new possible ternary compounds
of the stoichiometries Mg, ,Ge,Si, Mg.Ge,Si,, Mg.Ge,Si,, Mg GeSi,, Mg, Ge,Si,, Mg,Ge,Si,,
Mg, SiGe, and Mg,GeSi, which have negative enthalpy of formation at pressures in the range of
0 to 10 GPa and which are not substitution solutions of Ge on Mg,Si matrix (or Si on Mg,Ge
matrix). These compounds have metallic properties and formation enthalpies comparable to
those of binary silicides Mg,Si. Phonon spectra investigations indicate that only first five of
them are stable showing no imaginary frequencies.
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Annoramusa. C momomnpio makera mnporpamm USPEX, peanusyiomux 3BOTIONMOHHBIC
AJrOPUTMbl Ha 6a3e Teopuu (PYHKILIMOHAJIA IUIOTHOCTU, ObLT IPOBEACH ITOMCK ONTUMAaJIbHbIX
CTPYKTYp TBEPIbIX PAaCTBOPOB MarHus, 0J0Ba M MarHus pasHoil crexuomerpun Mg Si Ge,
non maBieHuemM P < 6 I'Tla. B pe3ynbrare 3BOJIOLIIMOHHOrO TOMCKAa OOHApPY>KEHBI HOBbIG
BO3MOXHBIE TPEXKOMIIOHEHTHBIE CTPYKTYphl coctaBa Mg ,Ge.Si, Mg Ge,Si;,, MgGe.Si,,
Mg GeSi,, Mg,Ge,Si,, Mg,Ge,Si,, Mg,SiGe, n Mg,GeSi, KoTopbie MMEIOT 0Tpm{aTeany10
sHTaIbNNIO hopMupoBaHus B auarna3zone nasieHuii 0 < P< 10 I'Tla u He SBASIOTCS TBEPABIMU
pacTBopamu 3amenieHus atomoB Si aromamu Ge B Mg,Si-marpuue unu atomoB Ge atoMamu
Si B Mg,Ge-marpuue. DTH COENMHEHNS UMEIOT METAIMYECKUE CBOMCTBA M WX JHTANLIUA
o0pa3oBaHUsl COM3MEPHMMA C SHTAIbIMENd 00pa3soBaHUs OMHAPHBIX CHIMLKAOB Mg,Si.
CTaOWIBHOCTD TISITM M3 TIOJYYEHHBIX CTPYKTYp TOATBEpPXHAETCS pacueTaMy UX (DOHOHHBIX
CIIEKTPax, B KOTOPBIX HE HAOIIOMAETCS MHUMBIX (DOHOHHBIX MOJI.
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Introduction

Since the 1960s, Mg, X (X = Si, Ge, Sn) compounds and their solid solutions have shown
promise for thermoelectric energy conversion due to high efficiencies, high melting points,
narrow band gaps, and environmental safety. These materials are used in thermal elements,
infrared detectors, solar cells, and hydrogen energy storage. Despite waning interest in the early
2000s, compositional flexibility and similar crystal structures have revived interest. Mg,Ge is
soluble in Mg Si and vice versa [1—8], enhancing thermoelectric performance through improved
conductivity [9]. Varying germanium concentration tailors properties for energy conversion.
For example, Mg,Si Sn_with low thermal conductivity is favorable for thermoelectric
energy conversion [10]. However, challenges exist in forming solid solutions and optimizing
microstructure. Successful synthesis requires uniform structures [11, 12], highlighting the need
for thorough investigation. Further research is needed to improve properties by exploring dopants
and optimizing synthesis techniques [13].

Computational methods are crucial in material discovery, being more efficient than
experiments. These computational searches allow researchers to rapidly explore a wide range of
systems, uncovering novel phenomena and facilitating the discovery of new promising materials.
Recent successes with two-component magnesium-based compounds suggest potential for three-
component Mg | 81 Ge, alloys. Anti-fluorite structure is the only one considered in the analysis of
magnesium stanmdes as both magnesium silicide and magnesium germanide share this structural
form. Evolutionary optimization has reproduced known phases and predicted new structures under
high pressures. The aim of this study is to identify optimal structures in the three-component
Mg Sl Ge, system using modern evolutionary optimization techniques [14], and to investigate the
stablhty of these structures both at ambient pressure conditions as well as at pressures ranging
from 0 to 10 GPa.

Calculation procedure

For evolutionary modeling of the three-component Mg-Si-Ge system, Universal Structure
Predictor: Evolutionary Xtallography (USPEX) algorithms were applied in the variable composition
mode [15-17]. During the evolutionary search, from 40 to 60 generations of structures were
produced depending on the convergence, which was considered to be achieved when the most
energetically favorable structure remained unchanged for 20 consecutive generations. Each
generation contained 20 structures and the first generation contained more than 120 structures,
with 4 to 32 atoms per every structure. The structures of the first generation were randomly
selected from the list of 230 space groups. In the following generations, 50% of the lowest-energy
structures were inherited from the previous generation, 10% of the structures were produced by
lattice mutation, 10% of the structures were obtained by atom transmutation, and the remaining
30% of the structures were generated randomly. All USPEX generated structures were then
relaxed using the conjugate gradient method implemented in the VASP software [18], the one-
electron wave functions were expanded in a plane-wave basis with a kinetic energy cutoff of
E_ . = 500 eV. The exchange-correlation potential chosen based on the Purdue-Burke-Ernzerhof
parameterization in the generalized gradient approximation [19]. Brillouin zone sampling was
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performed using a Monkhorst-Pack mesh with a k-point resolution of ©x0.1 A™'. The enthalpy at
a zero temperature was determined using relationship F = E + PV, where E is the total energy,
P is the external pressure, and V' is the primitive cell volume.

Results and Discussion

For calculations of three-component structures at ambient pressure conditions it is useful to
carry out their studies at several pressures [20-22]. Then there are quite a lot of them compared to
the calculations at ambient pressure conditions, which allows to study their £(P) dependences in
more detail and to select the most stable compounds. Three pressure values of 1 GPa, 4 GPa and
6 GPa were used to calculate germanium-silicon alloys and more than five and a half thousand
structures were obtained by evolutionary search. Thus, if at 6 GPa we more than a hundred
structures with negative enthalpy of formation, at 4 GPa there are only two, and at 1 GPa there
are only three with energy close to zero. Since too few three-component systems are stable at low
pressures, the structures obtained at non-zero pressures were used for their calculation, as will be
shown below.

Table shows the lattice parameters and enthalpies of formation of the most stable convex hull
compounds of magnesium, silicon and germanium obtained by evolutionary methods at external
hydrostatic pressures of 1, 4 and 6 GPa. At a pressure of P=1 GPa, the convex hull is formed by five
vertices, one of which corresponds to the ternary compound Mg, GeSi, of space group 146 and two of
which correspond to the binary silicides Mg,Si and Mg,Si, of space groups 129 and 167, respectively.

Table
Structures, corresponding to the vertices of the
convex shell at pressures of 1, 4 and 6 GPa

C(l));f;(s)lslirteign Lattice parameters Symmetry
1 GPA/ Mg Si,Ge a":ﬁb:ggojf 61 ?ojo R3 (146)
1 GPA/ Mg Si, a=b :a7:'4g f;c:g(l)f'zz A R-3C (167)
1 GPA/ Mg,Si a=b B + };‘fy’i ;060'90 A PA/nmm (129)
4 GPA/MgSiGe, | :E'gféf ; j ;’Olf iz 5952§A PI1(1)
4 GPA/ Mg SiGe, | (:1 8:";‘; fé‘;,bﬁisg'f)if\” ;" _ 3'52_2;&’ P1(1)
4 GPA/ Mg Si a“:ﬁb:gg:fi é&o’o Fm3m (225)
6 GPA/ Mg SiGe | i’ 1:79135,])[3::37’8.665\,’ 5 _ S 6(10 A, Pm (6)
6 GPA/ Mg Si Ge, | Z 5: (;68 fg‘;’bﬁ__gg"(‘)ésé’ ; _ %‘?gf’ P1(1)
R R e e
6 GPA/ Mg Si “ :ab:;f SoAyC: 152%2 A, P6 /mme (194)
6 GPA/ MgSi, s 2290AC; 15054 R-3m (166)
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The remaining two structures, corresponding to the bulk structures of germanium and silicon,
are not shown in Table and described below. At a pressure P = 4 GPa, the convex hull includes
bulk Ge and Si structures, two asymmetric ternary compounds Mg Ge Si, and Mg Ge.Si,, and a
binary silicide Mg,Si of correctly defined space symmetry group 225. At a pressure P = 6 GPa, the
convex hull is formed by three ternary alloys Mg,Si,Ge,, Mg Si,Ge, Mg,SiGe and three binary
silicides of different stoichiometries from 2/3 of Mg and 1/3 of Si (Mg,Si) to 1/4 of Mg and 3/4
of Si (MgSi,), in addition to the bulk Ge and Si structures. The ternary alloys at this pressure have
symmetries down to 1 (P1) for Mg,Si,Ge, and Mg Si,Ge and 6 (Pm) for Mg, GeSi. The binary
silicides have symmetries as low as 2 for MgSi and as high as 166 for MgSi, and 194 for Mg Si.
For a detailed study of the stability of energetically favorable structures under various pressures,
Table results were recalculated for pressures from 0 to 10 GPa with geometry re-optimization.
Fig. shows the most stable structures with negative formation enthalpy obtained by optimizing
evolutionary search results. It also includes calculations for ternary compounds formed by Sn—Ge
substitution or rearrangement in Mg-Si-Sn structures [23], as well as optimized convex hull
structures from Si«<>Ge atom exchange. Surprisingly, these structures are more stable than those
obtained from evolutionary search. For example, Mg SSiGe,, derived from MgSi,Ge by Si-Ge
atoms exchange and relaxation, is the most stable structure in the 1.15—10 GPa range. At ambient

—MgSi,Ge, Mg SiGe,
—— MgSi,Ge,| —— Mg,SiGe
----MgSi Mg SiGe
— Mg, SiGe, | -~ - - Mg Si,Ge,
—— Mg SiGe | —MgSi,Ge
—— MgSi,Ge | —MgSiGe,

Enthalpy, eV/atom

o 2 4 6 8 10

Pressure, GPa

Fig. Enthalpy-pressure E(P) dependence for the most energetically favorable crystal structures obtained
by optimizing the results of the evolutionary search and their corresponding derivatives from the Mg-
Si-Sn structures (see text for details)

pressure, only the cubic anti-fluorite Mg, Si structure (Fm3 m symmetry) is more stable than them.
Linear extrapolation from Fig. suggests Mg Si,Ge will become less stable at around 11.5 GPa,
with Mg SiGe being the most stable above 15 GPa. Mg, ,SiGe3 structure (I4/mmm symmetry)
was created from Mg ,SiSn, by replacing Sn atoms with Ge ones. Another structure, Mg, SiGe
(P-1 symmetry), was derived similarly from Mg,SiSn, At pressures P> 44 GPa, Mg,SiGe becomes
more stable than both Mg SiGe, structures. Mg Si,Ge structures from evolutionary search, shown
on Fig., are lower in enthalpy than Mg,Si one at pressures P > 8 GPa, but higher than Mg Si,Ge,
and Mg,SiGe ones at P =4 GPa and P = 6 GPa, respectively. The latter structures may become
more stable at higher pressures based on linear extrapolation of E(P) dependencies. Therefore,
their electronic structures should also be examined.

In order to investigate the conductive properties of three-component systems at ambient
pressure conditions, the band structures and total density of states of the most energetically
favorable compounds Mg, Sl Ge, have been calculated. All of the alloys considered have states
at the Fermi level, 1ndlcat1ng that they all exhibit metallic properties to some extent, unlike the
binary compounds Mg,Si and Mg,Ge, which are semiconductors under normal condmons

To verify the dynamical stability of three-component alloys, phonon dispersion curves at
ambient pressure conditions have been calculated for most of the lowest energy structures — see
additive materials in [24]). This analysis was conducted by deriving force constants from atomic
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forces and displacements, as implemented in the PHONOPY code [25, 26]. The results indicate
that the phonon dispersion curves do not exhibit any imaginary frequencies for Mg ,Ge,Si,
Mg Ge Si,, Mg Ge,Si,, triclinic Mg SiGe,, Mg,Ge,Si,, thereby confirming the stability of the
respective compounds. In contrast, the spectra of hexagonal Mg SiGe,, orthorhombic Mg,SiGe
and monoclinic Mg,SiGe structures displays a pronounced negative dip near special k-points
(see additive materials in [24]), providing evidence for their instability relative to the other ones.
Nevertheless, structures energetically favorable at high pressures non-symmetric Mg SiGe, and
cubic Mg ,SiGe, are still stable, which makes it possible for them to exist along with the known
Mg,Si and Mg,Ge structures.

Conclusion

The results of the evolutionary search of three-component systems allowed to obtain new
possible structures of the stoichiometries Mg SiGe,, Mg GeSi,, Mg ,Ge,Si, Mg SiGe, Mg,Ge,Si,,
Mg,SiGe, Mg Si,Ge, and Mg Si,Ge, with the ternary compound Mg, ,Ge,Si being the most stable
one. All of them have a negative enthalpy of formation, comparable to the enthalpy of formation
of binary structures Mg,Si and Mg,Ge in the studied pressure range 0 < P < 10 GPa. Phonon
dispersion and density of states calculations confirmed the dynamical stability and metallic
properties of the newly identified ternary alloys besides the Mg,SiGe, Mg, SiGe and MgSSiGe,
ones. Density of states calculations indicate the ternary alloys exhibit metallic properties, unlike
the binary silicides and germanides.
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Abstract. A methodological approach is presented for quantitative analysis of geometric
parameters of nanoparticle arrays, in particular the measurement of interparticle spacings,
using a Delaunay triangulation algorithm. The development is motivated by the critical role
of interparticle spacings in the formation of “hot spots” in surface-enhanced Raman scatter-
ing (SERS). The algorithm for automatic identification of nanoparticle centers in microscopy
images and calculation of distances between nearest neighboring particles via Delaunay trian-
gulation is described, along with data filtering criteria and the accounting of boundary effects
to improve statistical reliability. The methodology is demonstrated on self-assembled arrays of
nanoparticles obtained by thermal annealing of thin Ag films. The advantages of the proposed
method and its limitations are discussed. The originality of the approach and its applicability to

nanometrology and morphological analysis of nanostructured surfaces are emphasized.

Keywords: nanoparticles, interparticle spacings, Delaunay triangulation, SERS, hot spots,
nanometrology, surface morphology
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Annoranusa. B paboTte npencraBieHa MeTOAMKA KOJMYECTBEHHOTIO aHaJI3a TeOMEeTPUUECKUX
napaMeTpoB  MAacCHMBOB  HAHOYACTUI, B YAaCTHOCTM  MEXYAaCTUYHBLIX  PACCTOSIHUIA,
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C WCIIOJIb30BAaHUEM aITOpUTMa TpHaHTyasIuuu JlenoHe. AKTYyaJlbHOCTb TaKOro IIOAXOJa
00yCJIOBJIEHA KJIIOYEBOM POJIbIO MEKYACTUYHBIX 3a30POB B (DOPMUPOBAHUU «TOPSIYUX TOUYCK»
B CIIEKTPOCKOIMM TUTAaHTCKOTO KomOuHauumoHHoro paccesHust (I'KP). B pabore omnucan
MOAXOM K aBTOMATUYECKOMY OIIPENeJeHUI0 LIEHTPOB HAHOYACTHUIl HAa MHUKPOCKOIMYECKMX
M300paKeHUSIX M BEIYMCIICHUIO PACCTOSTHUI MEXKIY OTMKAUTITIMA COCETHUMMI HAaHOYACTUIIAMMU,
BKITIOYasl (DUIBTPAIINIO JaHHBIX M yUeT KpaeBhIX 3(P(PEKTOB IS MOBBIIICHUST CTATUCTUICCKOM
HaleXXHOCTU. MeTonuka MpoaeMOHCTPUPOBAHA Ha IIpUMEPE CaMOOPraHM30BaHHbBIX MACCUBOB
HaHOYaCTHUIl, COPMUPOBAHHBIX MTPU TEPMUUYECKOM OTXKHUTe TOHKUX TJIeHOK Ag. O0CyKIaroTcs
MPEUMYIIECTBA MPEIJIOXKEHHOrO MOAX0Aa M €ro OrpaHUYeHMsI, a TAKXKe ero MpUMMEHUMOCTh B
HAaHOMETPOJIOTUHU U MOP(OJOTMIECKOM aHaJIM3e HAHOCTPYKTYPUPOBAHHBIX ITOBEPXHOCTEA.

KiroueBbie ciioBa: HAHOYACTUIIBI, MEXYACTUUHBIC PACCTOSIHUSI, TpUaHTyIsauus JlenoHe,
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Introduction

Formation of arrays of plasmonic nanoparticles on solid surfaces is actively used to create
substrates exhibiting the surface-enhanced Raman scattering (SERS) effect [1]. One of the
most technologically straightforward methods for forming such arrays is the self-assembly of
nanoparticles by thermal annealing of thin metal films [2]. At the same time, they do not possess
the strict regularity achieved by lithographic methods, but significantly surpass structures obtained
in liquid-phase processes in terms of the uniformity of spatial distribution [3]. Nevertheless,
the morphology of such arrays remains sensitive to the formation conditions, which requires its
quantitative control [4].

The efficiency of SERS signal enhancement in such arrays is largely determined by their
morphology: particle size, array density, and, in particular, interparticle spacing. Narrow gaps
between nanoparticles lead to the formation of so-called “hot spots” [5], providing maximal
enhancement. As we showed previously [6], for arrays of silver nanoparticles the optimal gap
is on the order of 20 nm, whereas an increase beyond ~40 nm leads to a sharp decrease in the
probability of hot-spot formation.

For optimal tuning, a quantitative morphological analysis is required, including the evaluation
of the distribution of interparticle spacings. While existing approaches to evaluate the mean
nanoparticle size [7], particle sphericity [8], and array density are satisfactory, traditional approaches
to estimate the mean interparticle spacing (e.g. manual measurements or indirect, density-based
estimates) are subjective or labor-intensive. In this work, we present a methodological approach
for automated evaluation of interparticle spacings in arrays of plasmonic nanoparticles based
on Delaunay triangulation. The approach is demonstrated on arrays of nanoparticles formed by
annealing a thin Ag film.

Materials and Methods

Ag nanoparticle arrays were formed on Si (100) substrates with a thermally grown SiO, layer
300 nm thick. Thin Ag films with equivalent thicknesses of 2—12 nm were deposited by magnetron
sputtering (Q300TD Plus, Quorum, UK) using a 99.995% Ag target. The base pressure was

© Bosikosa JI.C., I'pumun T.C., Jynun A.A., Hazapkuna 10.B., [lyoxos C.B., I'pomos [I.T"., I'aBpunos C.A., 2025. U3narens:
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~1 x 10~ mbar and the argon working pressure was ~1 x 102 mbar. Thermal annealing was carried
out at 80—300 °C in N, for 10 min. The sample morphology was examined by scanning electron
microscopy (Helios G4 CX, Thermo Fisher Scientific, USA), and the images were used as input
data for subsequent quantitative analysis of interparticle spacings.

Results and Discussion

To quantitatively evaluate interparticle spacings in arrays of plasmonic nanoparticles, we
employed an algorithm based on Delaunay triangulation [9]. This approach objectively identifies
pairs of nearest neighbors and computes the distribution of distances across the entire array. The
main steps of the method are outlined below.

At the first step, images of nanoparticle arrays are processed using a watershed segmentation
algorithm based on the classical Vincent algorithm [10]. This approach makes it possible to
correctly identify individual nanoparticles, including segmentation of closely spaced objects.
After segmentation, the coordinates of their centers of mass (x, y) are determined and used for
subsequent calculations.

At the second step, a Delaunay triangulation is constructed over the set of nanoparticle
centroid coordinates — the plane is partitioned into triangles such that no other point lies inside
the circumcircle of any triangle. Owing to this property, the edges of the triangulation connect
nearest-neighbor pairs, which enables identification of nanoparticle pairs for the subsequent
calculation of interparticle spacings.

At the third step, for each pair of neighboring nanoparticles (i, j), defined by the edges of the
triangulation, the Euclidean distance between their centers is calculated (1):

a = (m=x) +(n-2,)" »

The resulting array d describes the distribution of center-to-center distances across the entire
nanoparticle array. From this dataset, statistical parameters can be calculated, such as the mean
center-to-center distance.

In the fourth step, the center-to-center distances are, if necessary, converted into edge-to-edge
(interparticle) distances (2):

spacing __jcenter
AP = di = (r 1), )

where r, u r, are the radii of the corresponding nanoparticles.
Since real nanoparticles are not ideal spheres, the radius of an equivalent disk is used as a size
metric (3):

Tog = > (3)
eq T s
where S is the projected area of the particle in the image.

When analyzing the data, filtering criteria must be applied to exclude distorting factors and
random artifacts. First, any incorrectly identified “particles” should be excluded — for example,
small noise objects from segmentation or fused agglomerates that do not represent individual
nanoparticles. To achieve this, constraints on the allowable range of object area/size are introduced
at the segmentation stage (for instance, objects much smaller or larger than typical nanoparticles
in the sample are excluded by default).

Secondly, after constructing the Delaunay triangulation, it may be necessary to filter out
edges that do not correspond to true nearest neighbors. While the triangulation generally links
actual nearest neighbors, in cases of non-uniform nanoparticle distribution some edges may be
significantly longer than the average. Excessively large distances between points indicate that,
although these particles are connected by a triangulation edge, they are in fact too far apart. In
the context of plasmonic resonance interactions, such particles cannot be considered nearest
neighbors. Therefore, an upper threshold d__ can be introduced for a’ with edges exceeding this
value excluded from the statistics. The threshold is selected based on physical considerations;
filtering by dmax allows one to focus specifically on local interparticle distances that are crmcal
for the formation of “hot spots”.
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When analyzing nanoparticle arrays, particular care must be taken with those located at the
image boundaries. A nanoparticle situated near the edge of the image may not have all of its
nearest neighbors within the field of view; as a result, the Delaunay triangulation for such a
limited dataset connects it only with neighbors inside the frame, often yielding overestimated
distances. Moreover, for a nanoparticle positioned at the image boundary (whose projected area
is only partially captured), the equivalent disk radius will be strongly underestimated. To eliminate
systematic error, the influence of boundary nanoparticles must be minimized. Therefore, in
the analysis, only nanoparticles fully contained within the image area should be considered.
An alternative or complementary approach involves introducing an artificial boundary: beyond
the image, mirror reflections of edge nanoparticles are drawn, creating the effect of a periodic
continuation of the structure. When the triangulation is constructed, this artificial periphery
makes it possible to obtain more accurate connections for boundary nanoparticles.

To obtain reliable estimates of interparticle distances, a sufficiently large sample size is required
— an analysis of hundreds of nanoparticles and thousands of neighbor pairs usually provides the
necessary statistics. The assessment of stability includes not only the mean value but also measures
of dispersion: the standard deviation (o), the coefficient of variation (C,, = 6/d,,). As the number
of analyzed nanoparticles increases, the error of the mean decreases as (4):

Ad =—2_ (4)

I

where M is the number of neighbor pairs.

In addition, the shape of the distance distribution is also taken into account. In real arrays,
it may deviate from a purely random form due to correlations in particle arrangement: regular
structures lead to a narrowing of the distribution, whereas aggregation results in a “tail” of
large distances. Constructing histograms and evaluating their characteristics makes it possible to
identify and describe these features in the arrays.

Example of application

The proposed methodology was applied to analyze the evolution of morphological parameters in
arrays of silver nanoparticles formed by thermal annealing of discontinuous Ag films with equivalent
thicknesses of 2—12 nm on Si/SiO, substrates [6]. Figure 1 shows typical SEM images for a series
of samples: with increasing annealing temperature, the nanoparticles grow larger and the structure
becomes less dense as a result of fragmentation, surface diffusion, Ostwald ripening, and coalescence.

Fig. 1. Morphology of Ag nanoparticle arrays obfained by annealing a 6 nm thick film at different
temperatures: (a) without annealing; (b) 80 °C; (¢) 90 °C; (d) 100 °C, (e) 110 °C, (f) 120 °C, (g) 140 °C,
(h) 160 °C, (i) 200 °C
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Each image was analyzed using the Delaunay triangulation method, which made it possible to
automatically determine the distribution of interparticle distances. Figure 2 shows the dependence
of the mean distance on the annealing temperature for films of different initial thicknesses. For
thinner initial films (< 6 nm), a monotonic increase in interparticle distance is observed, whereas
for thicker films (> 8§ nm), non-monotonic trends appear, associated with the competition between
particle coalescence and growth.
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Fig. 2. Dependence of the mean interparticle spacing between Ag nanoparticles on annealing
temperature for different initial film thicknesses [6]

Conclusion

A methodological approach has been proposed for the quantitative evaluation of interparticle
distances in arrays of plasmonic nanoparticles based on Delaunay triangulation. The method
makes it possible to automate the processing of microscopic images, objectively identify pairs
of neighboring nanoparticles, and calculate distance distributions while accounting for filtering
criteria and the exclusion of boundary particles. The methodology described in this work was
implemented in a software developed in Python 3 [11].

The application of the methodology to arrays of silver nanoparticles formed by thermal annealing
of thin films demonstrated its effectiveness for analyzing morphological evolution. The obtained
dependencies of the mean interparticle distance on annealing temperature and initial film thickness
reflect the competition between fragmentation, diffusion, and coalescence processes.

The described approach represents a convenient and reproducible tool for nanometrology,
enabling the correlation of morphological characteristics with the functional properties of
nanostructured substrates.
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AnHoTanuda. JlazepHO-MHAYLUPOBAHHbIC IEPUOAUYECKUE TTOBEPXHOCTHBIE CTPYKTYPbI
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MaTepuajiax C HallpaBJICHHEM OPWEHTAILIMU, 3aBUCSIINM OT COCTOSIHUS TIOJISIpU3aIvM J1azepa,
0osiee CIIOXXKHBIE MOP(DOJIOTUM OYEeHb BOCTPEOOBAHBI MIJIsl IEPCIIEKTUBHBIX MPUMEHEeHUN. 31eCh
MBI IEMOHCTpUpPYeM (OPMUPOBAHUE IBYMEPHBIX KBaapaTHBIX M rekcaroHanbHbix JIMTITIC
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Introduction

Laser-Induced Periodic Surface Structures (LIPSS) represent micro- and nano-scale surface
relief patterns formed on material surfaces under impact of laser irradiation [1]. The LIPSS
morphology (period and orientation direction) determined by both laser parameters (wavelength,
polarization, pulse energy) and the material properties enables to tailor optical, mechanical,
and chemical properties of surfaces through a direct and cost-effective fabrication process. As a
result, LIPSS have used in diverse fields of applications such as photonics [2], sensing [3], and
biomedicine [4].

Traditionally sub-wavelength one-dimensional (1D) LIPSS formed with linear polarized
laser irradiation were studied on surfaces of metals, semiconductors, and dielectrics under the
impact of continuous wave or pulsed lasers radiation ranging from ns to femtosecond pulse time
duration. Moreover, two-dimensional (2D) LIPSS exhibiting multi-directional periodicity have
recently attracted significant research interest. Various techniques were proposed to induce 2D
LIPSS, including the impact of laser irradiation with polarization state differ from linear one
and more sophisticated approaches such as double-pulse irradiation with orthogonal polarization
directions. In particular, using circular or elliptical laser polarization, 2D LIPSS pattern in form
of hexagonal lattices were demonstrated in case of Si thin film processing [5]. In addition, impact
of cross-polarized laser pulses enables a diversity of 2D morphology from squared to, triangular
and rhombic lattice on surface of cobalt [6]. There are also studies demonstrating 2D LIPSS
formation using linear polarization and double-pass approach [7].

The formation of 2D LIPSS on the surface of chalcogenide phase-change materials (PCMs)
has attracted significant interest due to its potential for applications in tunable photonic devices
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and metasurface manufacturing. For instance, the formation of 2D LIPSS was demonstrated on
the surface of bulk As,S, chalcogenide glasses irradiated by a focused beam from a femtosecond
Ti:sapphire laser [8]. These structures represent a superposition of LIPSS with the period of
760 nm oriented simultaneously in the direction parallel and perpendicular to the polarization of
incident light. In another study, a hierarchical structure is observed in the form of a highly ordered
two-dimensional grating induced by femtosecond laser irradiation on a surface of chalcogenide
vitreous semiconductors thin films (As,Se,) [9]. The periodicity along one axis is provided by
the presence of low spatial frequency LIPSS (LSFL) with a period of 490 £ 5 nm, and in the
orthogonal direction—by high spatial frequency LIPSS (HSFL) with the period of 190 = 10 nm
resulting from the interference of various plasmon polariton modes generated under intense
photoexcitation of nonequilibrium carriers within the film.

Here, we present the results on the formation of hexagonal thermochemical 2D LIPSS on
thin metal films (Cr and Hf) based on the impact of linear polarized laser radiation and double-
pass approaches. Moreover, the formation of two-dimensional structures of different morphology
on thin film of phase change material Ge,Sb,Te, (GST) was demonstrated despite a different
mechanism of LIPSS formation in this case.

Materials and Methods

Amorphous GST (200 nm), Cr (20 nm) and Hf (15 and 50 nm) films were deposited by using a
DC magnetron sputtering system onto glass substrates. Experiments on formation LIPSS on thin
films were performed under the impact of linearly polarized laser radiation with a wavelength of
A= 1026 nm, a pulse duration of 232 fs and the pulse repetition rate f= 200 kHz. The round shape
Gaussian laser beam was transformed to the astigmatic beam with the size of 15 x 150 microns
using cylindrical lens with focal length of —1000 mm. The pulse energy E and scanning speed V'
was optimized to obtain structures with the best regularity.

The formation of LIPSS was carried out using double-pass approach with orthogonal
polarization direction (Fig. 1, a, b). It has been demonstrated that the polarization direction of
the first pass significantly influences on the regularity and morphology of LIPSS. In particular,
when the laser polarization direction is aligned parallel to the scanning direction (Fig. 1, c¢), the
resulting LIPSS exhibit improved regularity compared to the case where the first-pass polarization
is orthogonal to the scanning direction (Fig. 1, d).

a) lstpass o Cr b) 2-ndpass Cr
I|I|I|I|I|I|I|I|

e i puss [EEES | ihe st puss U
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Fig. 1. Schematic of LIPSS fabrication using a two-pass writing technique with crossed polarizations

and an astigmatic Gaussian beam: the first pass (@) and the second pass (b). Optical images of TLIPSS

with hexagonal periodicity formed on a 20 nm-thick Cr film at writing parameters £ = 2.12 plJ,

V' = 100 um/s. In the first pass, the polarization is aligned parallel to the beam scanning direction,

while in the second pass, it is orthogonal (c). In the first pass, the polarization is oriented perpendicular
to the beam scanning direction, while in the second scan, it is parallel (d)
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This effect can be explained by the increased influence of positive feedback on the LIPSS
formation in case of astigmatic Gaussian beam impact, oriented perpendicular to the scanning
direction and with polarization aligned along the scanning direction. In this case, a large number
of structure periods (more than 100 periods) are simultaneously formed within the elliptic focal
spot, and the light scattering from these periods facilitates the coherent formation of LIPSS
during beam scanning. In contrast, in the second case, only a small number (about 10 periods)
of structure periods are formed simultaneously in the focal spot, reducing scattering and hence
to weaken the effect of positive feedback on LIPSS formation. For this reason, all experiments
on metal films were carried out in a configuration where the polarization in the first pass and
the second was aligned along and perpendicular to the scanning direction, respectively. As in
case of Ge,Sb,Te, films the mechanism of LIPSS formation is based on interference of surface
plasmon polariton waves and incident radiation, the polarization in the first pass was oriented
perpendicular to the scanning direction to ensure parallel structures orientation to the scanning
direction, as in the case of metals. Whereas, in the second pass, the polarization was aligned
parallel to the scanning direction.

LIPSS surface morphology was investigated by AFM Park NX20, SEM Hitachi TM 3000 and
optical microscope ZEISS Axio Imager 2.

Results and Discussion

Fig. 2, a shows SEM image of highly-ordered hexagonal LIPSS with the period of 690 nm
formed on a 20 nm-thick metal Cr film under fs-laser irradiation with a pulse energy of 1.6 pJ
and a scanning speed of 100 um/s. The ordered structure exhibits high regularity across the entire
track width of ~100 um confirmed by the insets of magnified SEM images of the structures and
optical images.
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Fig. 2. SEM images of hexagonal TLIPSS formed on a 20 nm-thick Cr film with a pulse energy of

1.6 uJ and scanning speed of 100 um/s (a), on a 15 nm-thick Hf film at 1.5 pJ, 100 um/s (), on a 50
nm-thick Hf film at 1.25 pJ, 50 pm/s (¢) and 2 pJ, 2000 um/s (d)

The same LIPSS morphology of hexagonal periodic structure with a period of ~800 nm was
observed in the case of a 15 nm-thick Hf thin metal film at pulse energies of 0.875—1.5 pJ and
scanning speeds of 10—2000 um/s (Fig. 2, b). For a 50 nm-thick Hf film, ordered hexagonal
structures with a period of ~900 nm are also observed. However, the morphology depends on
experimental parameters. At low scanning speed (50 pm/s) and pulse energy (1.25 wJ), isolated
modifications are formed (Fig. 2, ¢), while at higher pulse energy (2 pJ) and scanning speed
(2000 um/s), the oxide area of hexagonal structure exhibits a 250-nm periods modulation (Fig. 2, d).

The two-dimensional LIPSS on the 200-nm-thick GST film was obtained by the impact of fs
laser radiation at pulse energy £= 105 nJ and scanning speed of 400 um/s in a double-pass approach.
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Specifically, after the first pass with the polarization direction perpendicular to the scanning
direction, highly regular 1D LIPSS aligned parallel to the scanning direction and with the period
of 1 um was observed as a result of interference of surface plasmon polariton waves and incident
radiation with subsequent crystallization of the initial amorphous film in the intensity maxima.
After that, the second pass with orthogonal polarization direction leads to the two-dimensional
LIPSS formation, as in the case of thermochemical LIPSS on metallic thin films. However, the
initial overlap area of the tracks is characterized by square-shaped structures (Fig. 3, a). After
this area, the morphology evolution proceeds through a non-periodic crystalline regime into a
hexagonal lattice formation in the central part of the track. At a certain distance from the overlap
area, the hexagonal structures are formed completely on the entire scan area (Fig. 3, b). The relief
profiles of both hexagonal (Fig. 3, ¢, d) and square-shaped structures (Fig. 3, e, /) were measured
in orthogonal directions. The 1D LIPSS formed during the first pass has a deep of about 4 nm
due to local crystallization process of initial amorphous film, while the second pass provides
approximately 2 nm in depth.

10 pm
r——

1 d) I|||lial.kl

surface

0 1 2
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Fig. 3. Optical images of two-dimensional LIPSS formed on 200-nm-thick GST films: squared (@) and

hexagonal (b) morphology. AFM images of corresponding structures of squared (¢, d) and hexagonal
(e, f) at pulse energy £ = 105 nJ and scanning speed of 400 pm/s

Conclusion

In conclusion, the formation of two-dimensional LIPSS on thin metal films (Cr and Hf)
was demonstrated using a double-pass technique with femtosecond laser pulses of orthogonal
polarization. Highly regular hexagonal LIPSS with periods of 690 nm and 800 nm were observed
at optimal processing parameters for 20-nm thick Cr and 15-nm thick Hf films, respectively.
Moreover, this approach was used to induce two-dimensional LIPSS on the advanced functional
phase-change material GST. Both square and hexagonal LIPSS morphologies were obtained on
a 200-nm thick GST film, with a surface relief modulation depth of up to 4 nm. These findings
expand the range of LIPSS-based surface morphologies and open new possibilities for practical
applications, including tunable photonic devices, diffractive optical elements and structural
coloration of metals.
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Abstract. Femtosecond laser structuring is a promising method for obtaining amorphous-crys-
talline silicon (a-Si/c-Si) heterojunction in @-Si thin films, as well as surface structures with
optical anisotropy. Depth-resolved Raman spectroscopy of an a-Si film irradiated at laser flu-
ence of 0.1 J/cm?, which is below «-Si ablation threshold, revealed its surface crystallization
with the crystallized layer characteristic depth of 45 = 5 nm. As a result of such laser irradia-
tion, the electric current rectification coefficient in the film, determined from electrophysical
measurements, increased from 2.7 to 13.6 indicating possible formation of an a-Si/c-Si het-
erojunction. The presence of 10-nm-thick Al coating decreases the number of pulses per unit
area required for a-Si crystallization by 2.5 times. Optical anisotropy of the laser-crystallized
a-Si films is manifested in their optical retardance of 280 + 40 nm, caused by the formation of
one-dimensional surface relief with the period of 1100 = 50 nm.
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AnHoTanusa. DeMTOCEKYHIHOE JIa3epHOE CTPYKTYPUPOBAHME SIBIISICTCSI IMEePCIEKTUBHBIM
METOJIOM IIOJIyUYEHHUSI reTeporiepexona «aMopGhHBI-KPUCTAUIMYECKU KpeMHuUil» (a-Si/c-Si)
B TOHKHMX IUIEHKax a-Si, a TakKe IMOBEPXHOCTHBIX CTPYKTYpP C ONTHYECKO aHM30TPOIUECH.
MeTomoM CIEeKTPOCKOTMKM KOMOMHAIIMOHHOTO pacCesiHUsI CBeTa C pa3pellieHueM Mo TIIyOuHe
B TUIEHKE a-Si, 00JIy4eHHOI JIa3epHBIMU MMITYJIbCAMU C TIJIOTHOCTBIO 9HEPTUMU HUKE Topora
aossmu (0.1 JIxx/cm?), oGHapykeHO (HOpMUpOBaHKE TTOBEPXHOCTHOTO KPUCTAJIM30BAHHOTO
CJIOSI C XapaKTepHOI TONIMHON 45 + 5 HM. DaekTpodusndyeckue M3MepeHus MoKa3ajau, U4To
B pe3yJibTaTe MOJAOOHOro OO0JIydeHUs IUIEHKU KO3(MGOUIUEHT BBIIPSIMICHUS 3JIEKTPUISCKOIO
TOKa B Hell yBenmmumicsad ¢ 2.7 mo 13.6, uTo yKaspIBaeT Ha BO3MOXKHOE 0OOpa3oBaHMeE
reTepornepexona a-Si/c-Si. Hanmnune aTioMMHUEBOTO TTOKPBITUS TOIIIMHOM 10 HM yMeHBIIaeT
KOJIMYECTBO MMITYJIbCOB Ha €IMHMILY TLIOIIAJAN, HEOOXOAMMOe I KpUCTAIM3auun a-Si, B
2.5 paza. OnrTmueckast aHM30TPOMHUS JIa3ePHO-KPUCTAUIM30BAHHBIX TUICHOK a-Si POSIBISIETCS
B BUJEe onTUYecKoro 3amasabiBaHus g0 280 + 40 HM 3a cueT OpMUPOBAHUS OTHOMEPHOTO
MOBEPXHOCTHOTO pelibeda ¢ mepuogom 1100 = 50 Hm.

KmoueBbie caoBa: (eMTOCEKyHAHbIE JIa3epHbIe MMITYJbChl, aMOPGhHBIN KPeMHUI,
reTeporiepexof], Ja3epHO-UHAYLIUPOBAHHBIE TMOBEPXHOCTHBIE TMEPUOANYECKUE CTPYKTYDHI,
ONITUYECKOE 3ara3bIBaHue
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Introduction

Advances in the ultrafast laser-assisted fabrication technologies open up prospects for
improvement of photovoltaic devices based on thin amorphous silicon (a-Si) layers with
heterojunctions “a-Si — crystalline silicon (c-Si)”, as well as polarization-sensitive optical
elements for the near and middle infrared (IR) ranges, based on thin @-Si layers with submicron
surface relief that possess optical and electrophysical anisotropy [1, 2]. Employing ultrafast laser

© llyneiiko A.B., Coxonosckas O.W., MapteimmoB M.H., Cepmoounue A.A., BonkosoiinoBa JI.[., Benur C.b.,
IMaxonpuyk I1.I1., Ky3smun E.B., 3a6otHoB C.B., Kamkapos I1.K., 2025. M3natens: Caukr-IleTepOyprekuii moJMTeXHUYECKUI
yHuBepcuret I[lerpa Benaukoro.
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pulses leads to well-known phenomenon of laser-induced periodic surface structures (LIPSS)
formation. The presence of optical anisotropy in the LIPSS allows fabricating optical elements
that are sensitive to polarization, by direct femtosecond laser irradiation of thin films without
photoresists and lithography. Such integrated optical elements may be of interest for polarization
optical measurements, forming structured light beams, and for telecommunications, as selectors
of polarized light signals in fiber-optic communication lines [3, 4].

Another femtosecond laser pulses application is laser-induced crystallization, being of interest
for thin a-Si layers due to possibility of a-Si/c-Si heterojunction formation, which can increase
Si-based solar cells efficiency. Primarily, this approach seems beneficial for HIT structures
(Heterojunction with Intrinsic Thin-layer solar cells), where layers of amorphous silicon are
deposited on a ¢-Si wafer by the PECVD method. The maximum efficiency for HIT solar cells
is 26.7% [5], and the maximum thermodynamic efficiency limit for fully silicon solar cells is
estimated at about 33% [6]. Thus, it is relevant to search for techniques of Si-based solar cells
efficiency increasing. Employing laser pulses of femtosecond duration, compared to longer ones,
for a-Si crystallization [7, 8], especially in context of heterojunction formation in thin a-Si layers
seems beneficial due to more effective localization of laser action at sub-thermal timescale. Also,
the additional a-Si/c-Si heterojunctions resulted from film laser-induced crystallization as well as
higher charge mobility in ¢-Si compared to a-Si could contribute to efficiency increase of solar
cells based on HIT structures.

Materials and Methods

To fabricate a a-Si/c-Si heterojunction by laser-induced a-Si crystallization, at the first stage,
1 um-thick undoped a-Si film was magnetron-sputtered (Robvac VSM 300, 500W) at direct
current on a glass substrate, covered by pre-deposited 500 nm-thick ITO layer, acting as a bottom
contact for electrical measurements. On the second stage, laser radiation parameters required
for a-Si thin surface layer crystallization to form a heterojunction, were determined. For that
purpose, single scan lines were formed via irradiating the film by Satsuma femtosecond laser
(A= 515 nm, T = 300 fs, v = 1 kHz) with constant scanning speed V' = 300 um/s and laser spot
diameter D = 50 um, while the fluence E varied from 0.01 to 0.1 J/cm? from line to line.

To investigate the distribution of c-Si phase over the irradiated a-Si film depth, a uniformly
deepening profile was etched (Perkin-Elmer PHI 4300, argon ions, 4 keV, 100 nA) with depth
increasing by 10 = 1 nm for each 100 = 10 pum along the scan line, and the Raman spectra
(Renishaw Raman spectrometer, excitation 532 nm) were measured in the mapping mode with
10 um step along the etched profile. Then, ¢-Si phase volume fraction f, for each point of Raman
map was calculated using the integral intensities of Raman lines corresponding to TO phonon
modes in a-Si (/,, 480 cm™) and ¢-Si (., 521 cm™) as f, = I /(61 + 1), where 6 = 0.1 is an
empirical ratio for the integral Raman scattering cross sections in c¢-Si and a-Si phases.

To investigate the effect of additional thin aluminum (Al) coating on a-Si laser crystallization,
1 um-thick a-Si films with or without Al coating were deposited on glass substrates and irradiated
in scanning mode. The irradiation was performed by ytterbium solid-state femtosecond laser
Avesta TEMA-DUO (1050 nm, 150 fs, 130 nJ, 78 MHz, laser spot diameter 25 um) which
was purchased within the framework of the Lomonosov Moscow State University Program of
Development and the National Project “Science and Universities” No. DS/45-pr on 28.12.2023
under contract No. 0784-44-2024 on 12.07.2024. The scanning was realized by moving the sample
using an Aerotech motorized translator system in a horizontal plane orthogonally to laser beam
with constant speed, varying from 2 to 2000 mm/s from line to line, resulting in the variation of
the acting laser pulses number N per unit area from 106 to 10°.

On the third stage, a large area (5x10 mm?) was irradiated on the surface of @-Si film in
raster mode with a 40 um step (< D) between the scan lines, using selected laser radiation
parameters (see Results section). To conduct electrophysical measurements in the direction
orthogonal to the sample surface plane, aluminum square-shaped 300x300 pm contacts were
deposited by thermal evaporation in vacuum (VUP-5) on top of both initial and irradiated areas.
The current-voltage characteristics of both initial and irradiated a-Si samples were measured in
the range from —2 to 2 V in air at room temperature using a Keithley 6487 picoammeter with
integrated power supply. The measurements were carried out in the dark and under illumination
(white light, /= 100 mW/cm?) from the downside through a transparent conductive ITO layer.
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To analyze polarizing properties of LIPSS, the prototypes of 0.5x0.5 cm? a-Si films-based
waveplates were fabricated. For this purpose, a 1 pum-thick a-Si film without pre-deposited
contacts or Al coating was irradiated by femtosecond laser (Avesta, 1250 nm, 150 fs, 10 Hz)
at fluence £ = 0.15 J/cm?, higher than ablation threshold. The irradiated surface was analyzed
by scanning electron microscopy (SEM, Vega 3, Tescan). Optical delay measurements were
performed in the near and middle IR ranges using a Bruker IFS 66v/S IR Fourier spectrometer
in transmission geometry with varied polarization of the transmitted radiation.

Results and Discussion

Depth-resolved Raman spectroscopy of etched meanders demonstrated that the intensity of
the narrow peak corresponding to ¢-Si TO mode (521 cm™') decreases rapidly along the etched
meander, which indicates the presence of crystalline Si phase only in the thin surface layer
(Fig 1, a). The dependence of f, on the irradiated a-Si film depth determined from the Raman
spectra has a sharp character (Fig. 1, b): at the film surface f, is 86 & 4%, remaining the same up
to the depth of 20 = 5 nm, and then decreases rapidly, reaching zero at a depth of 45 =5 nm.
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Fig. 1. Depth dependent Raman spectra of meander area (zero coordinate along meander corresponds

to the center of ion etched crater) (a); crystalline silicon volume fraction dependence on a-Si film

depth (b); Raman spectra for the a-Si with 10 nm Al layer irradiated with 80 000 laser pulses;
a-Si without Al, irradiated with 200 000 laser pulses; and initial a-Si film (c)

Comparison of the Raman spectra for the irradiated a-Si films with and without Al coating
(Fig.1, ¢) revealed that for the film without Al layer no crystallization is observed below laser
pulses number N = 200 000, while above this value almost complete crystallization of the film
is achieved, with f up to 96 + 1%. On the other hand, for the a-Si film with a 10 nm-thick Al
coating, Raman spectroscopy data has shown that laser induced crystallization begins to occur at
N = 80000, which is 2.5 times less than that required for crystallization of a-Si without Al coating.
Stich results can be attributed to the higher absorption of Al compared to Si, and, consequently,
more efficient laser-induced heating of the a-Si film with an Al coating. At N = 80000 and above
the film is also almost completely crystallized with £ = 99 + 1%, while at lower N, however, only
Al layer melting is observed without Si film crystalhzatlon

The obtained f, distribution data allowed to set up the following optimal laser irradiation
parameters for a-Si/c-Si heterojunction fabrication in the a-Si film: fluence 0.1 J/cm?, repetition
rate 1 kHz, scanning speed 300 um/s.

The current-voltage characteristics both for the initial a-Si film and for a-Si/c-Si heterojunction,
fabricated using the mentioned above laser irradiation parameters, demonstrate a pronounced diode
character (Fig. 2, a, b), indicating the presence of a potential barrier in both structures. However,
the resistance of the laser-irradiated a-Si film decreased about 500 times compared to the initial
one, being the result of upper layer partial crystallization with crystalline Si (nanocrystalline,
nc-Si) phase formation, which is known to have a lower resistivity compared to a-Si. Both
samples’ current-voltage characteristics demonstrate “rectifying” character with the rectification
coefficient k calculated as the ratio of the current strength in the forward and reverse voltage bias
increasing from 2.7 to 13.6 at a voltage of U = 2 V after laser irradiation. Increased rectification
coefficient can be attributed to the laser-induced formation of an additional potential barrier for
free charge carriers in the form of a a-Si/nc-Si heterojunction.
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Fig. 2. The current-voltage characteristics of (a) initial and (b) laser-processed a-Si film with 1TO

contact, insets show its connection to the picoammeter; (¢c) SEM image of the irradiated region with

LIPSS on a-Si surface, (d) IR transmission spectra for the initial ¢-Si film and the film irradiated in
LIPSS formation mode

For the 1 pum-thick @-Si film on a glass substrate fabricated as waveplate prototype, low
spatial frequency LIPSS (LSFL) presence with a period of 1100 £ 50 nm was confirmed by
SEM (Fig. 2, ¢). Formed as a result of femtosecond laser irradiation with fluence above the
ablation threshold, these structures possess high regularity. The IR transmission spectra (Fig. 2, d)
demonstrate alternating maxima and minima in the spectra of both the initial and irradiated films,
emerging as interference in the layered structure of the samples. The decreased transmittance and
lower interference amplitude for the laser-irradiated sample is associated with the formation of a
crystalline phase in it, as well as diffuse scattering on the formed surface relief. More importantly,
the interference maxima at 0° polarization of the transmitted light in the laser-irradiated film are
shifted significantly, compared to the initial film. Based on this shift in the interference maxima
positions, a difference in refractive indices of ordinary and extraordinary waves was determined
as 0.47 = 0.07. The anisotropy axis orientation was also determined to be parallel to the ridges of
the formed LSFL. Thus, the fabricated waveplate prototype based on a-Si demonstrates an optical
retardance value of 280 + 40 nm, which can be attributed to the anisotropic surface relief of LSFL
in the form of alternating nc-Si/air micron-scale ridges.

Conclusion

In this study, for a thin surface layer (45 £ 5 nm) of a-Si film exposed to femtosecond laser
pulses the crystallization with a high crystalline Si volume fraction of 86 = 4% was achieved
Moreover, employing Al coating on a-Si film not only decreases the number of pulses required for
its effective crystallization due to more effective light absorption, but also leads to almost complete
crystallization of the film thin surface layer, with volume fraction reaching up to 99 = 1%. The
formed structures are showing increased rectification coefficient due to formation of a-Si/c-Si
heterojunction, which is promising for photovoltaic cells improvement. Irradiation of a-Si films
by femtosecond laser pulses with the fluence higher than a-Si ablation threshold leads to LIPSS
formation. This surface relief, in a form of LSFL, possesses the optical retardance of up to
300 nm. Such optically anisotropic structures could be used as a basis for creating polarization-
sensitive optic elements, for example, quarter-wave plates for the near-infrared range.
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Abstract. We developed a physical model describing the process of two-wave vectorial mix-
ing in optically active photorefractive crystal of cubic symmetry for an orthogonal scheme of
interaction. Using the model, we calculated the two-wave interaction in a photorefractive crys-
tal of bismuth silicate Bi ,SiO,, having optical activity. We have determined conditions at that
polarization changes don’t influence two-wave mixing. It was found that it is possible to define
the parameters of the crystal and interacting waves for the quasi-polarization independence
mode, when changes of interferometer output signal caused by polarization instability of the
signal wave is reduced to a minimum (no more than 3%). We developed a physical model de-
scribing vectorial two-wave mixing in optically active, cubic-symmetry photorefractive crystals
for an orthogonal interaction geometry. We apply the model to bismuth silicate (Bi,,SiO,), an
optically active photorefractive crystal. We further show that by appropriately selecting crystal
and wave parameters, a quasi-polarization-independent regime can be achieved, in which in-
terferometer output fluctuations caused by signal-wave polarization instability are minimized
to no more than 3%.
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Annoramusa. PazpaboraHa ¢Gu3nKo-MaTeMaTuieckass MOJENb, OIMCHIBAIONIAS TPOIIECC
JIIBYXBOJTHOBOTO BEKTOPHOT'O B3aMMOIEHCTBUS B OITHYCCKU aKTUBHOM (hOTOpepaKTUBHOM
KpucCTajie KyOMUYeCKOl CUMMETPUM [JId OPTOrOHaJbHOW TI'€OMETPUU B3aUMOACHCTBUS
BoJH. C WCIIOJb30BaHMEM MOJEAM BBIMOJHEH pacyeT JIBYXBOJHOBOTO B3aMMOMAEHCTBUS
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B (oTopeppakTMBHOM  KpUCTajie cwimkara Bucmyra  Bi,SiO,, oGmamaromem
ONTHUYECKOI aKTUBHOCTBIO. OmpenesieHbl IapaMeTpbl (oTopedpakTUBHOIO KpUCTalJla U
B3aMMOJICICTBYIOIIMX BOJH JUISI peXMMa KBa3U-IOJSIPU3ALMOHHONW HE3aBUCUMOCTH, IIpU
KOTOPOM M3MEHEHMSI BBIXOIHOTO CUTHaja MHTepdepoMeTpa, BbI3BAHHBIE MOJISIPU3ALMOHHOMN
HECTAaOMIBLHOCTBIO CUTHAJIBHONM BOJIHBI, MUHUMAaJIbHEI (He 0ojiee 3%).
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Introduction

Adaptive holographic interferometers based on dynamic holographic gratings recorded in
photorefractive crystals (PRCs) are effective tools for phase demodulation [1—10]. Continuous
re-recording of the hologram in the PRC stabilizes the interferometer’s operating point, while
preserving high sensitivity and providing strong immunity to external noise |2, 4, 6]. However, as in
traditional interferometers, the sensitivity of adaptive interferometers depends on the polarization
of the light beams. Polarization fluctuations can significantly reduce, or even eliminate the signal,
underscoring the need for an interferometer design whose output is insensitive to polarization.

This problem can be addressed by dependencies in combination with an orthogonal wave-
mixing geometry. The authors previously developed a physical and mathematical model of
vectorial two-wave mixing in photorefractive crystals with optical gyrotropy [11]. The model
captures polarization evolution arising not only from the PRC’s gyrotropy but also from the two-
wave mixing process within the crystal. It enables more precise selection of the interacting waves’
polarization parameters and the PRC dimensions, accounting for the crystal’s material properties
and the light’s wavelength, which can yield polarization-independent operation of the adaptive
interferometer. This paper presents calculations of two-wave vector interaction in the optically
active PRC bismuth silicate Bi,,SiO,, and identifies parameter regimes in which polarization
fluctuations of the interacting waves do not degrade the stability of the adaptive holographic
interferometer’s output signal.

Model Overview

The developed physical and mathematical model builds on the theory of vectorial wave mixing
in cubic photorefractive crystals for transmission geometry described by Sturman et al. [12]. A
more detailed description of the model is provided in [11]. Its key elements are summarized
here. Unlike collinear wave interaction, the orthogonal geometry has signal and reference waves
propagating at right angles, producing spatially varying polarization states throughout the PRC.
To address this, the model divides the intersection region of the signal wave As and the reference
wave Ar within the PRC into an M x N grid of cells. The grid size was selected to ensure grid
independence; 100 x 100 cells were sufficient. Further refinement did not change the results
within numerical tolerance but significantly increased computation time. The signal and reference
waves entering the cells of the first layer are defined as follows:

As! = As/ N, Arl = As/ M. (1)

© Be3pyk M.H., Pomaniko P.B., Edpumos T.A., Cropoxenko /1. B., 2025. Uznatens: Cankr-I[letepOyprekuii moJuTeXHUUECKUi
yHuBepcuret I[lerpa Benaukoro.
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Consider a cell (m, n), where m ranges from 0 to M and n from 0 to N (see Fig. 1). The
amplitudes of the interacting waves entering this cell are equal to the amplitudes of the waves
exiting the preceding cell:

Ash = As  Arlh = Arit . ()

Within each cell, vector two-wave mixing is computed. The polarization states of the waves As
and Ar change due to both the crystal’s optical gyrotropy and the mixing interaction. The waves
then propagate to the next cells, (m+1, n) and (m, n+1), respectively, where the procedure is
repeated. Because the measured information is encoded in the phase modulation ¢ of the signal
wave As, its complex amplitude is written as As-e’?. The amplitude of the signal wave at the
output of cell (m, n) is then obtained from the two-wave mixing relations given by [11, 12]:

As? (@) = (T () As2, e +e ™ T_(y)Ar’ e ™", 3)
where y denotes the propagation direction of the signal wave As, AL is the cell size, and a denotes
the optical absorption coefficient of the PRC. The terms 7, and T are transformation matrices
that account for the diffraction of wave As in the direction of M (zero-order diffraction) and the
diffraction of reference wave Ar in the direction of M, respectively. The interferometer's output

signal S'is defined as the change in the intensity of the signal wave As at the exit of the “final cell
layer” (where m = M), summed along the N direction:

=2, (42 (@) —(Asp ). “4)
y (m,n)
zl—x
My
C [ A"‘"‘/
CESI VAN
a8 4 (m-1,n)
N
AS

Fig. 1. Scheme of propagation of signal and reference waves in a photorefractive crystal

Results and Discussion

A physical and mathematical model was investigated using a gyrotropic photorefractive crystal
of bismuth silicate Bi,,SiO,, (BSO) of cubic symmetry. Numerical simulations were performed
to study vectorial two-wave mixing in the PRC at wavelengths of 532 and 633 nm, for which the
optical activity of BSO is 350 and 220 deg/cm, respectively. A linearly polarized signal wave As
and a circularly polarized reference wave Ar were launched into the PRC. The developed model
allowed for the investigation of the polarization independence of the BSO crystal.

Fig. 2 shows the dependence of the interferometer output signal on the azimuthal angle y of
the signal wave As for BSO crystal of varying lengths (1—30 mm), computed using the developed
model Results are given for wavelengths of 532 and 633 nm. The simulations indicate that at certain
crystal lengths Lp, the influence of polarization changes of As on the output signal is minimized.
Thus, for wavelength 532 nm (Fig. 2, a), L occurs at 5.4, 10.7, 16.1 mm, etc. (i.e., multiples of
5.4 mm). For wavelength 633 nm (Fig. 2, bﬁ, Lp occurs at 8.7, 17.4, 26.0 mm, etc. (i.e., multiples
of 8.7 mm). At these lengths, the variation of the output signal with vy is, on average, about 3% of
its maximum possible modulation. Thus, a regime close to polarization independence (PI-mode)
is achieved at a crystal length of Lp. However, complete polarization independence — where the
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Fig. 2. Dependences of the output signal on the azimuthal angle of the signal wave, obtained for the
BSO crystal at wavelength A = 532 nm (@) and X = 633 nm (b)

output signal is fully independent of the wave and crystal parameters — is not attainable, likely
due to the nonlinear nature of light interaction within the PRC.

Fig. 3 shows the dependence of the interferometer output signal on the length of PRC BSO,
at various azimuthal angles y of the signal wave As, at wavelengths of 532 and 633 nm. The
maximum and minimum achievable signal levels are indicated by red and blue lines, respectively.
The plot shows that increasing the crystal length raises both the minimum and maximum signal
levels. Thus, the output signal peaks when the crystal length is L == 13.2 mm for wavelength
532 nm (Fig. 3, a) and L = 13 mm for wavelength 633 nm (Fig. § b), achieved with a linearly
polarized 31gnal wave As oriented at vy = 140°. At crystal lengths of L = 5.4 mm and 10.7 mm
for 532 nm, and L. = 8.7 mm and 17.4 mm for 633 nm, the difference 'AS between the maximum
and minimum acﬁlevable output signals is mlmmlzed to about 3% of the maximum possible
signal. This implies that, regardless of the input polarization state of As, the output signal varies
only within this narrow range.
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Fig. 3. Dependences of the interferometer output signal on the crystal length, obtained at different
azimuthal angles of the signal wave A = 532 nm (a), A = 633 nm (b)

Conclusion

This paper presents a physical model for vectorial two-wave mixing in optically active
photorefractive crystals with cubic symmetry, applied to an orthogonal interferometer configuration.
Using this model, we analyzed two-wave mixing in a gyrotropic bismuth silicate (Bi,,SiO,,, BSO)
photorefractive crystal at wavelengths of 532 nm and 633 nm. The results show that complete
polarization independence is not achievable; however, by appropriate choice of crystal and wave
parameters, signal variations due to polarization instability of the signal wave can be reduced to
below 3%. We identify a quasi-polarization-independent operating regime at crystal lengths of
5.4 mm for 532 nm and 8.7 mm for 633 nm. In addition, the optimal crystal length was found to
be approximately 13 mm, which maximizes the two-wave mixing efficiency.
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Abstract. The article is devoted to the author's four-decade series of studies on growing
extremely thin films (ETF) in the refractory metal-silicon system. To obtain ETF, it was neces-
sary to develop a new growth method — physical atomic-layer deposition (PALD), which uses
the technique of pulsed evaporation of adsorbate from a flat source located parallel to the sub-
strate. Compared to the traditional molecular beam deposition (MBE) method, PALD reduces
the vapor temperature, produces thinner layers, and expands the range of materials produced.
The study showed that, with PALD using reduced substrate and vapor temperatures, not only
two-dimensional surface phases (2D-SP) can form, but also two-dimensional (2D-SWL) and,
subsequently, nanophase (v-SWL) wetting layers (SWL). The series investigated the growth of
ETFs Cr, Co, Fe, Cu and their silicides on Si(111) and Si(001), as well as the growth of Si
on Si(111)7x7 and CrSi(0001). Single-layer and multilayer (Co-Cu-Fe-Cu) nanofilms were
obtained. The main causes of phase transitions in SWL have been identified, and the role of
vapor pressure and substrate temperatures in the structure and composition of SWL and the
boundary layer of the substrate has been shown. The study showed that the films obtained by
the PALD method have unique electrical, optical and magnetic properties and are promising
for use in micro- and nanoelectronics nanodevices.
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AnHoranusa. CraTbs TOCBSIIEHAa COPOKAJEeTHEH CepuM WCCIIeNOBaHWI aBTopa II0
BBIpalllMBAaHUIO 3KCTpeMadbHO-TOHKMX TuieHOK (ETF) B cucreme TyromiaaBKuii MeTayi-
kpemHuii. g nonydyenusi ETF Heobxomumo ObUIO pa3zpaboTaTh HOBBIA METOHN pocCTa —
¢usnueckoe atromMHo-cioeBoe ocaxacHue (PALD), mcmoab3yolee TEXHUKY HMMITYJIbCHOIO
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HCIapeHusT amcopbara U3 IJIOCKOTO0 MCTOYHMKA, PACIOJIOKEHHOTO IMapasuleIbHO TOMJIOXKKE.
ITo cpaBHeHMIO C TPaAULIMOHHBIM METOIOM MOJIEKYJISIpHO-IyYeBoro ocaxiaeHus (MBE),
PALD no3BosisieT CHU3UTL TeMIlepaTypy Iapa, MoJy4YuTh 0ojiee TOHKME CJIOM U paCIIUPUTh
aCCOPTMMEHT TMojydyaeMblX MatepuanoB. MWMcciaegoBaHue mnokasano, uro, npu PALD,
WCITIOTB3YIOIEM TTOHWKeHHBIE TeMIIepaTyphl TOMJIOXKM W Tlapa, MOTYT OOpa30BBIBATBHCS HE
TOJILKO ABYMEpHBIe MoBepXHOCTHBIE (a3el (2D-SP), Ho u aBymepubsie (2D-SWL) u, 3arem,
HaHodaszubie (V-SWL) cmaunBatomue ciou (SWL). B cepum 06wt uccinenosan poct ETF
Cr, Co, Fe, Cu u ux cunmuuuaoB Ha Si(111) u Si(001), a takkxe poct Si Ha Si(111)7x7 u
CrSi,(0001). boutn nmosy4yeHsl ogHocaoiHbe 1 MHOrocaoinble (Co-Cu-Fe-Cu) HaHOMIEHKN.
Bbutn BBISIBJIEHBI OCHOBHbBIE TTPUYMHBI (Da30BbIX MepexonoB B SWL, a Takkxe mokaszaHa poJib
JaBJIEHUsI, TeMIIepaTyp mapa 1 MOMIOXKHN B CTPYKType U coctaBe SWL 1 TOrpaHUYHOTO CJI0ST
nomioxku. MccaenoBanue mokaszano, 4To mojydyeHHble MetogoM PALD mienku, obnagatoT
VHUKAJIbHBIMU 3JIEKTPUUESCKUMU, ONTUYESCKUMU 1 MAaTrHUTHBIMU CBOMCTBAMU U MEPCIICKTUBHBI
IS UCTIOJIb30BaHUSI B HAHOYCTPOMCTBAX MUKPO- M HAHO3JIEKTPOHUKHU.

KioueBbie cJi0Ba: aTOMHO-CJIOEBOE OCaXICHHWE, TMOBEPXHOCTHBIE (ha3bl, CMauyMBalolINe
ciou, (a3oBBIC TTePeXOmbl, TIPeaeIbHO-TOHKNE IIJICHKM, MHOTOCHIOHBIe HaHocaou, Cr, Co,
Fe, Cu, cunmuuumner, Si(111) u Si(001), snekTpuueckre, ONTUUYECKME M MAaTHUTHBIC CBOMCTBA
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Hayku. 2025. T. 18. Ne 4.1. C. 128—132. DOI: https://doi.org/10.18721/JPM.184.121
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Introduction

The fundamental basis for growing nanostructures of micro- and nanoelectronics is knowledge
about the initial stage of thin film growth and the formation of its interface. This stage, in
fact, is the formation of the elemental and phase composition, structure and morphology of
2D-SP, SWL, ETF and their interface with the substrate. However, it was only 30 years after the
publication of our first papers [1, 2] that it became obvious (see below) that the thin-film phase
(TP), which forms after 2D-SPS and before the growth of the first ETF layer, is an SWL in the
form of first two-dimensional (2D-SWL) and then nanophase (v-SWL) layer.

Historically, up to a certain stage, two approaches to ETF growth existed independently and
moved towards each other: “approach I” — from three-dimensional massive phases (3D-BP) to
ETF and “approach 1I” — from 2D-SP to ETF. In these approaches, the understanding of the
nature of 2D-SP and SWL was influenced by differences in research methods, in particular, the
degree of microscopicity of these methods. For example, the use of optical methodologies such as
ellipsometry has led to the conceptualization of SWL as a metastable 3D-BP [3]. Conversely, the
use of surface-sensitive techniques [4] led to the identification of exclusively interphase boundary
phase [5] or 2D-SP [6, 7] with their own composition, thickness, density, and lattice [4]. A more
complete understanding of the nature of SWL was obtained later (see below).

Based on a review of forty years of research on the cultivation of ETFs metals (Me) and
their silicides (MSix) on silicon or silicon on Si or MeSi_substrates, this article presents a new
perspective on ETFs formation. The results of these studies are systematized in chronological
order in accordance with the developed theory of ETF growth within the framework of approach
II developed by the author.

Chronological overview

In the very first works [1, 2], TP spectra were obtained by electron energy loss spectroscopy
(EELS), which demonstrated a reduced electron density in TP compared to that in 3D-BP. In
this study, TP was identified as a low-dimensional phase, called “atomically similar” because
of its low density. However, this TP had a thickness of several monolayers (> 3 ML), which

© IMmocuun H.U., 2025. WUznatens: Cankr-IleTepOyprckuit momutexHnyeckuii ynusepcutet [lerpa Benukoro.
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is not typical for 2D-SP. Therefore, the authors of [1, 2] attributed it to a kind of “increased
thickness” SP, implying that this “thick” SP, like the “submonolayer” 2D-SP, is stabilized by
the substrate.

Subsequent studies focused on the mixing of Me-Si at low temperatures and its role in
the formation of TP and ETF. Studies in the Si(111)-Cr system have shown that mixing and
formation of mixed TP plays a significant role in the formation of both ordered and disordered
ETF of silicides [1, 2, 8-10]. The data obtained was systematized in the form of a diagram
describing the conditions for the formation of Cr-Si TP and CrSi, ETF [10]. These results
showed thickness and temperature that determines the transition from 2D-TP to 3D-TP with
increased thickness and two types of “patterns” of the CrSi, ETF, A- or B-type, with an
azimuthal angle relative to Si(111) of 0° and 30°. The use of the appropriate TP and template
made it possible for the first time to produce a epitaxial CrSi, A-type film with a thickness of
1000 A and an increased carrier mobility.

It should be noted that these early studies were conducted at elevated steam temperature
and reduced steam pressure (excluding the experiment [1, 2]). However, a number of studies of
Cr-Si(111), Co-Si(111), and Si-CrSi,(0001) systems have demonstrated that increasing vapor
pressure (deposition rate) reduces mixing. To explain this phenomenon, a computer simulation
cycle of growth kinetics was initiated. This modeling culminated in a probabilistic geometric
analytical model of growth kinetics, which clarified the role of increasing vapor pressure in the
aforementioned transition from mixing to growth [11]. Subsequent studies focused on the growth
of amorphous Si on Si(111), the role of mixing in the formation of Co ETFs on Si(111), and the
growth of amorphous TP and epitaxial Si ETF on CrSi(0001) [12].

However, to avoid mixing and reduce the thickness of the ETF, increased pressure or a
lower vapor temperature was required. It was necessary to develop a technique for producing
steam that would ensure either its high pressure or its low temperature. For this purpose, a
deposition technique was developed [12] based on the previously known “hot wall” technique.
This technique (double deposition) provided first pulsed deposition of adsorbate on a cold wall
(secondary source), and then from this heated wall onto a cold substrate [13].

This innovative approach has led to the successful cultivation of TP and ETF containing almost
pure Me (Si solid solution in Me) [12, 14]. It is noteworthy that “pseudo-three-dimensional”
v-TP have been identified, exhibiting nanoscale heterogeneity similar to that of known bulk
nanophases (v-phases) [15, 16]. The research cycle was completed by summarizing the results
of [17] and investigating the role of steam temperature [18]. Subsequent studies focused on the
growth of Cu-Si TP and Cu,Si ETF, as well as layered ETF containing Co, Fe and Cu. The
first generalization of these and previous results with the interpretation of TP as solid-phase
wetting layers (SWL) was made in reviews [19-21]. The final period in the research series was
associated with the formation of the SWL (or WL) concept [20]. In the review papers [21],
the unique properties of the obtained nanostructures and potential applications in nano- and
microelectronics were described. These include: nanocontacts or interconnects, electrodes and
channels of field-effect (FET) and spin transistors, translucent contacts for infrared (IR) and
ultraviolet (UV) sensors, cores for electromagnetic sensors, layers of spin filters and many
other applications.

After that, experiments on SWL growth have been conducted and a phenomenological theory
of its origin and growth has been developed (see references in [22-25]). Then SWL modeling
has been performed for a number of Me-Si systems [26-29]. Recent first-principle modeling
has shown that the main mechanism of the transition from SWL to ETF is a change in the
coordination of atoms and electronic structure in SWL with increasing thickness, which leads to
stress accumulation and atomic rearrangement in the film and the boundary layer of the substrate,
and then to the destabilization of the film-substrate system and the transition of SWL to 3D-BP
(ETF), accompanied by the release of latent energy in the form of heat.

Conclusion

This paper presents a series of studies devoted to the growth of extremely thin films from
the vapor phase in a metal-silicon system. The role of a solid wetting layer in this process is
demonstrated, and the fundamental causes of this phenomenon are discussed. A new growth
method, physical atomic-layer deposition (PALD), has been developed through pulsed evaporation
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of an adsorbate from a flat source positioned parallel to the substrate. This significantly reduced the
vapor temperature in atomic streams and allowed for control of film thickness and composition.
PALD has been used to produce extremely thin and nanofilms of refractory metals (Cr, Co, Fe)
on silicon. These films possess a unique structure, electrical, optical, and magnetic properties, and
hold promise for the development of micro- and nanotechnologies.
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YCJIOBUS MYBJIUKAIIAA CTATEN
B xkKypHane «Hay4Ho-TexHHYecKHe BeIOMOCTH
Cankr-IleTepOyprckoro rocynapcTBEHHOTO MOJINTEXHUYECKOTO YHUBEPCHUTETA.
DU3UKO-MaTEMaTUYECKUE HAyKI»

1.0BIIIUE NOJIOKEHUA

Kypnan «Hayuno-trexunueckue Beiomoctu CankT-IleTepOypreckoro rocyapcTBeHHOTO MOJUTEXHUYECKOTO YHUBEP-
curera. OU3NKO-MAaTEMAaTUUECKUE HAYKW» SBISETCSA MEPUOANYECKUM MEUaTHbIM HayYHBIM PELEH3UPYEMbIM U3JIaHHEM.
3aperucrpupoBan B DenepanbHoi ciayxOe 10 Haa30py B chepe MHYOPMAIIMOHHBIX TEXHOJIOTHH M MAacCCOBBIX KOMMY-
nukanuit (CuperensctBo [T NedC77-52144 ot 11 nexabps 2012 1) m pacnpocTpaHseTcst 10 IOIIMHCKE areHTCTBA
«Pocrieuars» (nHnekc n3nanus 71823).

C 2008 roma »ypHaJl M3aBAJICS B COCTaBe cepHanbHOro m3nanus "HayuHo-texHmueckue Bepomoctu CITOITIV".
CoxpaHsisi IPeeMCTBEHHOCTh M NPOJ0JIKAS HAy4YHble M NYOJIUKAIMOHHbIC TPAJAHLIHH CEPHATBHOIO HM3IAHUS
«Hayuno-texuuyeckue Begomoctu CIIOITTY», :xypHaa u3naBajiau noj ¢ABOCHHbIMU MeKAYHAPOIHBIMU CTAHAAPT-
HBIMH cepHaJbHbIMU HOMepamMu ISSN 1994-2354 (cepuaabhbrii) 2304-9782. B 2012 rogy oH 3aperucTpupoBaH Kak
camocrosTenbHoe nepuognueckoe n3nanne ISSN 2304-9782 (Ceuzperenserso o perucrparmu [TH Ne dC77-52144 ot 11
nexadpst 2012 r). C 2012 . HavaT BBITYCK )KypHaJIa B ABYSI3bIYHOM O()OPMIICHUH.

Wznanme Bxoaut B IlepedeHp BeaylIMX HAy4HBIX PELIEH3MPYEMBIX JKypHAJIOB M nm3nanui (nepeueHr BAK) u npu-
HUMAaeT JUIsl TIe4aTd MaTepralibl HaydHBIX MCCJICIOBAHHMH, a TAKXKE CTaThH JUIs OMYOJIMKOBaHMSI OCHOBHBIX PE3YJIBTaTOB
JuccepTaluil Ha COMCKAHUE YUYEHOH CTENEeHM JIOKTOpa HayK M KaHIuAaTa HayK 10 CJIEAYIOIIMM OCHOBHBIM HayYHBIM
HarpasieHusiM: @u3nka, Maremarnka, MexaHuka, BKIIO4as cieayronye mudpbl HayYHbIX crieruanbHocTei: 1.1.8.,
1.19,13.2,133,134.,13.5,13.6.,13.7,,13.8,1.3.11., 1.3.19.

XKypnan npencrasien B Pedeparusaom xypuae BUHUTU PAH u BkitoueH B (pOH HayYHO-TEXHUYIECKOH JINTEpa-
typsl (HTJI) BUHUTU PAH, a takxe B MexxayHapoHO# cucteMe 1o nepuogndeckum nananusm «Ulrich’s Periodicals
Directory». MnnexcupoBan B 6a3ax maHHbIX «Poccuiickuii nHaekc HayuHoro ruruposanus» (PMHILL), Web of Science
(Emerging Sources Citation Index).

[leproauuHOCTB BEIXO/A KypHaJa — 4 HOMEpA B TOJ.

Penakius xypHana coOioaeT npaBa MHTEIUIEKTYaIbHON COOCTBEHHOCTH M CO BCEMH aBTOPAaMM Hay4HBIX cTarei
3aKJIFOYAeT U3JaTelbCKUN JINIEH3UOHHBIN TOrOBOP.

2. TPEBOBAHMUS K ITIPEJCTABJISIEMBIM MATEPUAJIAM
2.1. OdopmiieHHe MaTepHAJIOB

1. Pexomennyemslit 00beM crareid — 12-20 crpanun ¢popmara A-4 ¢ yuetom rpaduueckux BiaoxeHnid. KonmuectBo
rpaYecKuX BIOKECHUH (1uarpamm, rpa)uKoB, pUCYHKOB, (hOTOrpaduil U T.I1.) HE TOIKHO MPEBBIIIATH HIECTH.

2. Yucno aBTOpOB CTAaThH, KaK MPABHUIIO, HE JIOJDKHO NPEBBILIATH MSITH YEJIOBEK.

3. ABTOpBI JOJDKHBI IPUIEPKUBATHCS ClIEYIONIeH 0000IEHHO CTPYKTYpBI CTaThH: BBOJHAS YaCTh (AKTYyaJbHOCTB,
cyliecTByomue npodinemsl — ooveM 0,5 — 1 cTp.); OCHOBHAs YacTh (IOCTAHOBKA M ONMCAHUE 3a/1a4H, METOMKA HCCiIe-
JIOBaHUS, U3JIOKECHNE U 00CY’KIEHHE OCHOBHBIX PE3YJIBTaTOB); 3aKIIOUUTEIbHAS YaCTh (IPEUIOKEHUS, BBIBOABI — 00BEM
0,5 — 1 ctp.); ciimcok muteparyps (opopmierue o FOCT 7.0.5-2008).

B criucku nmureparypsl peKkoMeHAyeTcsl BKIIIOYaTh CCHUIKM Ha Hay4HBIC CTAaThbH, MOHOTpaduu, COOPHMKU CTarew,
cOOpHUKH KOH(EPEHINH, HEKTPOHHBIE PECYPCHI C YKa3aHUEM J1aThl 00paIleHH s, TaTCHTEHI.

Kak npaBuiio, HeKeJIaTeJbHbI CCBIUIKM Ha JMCCEPTAlMU U aBTopedeparsl quccepTauii (Takue CChbUIKU JIOITYCKaroT-
Csl, €CIIM PE3YJIbTaThl HCCIICOBAHUHN ellle He OIyOIMKOBAaHBI, MIIN HE IPECTABICHBI JOCTATOYHO TTOIPOOHO).

B crnmcku nuTeparypbl He peKOMEHAyeTcsl BKJIIOYaTh CCHUIKM Ha y4eOHHMKH, y4eOHO-METOIMYECKHE MOCOOUs,
koHc1ekTs! Jekunit, [OCToI 1 1p. HOpMaTHBHBIE JIOKYMEHTBI, Ha 3aKOHBI M [IOCTAHOBJICHHS, @ TAKXKE Ha apXUBHBIC JIOKY-
MEHTBI (€CJIH BCE K€ HEOOXOMMO yKa3aTh TaKHe NCTOUYHUKH, TO OHU O(OPMIISIOTCS B BHJIE CHOCOK).

Pexomentyemblii 00beM CrIMCKa JIUTEpATyphl st 0030pHBIX cTaTteldl — He MeHee 50 MCTOYHHMKOB, ISl OCTalbHBIX
crareii — He MeHee 10.

JloJ1s1 ICTOYHMKOB JABHOCTBIO MEHEE 5 JIET JOJDKHA COCTABIISITH HE MEHEE ITOJIOBUHBI. JIOMyCTHMBII IPOLICHT CaMOIIH-
tupoBaHus — He Bbite 10 — 20. O0beM cChUIOK Ha 3apyOeKHbIE HCTOYHUKH JIOJDKEH ObITh He MeHee 20%.

4. YIK (UDC) odopmisiercst u popmupyercs B coorBerctBuu ¢ [OCT 7.90-2007.

5. Habop Tekcra ocymectsisiercs: B peaakrope MS Word.

6. @opmyanl Habupatores B penakrope MathType (He Bo BctpoenHoM penakrope Word) (Menkue popMyItbl, CHMBO-
JI6I 1 0003HAYECHUS HAOMparoTcs 6e3 NCIoNIb30BaHMs pefakTopa Gpopmyin). Tadauubl HabuparoTces B ToM e hopMare, 4To
1 OCHOBHOH TeKcT. B Tekcre OykBa «&» 3aMeHsieTcst Ha OYKBY «€» U OCTaBIISICTCS TOJIBKO B (DaMHIIHSX.

7. Pucynku (B dpopmare .tiff, .bmp, .jpeg) u Tadmuunr opopmisirorest B Buzae otaenbHbX daiios. pudt — Times
New Roman, pazmep mpugra ocHoBHOTO TekcTa — 14, uarepBai — 1,5. Tabmuisl 001611010 pa3mMepa MOTyT ObITh HaOpa-
Hbl kerieM 12. [TapameTpsl cTpaHULBL: OIS CJIeBA — 3 CM, CBEPXY M CHU3Y — 2 cM, crpaBa — 1,5 cM. Tekct pasmemaercs
0e3 3HaKOB NepeHoca. Ad3aHbIi oTcTyI — | cM.
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2.2. IlpeacraBieHne MaTepuaJjioB

1. [IpeacraBneHre BCex MATEpPHAaliOB OCYIIECTBISICTCS B AJICKTPOHHOM BHJC Yepe3 JICKTPOHHYI PEIaKIHIO
(http://journals.spbstu.ru). [Tocie perucrpamnuu B cucteMe 3JIeKTPOHHOM peJaKIMK aBTOMAaTHYeCcKH GOPMUPYETCS
MePCOHANBHBIN POQUIL aBTOPA, O3BONSIOLINI B3aUMOICHCTBOBATh KaK C pelaKIUeH, TaK U C PELIEH3CHTOM.

2. Bmecte ¢ marepuanamu CTaTbH JOJDKHO OBITH MPEACTABICHO YKCIIEPTHOE 3aKIIOUCHHE O BO3MOKHOCTHU OITy-
OJMKOBaHMS MaTePUAIOB B OTKPBITOM TeYaTH.

3. daiin cTaThy, MOJABACMBbIl Yepe3 AEKTPOHHYIO PEAaKIIHIO, TOJKEH COIEPKATh TOIBKO caM TeKCT Oe3 Ha3Ba-
HUS, CIIMCKA JTUTEPATyphl, aHHOTAIIMH U KIFOUEBBIX CIIOB, (aMHINi U cBeJeHUN 00 aBTOpax. Bee aTu mons 3amod-
HSIIOTCS OT/ACIBHO Yepe3 DICKTPOHHYIO PEAaKIHIO.

2.3. PaccMoTpeHHe MATepHAJIOB

[Ipenocrasnennsle Matepuaisl (. 2.2) nepBOHaYalIbHO PACCMATPHUBAIOTCS PEAAKIMOHHONW KOJUICTHEH M Irepeaa-
10TCsl JuIsl perieH3upoBanus. [locie ogoOpeHns MaTepHalioB, COIIACOBAHUS PA3IMYHBIX BOIPOCOB C aBTOPOM (IIpH
HEOOXOIMMOCTH) peJaKIMOHHAast KOJUIETHsl COO0MIAaeT aBTopy penieHue od omyOnnkoBaHUM cTaTbu. B ciydae oTtkasa B
IyOJIMKAIMK CTAaThH PEIAKIUsl HalPaBJIsieT aBTOPY MOTUBHPOBAHHBIN OTKa3.

[Ipu oTKIIOHEHNN MaTepHajIOB U3-3a HAPYLICHHUS CPOKOB I10/1auH, TPEOOBAHMH 110 OOPMIICHHUIO MM KaK HE OTBEYa-
IOLIMX TEMaTHKE JKypHaJla MaTepualibl He IyOIHKYIOTCS U HE BO3BPALIAIOTCSI.

PepakmoHHast KOJUIETHs HE BCTYIAET B IMCKYCCHIO C aBTOPAMHU OTKJIIOHEHHBIX MaTepHaJOB.

[Ipu mocTyruieHNH B PEAAKIMIO 3HAYUTEIBHOTO KOJIMUECTBA CTATEH MX MPHUEM B OUEPEAHON HOMEpP MOXKET 3aKOH-
yutca JOCPOYHO.
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