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Carbon dots (CDs) — small crystalline or amorphous
carbon-based nanoparticles — have attracted much attention
as promising fluorescent materials for a wide range of
applications, both in the biomedical fields and in
optoelectronics [1]. One of their widely accepted
advantages is the simplicity of the formation of highly
luminescent CDs from a wide variety of organic precursors.
At the same time, several recent studies on these chemically
synthesized CDs raised questions about the nature of the
resulting products. Their strong fluorescence can arise due
to the presence of molecular organic fluorophores [2,3], not
necessary CDs, as was assumed in the earlier publications.
On the other hand, purely carbon dot samples can be
synthesized using seeded growth method, yielding CDs of
the different sizes, through controlling the amount of seeds
introduced into reaction mixture, alongside with the
reaction time [4]. This synthetic approach has been
demonstrated to be an effective way to tune their optical
properties: color-tunable fluorescence of CDs with blue,
green, yellow, orange and red emission under UV
excitation has been achieved [4,5], with the color
depending on size of the n-conjugated domains in the CD
graphitic core [6,7]. Very recently, we have extended the
family of the light-emitting colloidal carbon nanoparticles
towards carbon nanorods with linearly polarized emission
[8]. I will also shortly review the emerging applications of
CDs in light-emitting devices [5] and as phosphorescent
materials for data encryption [4,9].
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The unique localized surface plasmon resonance
(LSPR) properties of plasmonic noble metal nanomaterials
open up exciting opportunities in various applications
including optical devices,[1] color filters,[2] sensing,[3]
and electro-optical switching.[4] The LSPR properties of
these nanoparticles can be generally modulated by altering
the size, morphology and composition.[5] The dynamically
in response to external stimuli in a reversible manner has
been considered as the next revolution in plasmonic
materials,[6] which envisions great opportunities in
creating novel optical devices, displays and sensors.[7]

Creating dynamic optical switching of plasmonic
nanostructures is highly desirable due to their promising
applications in many smart optical devices. To date, many
efforts have been devoted to achieving this goal. One
strategy is to take advantage of plasmonic coupling
between adjacent noble metal nanoparticles via controlling
their assembly and disassembly, leading to LSPR
properties that can be conveniently controlled by various
stimuli such as stress, magnetic field, pH and temperature.
Another way is to take advantage of the electro-redox
chemistry to modify the morphology, chemical
composition and fundamental coupling mechanism of
plasmonic nanoparticles in a reversible manner.
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Figure 1. A cartoon illustrating the fabrication of an
electrochromic film with hollow Ag/Au alloy nanoparticles and
the switching mechanism between the color and bleached states
of the film.

Here, we report a novel strategy to fabricate an
electrochromic ~ film  with  hollow Ag/Au alloy
nanoparticles, with the color switchable by electro-
responsive dissolution and deposition of Ag on these
hollow nanoparticles, as illustrated in Figure 1.

These hollow Ag/Au alloy nanostructures serve as
stable anchor sites for the deposition of Ag such that the
self-nucleation events have been eliminated, allowing
optimal reversibility of the color switching. The hollow
structure  further enabled significantly  improved
transmittance contrast of the electrochromic film between
the bleached and color states. With its additional
advantages such as convenience to prepare, high sensitivity
and tunable optical property in response to electric field, we
believe this novel plasmonic electrochromic film offers a
unique opportunity in smart optical devices.
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Numerous nanomaterials prepared by means of laser
ablation in liquid (or its modification, laser irradiation in
liquid) are well-known to be promising for applications in
several fields such as electronics, catalysis, biomedicine,
optics and optoelectronics, energy related technologies and
so on [1,2]. Apart from nano-structures with different
morphologies and chemical composition, various hybrid
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Figure 1. (a) SEM image of Au@TiOz nanopatrticles prepared via
laser irradiation by millisecond pulsed laser in water and (b)
dynamic response curve of sensor device based on such
nanoparticles toward acetaldehyde (in ppm) at room temperature.

nanomaterials can also be generated through this approach
[1,2]. As representatives of this class, hybrid metal-
semiconductor nanostructures based on transition-metal
oxide nanoparticles decorated with  noble-metal
nanoclusters were reported to demonstrate improved
sensing, catalytic, and even antibacterial, properties [3-6].
Although more reports emerge on preparing such hybrid
nanomaterials using laser approaches [3-6], no systematic
information is available yet in this research direction, while
thorough control over such nano-structures (their
morphology, sizes, chemical composition, etc.) is very
important to tune their performance and efficiency.

The present talk will focus on Au@TiO nanomaterials
produced through irradiating commercial titania (TiO2)
nano-powder by a Nd:YAG laser in water followed by
adding AuCls- species. Figure 1 exhibits such Au-
decorated titania nanoparticles produced by means of a
millisecond pulsed laser (a) and how a gas-sensing device
based on this material responded to acetaldehyde at room
temperature (b).
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Lasers are used in many applications — we limit
ourselves with LSP (laser shock peening), LAL (laser
ablation in liquid) and surface structuring. According to
these applications this work is divided into three parts. (1)
Formation of a shock wave under laser exposure. (2)
Synthesis of colloidal solutions of nanoparticles by laser
ablation in a liquid. (3) The appearance of surface
structures. All listed three topics are substantially related.
The movement inside the target (topic 1) is inextricably
linked with the movement outside the target (topic 2), i.e.
internal motion is connected to a laser plume. A laser plume
ejected into a liquid is a source of nanoparticles.
Movements inside and near the surface of the target
ultimately leave an imprint on this surface (topic 3). These
are the structures on the surface.

The exposure scheme is as follows. There are two half-
spaces. One of them freely transmits laser radiation
(vacuum, glass, water). Another half-space is filled with
absorbing material. This is the target. Laser radiation passes
through a transparent medium and is absorbed in the target.
The specific situation is determined by the type of
transparent medium and the pulse duration. The energy of
laser pulses for the described applications is fixed.
Absorbed fluence is 0.1-10 J/cm? for ultrashort pulses and
1-100 J/cm? for nanosecond actions. We consider effects of
non-one-dimensional geometry [1] in the propagation of
shock waves in the interests of laser shock peening. One-
dimensional evolution of ablation flow is well studied [1-
4]. The report discusses how ablation proceeds in a liquid
[1,5-9] (for applications connected to LAL) and describes
the formation of various surface structures on films and
bulk targets that accompanies these processes [10-12]
(many applications with structuring).
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A driving force for nanophotonics is the discovery of
new materials to improve existing concepts or enable new
applications. One of the most recent conceptual shift was
related to the replacement of metallic nanoparticles by all-
dielectric ones (e.g., silicon, GaAs, etc.) bringing a novel
opportunities for light manipulation at nanoscale. The next
step is to further expanding the range of materials. This
report reviews the state-of-the-art in all-dielectric
nanophotonics, including recent results on photonic
crystals, metasurfaces, and nanoantennas made of organic-
inorganic perovskites, as well as their implementation in
optoelectronic devices. Finally, we compare efficiencies of
light-emitting nanoantennas made of different materials.

NONLINEAR

PHOTOVOLTAICS

ON-CHIP CosT
INTEGRATED EFFICIENCY
PHOTONICS

@ Halide perovskites GaAs Silicon

Figure 1. A hexagon scheme shows the comparison of suitability
of various materials (Si, GaAs, and halide perovskites) for
different applications. 3D figure shows schematic illustration of
an array of resonant nanoparticles. Adopted from [4].

Nanophotonics connects optics and nanoscience, and it
aims to localize light at the nanoscale in resonant optical
modes, allowing us to scale down substantially the size of
many optical devices. In order to confine light at the
nanoscale, traditional nanophotonics employs metals.
Recently, to overcome optical losses and bring novel
functionalities, optically resonant dielectric and
semiconductor nanostructures were introduced and
extensively studied over the last decade [1].

On this way, conventional semiconductors such as
silicon or gallium arsenide are employed for such
nanostructures due to their high values of the refractive
index, excellent nonlinear properties, and well-developed
fabrication methods. Various designs with integrated
quantum dots or quantum wells were applied to overcome
limitations of plasmonics [2]. The next step on the
simplification of the developed designs and making them
more attractive for large-scale low-cost technological
applications is employing a rising star of the modern
materials science — halide perovskites [3,4]. Indeed, we
show that halide perovskites is a family of materials with
outstanding characteristics for creation not only large-scale
metasurfaces [5], but also efficient and tunable
nanoantennas [6,7], which enables us to demonstrate the
smallest ever nonplasmonic nanolaser [8].
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We observed for the first time high-quality modes in
subwavelength dielectric resonators. Such modes result
from interference of two dissimilar leaky modes, and they
are governed by the physics of bound states in the
continuum.

High-index dielectric  subwavelength  structures
emerged recently as a new platform for nano-optics and
photonics [1]. They benefit from low material losses and
provide a simple way to realize magnetic response which
enables efficient flat-optics devices reaching and even
outperforming the capabilities of bulk components. Yet, the
enhancement of near-field effects for individual
subwavelength resonators is strongly limited by low quality
factor (Q factor) of fundamental Mie resonances governing
the optical response. Recently, a novel approach was
suggested theoretically to achieve high-quality (high-Q)
resonances (also termed supercavity modes) in individual
subwavelength resonators [2,3] by approaching genuine
nonradiative states — optical bound states in the continuum
(BICs) [4]. Supercavity modes attracted a lot of attention in
nonlinear nanophotonics [5], however, up to now, they
have never been observed. Here, we report on the first
experimental observation of the supercavity modes in
individual subwavelength dielectric resonators, in the near-
infrared range (resonator material permittivity of 11), and
then for microwaves (permittivity of 45). We demonstrate
efficient excitation of supercavity modes through the near-
filed and far-field.

First, we observe the supercavity modes in the near-
infrared range. We consider cylindrical resonators with
height 635 nm made of AlGaAs (permittivity of 11) placed
on a silica substrate with an additional highly doped 300
nm ITO layer. This layer provides an additional
enhancement of the Q factor due to the interaction between
the resonator and the substrate. To engineer the supercavity
mode, we vary the resonator diameter between 890 nm and
980 nm to induce strong coupling between a pair of Mie
modes [4]. For an efficient excitation, we employ a tightly
focused azimuthally polarized vector beam with the
wavelength varying from 1500 nm to 1700 nm. The
maximal measured Q factor is 190. It is observed for the
cylinders with diameter 930 nm, when the supercavity
regime is achieved. This value is more than one order of
magnitude higher than for conventional dipolar Mie modes.

Next, we study supercavity modes in the microwave
range. We consider a cylindrical dielectric resonator
consisting of several aligned ceramic disks with radius of
11 mm. The permittivity and loss tangent of the ceramics
are of 45 and 10, respectively. The aspect ratio of the
resonator (R/L) is tuned smoothly by changing the number

of ceramic disks. For excitation of the resonator, we employ
a loop antenna placed beneath the resonator concentrically
with its axis. We found that the Q factors change drastically
with R/L showing sharp maxima. The maximal measured
Q factor of 12500 is achieved for the aspect ratio of 0.55.
The measured values of the Q factor are limited by
absorption in the ceramic disks. The radiative Q factor at
the same aspect ratio reaches the value of about 2x10°.

We have demonstrated experimentally, for the first time
to our knowledge, the existence of high-Q supercavity
modes in individual subwavelength dielectric resonators,
for both near-infrared and microwave spectral ranges. We
have shown that these high-Q resonances can be excited
efficiently through a broad spectral range using structured
light or near-field sources. For the subwavelength optical
resonator made of AlGaAs with permittivity of 11, we have
observed the Q factor of about 190, and for the ceramic
resonators with permittivity of 45 in microwaves, we have
observed the Q factor of 12500. Our study revealed that
supercavity modes are formed due to strong interaction of
two leaky modes, which interfere destructively resulting in
strong suppression of radiative losses. This clearly
demonstrates that the supercavity modes are governed by
the physics of bound states in the continuum.
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For a long time, rare-earth (RE) intermetallic materials
have attracted considerable interest because of their exotic
properties at low temperatures which include complex
magnetic phases, valence fluctuations, heavy-fermion
properties, Kondo behavior and many others. All of these
properties stem from the interplay between almost
localized 4f electrons and itinerant states.

In that regard, the class of RE compounds RET,Si, (T
is transition metal atoms) of the ThCr,Si, type structure
attracts considerable attention. Besides their unique bulk
properties evolving from a delicate interplay of 4f and spd
electrons, these materials serve as toy models for studying
exotic physics within the non-centrosymmetric Si-T-Si-RE
four layers of the Si-terminated surface. There, the spin-
orbit coupling (SOC) can be tuned by choice of suitable
transition metal atoms. It gradually increases by
exchanging Co (3d) for Rh (4d) and further for Ir (5d). The
SOC-based phenomena will be rather weak for Co 3d
electrons, while they will be greatly enhanced for Ir 5d
orbitals. As a competing ingredient, exchange magnetic
interaction may be exploited by inserting elementary 4f
magnets like Gd as the RE component. Because the orbital
moment of the Gd 4f shell vanishes (L = 0), the pure and
large spin moment of Gd will be a strong and robust source
of magnetic phenomena. A rotation of the 4f moments to a
certain angle relative to the surface normal may be achieved
by coupling to a crystal electric field (CEF). To make use
of notable CEF effects, a non-vanishing orbital moment L
is needed, like for instance in Ho or Dy. Then, this option
allows to implement an exchange magnetic field with
different strength and orientation at the surface, which
competes with the Rashba SOC field and creates additional
possibilities to manipulate the properties of the 2D
electrons within the considered Si-T-Si-RE system. As the
next ingredient, the Kondo effect can be introduced by
inserting elements with unstable 4f shell as Yb or Ce. This
gives the opportunity to explore the interplay of the 2D
electrons with 4f moments within a 2D Kondo lattice in the
presence of spin-orbit coupling and a non-centrosymmetric
environment.

We propose and demonstrate that in general such a Si-
T-Si-RE system may serve as a beautiful playground for
studying the fundamental properties of 2D electrons. These
systems can be nicely used as a veritable construction kit

with spin-orbit, Kondo, crystal-electric field, and exchange
magnetic interactions as building blocks. Combining them
with one another gives the opportunity to design systems
for different scenarios and to study the physics of 2D
electron states in the presence of these competing
interactions. The most interesting experimental results
obtained by our team in the recent past working on these
scenarios will be presented.
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Skyrmions are topologically protected spin textures,
which may be used in spintronic devices for information
storage and processing. However, skyrmions in
ferromagnets have some intrinsic difficulties for their usage
in nanodevices, such as the inability to move strictly along
electric current due to skyrmion Hall effect [1]. We worked
out several routes to solve this problem by using instead of
skyrmions novel anisotropic topological objects, such as
antiskyrmions [2] and bimerons [3]. Yet as another solution
to eliminate the skyrmion Hall effect, topological spin
solitons in antiferromagnets are proposed [4,5,6]. It will
demonstrate how they can be stabilized [7] and
manipulated at finite temperatures [4]. Remarkably, we
also show how the Magnus force acting on (anti)skyrmions,
and thus in turn skyrmion Hall effect, can be efficiently
tuned microscopically via modulation of spin-orbit
interaction [8].
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Spin-orbit torque, manifested by accumulated spin-
polarized magnetic moments at the nonmagnet (NM) and
ferromagnet (FM) interface, is a promising magnetization
switching mechanism for spintronic devices such as
magnetic random access memory (MRAM). Lately, spin-
orbit torque (SOT) driven switching has been discovered in
various sets of NM/FM heterostructures such as beta-phase
W/CoFeB with MgO capping where an in-plane current
injection  induces magnetization reversal in a
perpendicularly magnetized layer. To fully exploit SOT in
practice, materials with a high spin Hall angle, a charge-to-
spin conversion efficiency, is very critical. While
tremendous efforts have been made in this kind of
exploration, materials compatible with semiconductor
processing would be more attractive. We introduce the SOT
efficiency and switching characteristics of W/CoFeB/MgO
thin film junctions where various types of layer structures
are inserted in the interface between W and CoFeB.
Material screening is conducted using first-principle
calculations while subsequent fabrication and verification
are confirmed experimentally.
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Spectroscopic ellipsometry in situ measurements on
grown single-crystalline FesSi/Si and Fe/SiO,/Si films are
analysed with the ab initio DFT- GGA calculations of the
electronic structure and real and imaginary parts of
permittivity. Effects of electronic correlations are
important for ferromagnetic metal FesSi and are considered
within GW approximation. For non magnetic in bulk a-
FeSi, we present the effect of silicon atoms substitution by
the iron atoms and vice versa on the a-FeSi, magnetic
properties. We find that while the stoichiometric a-FeSis is
nonmagnetic, the substitutions generate different magnetic
structures depending on the type of local environment of
the substitutional Fe atoms. We find that in Fei,Siz
ordered alloys an increase of Si concentration may lead to
ferromagnetism.

By means of hybrid ab initio + model approach we show
that the lattice distortions in non-magnetic a-FeSi, can
induce a magnetic state. However, we find that the
distortions required for the appearance of magnetism in
non-magnetic a-FeSi, are too large to be achieved by
experimental fabrication of thin films. For this reason we
suggest a novel way to introduce magnetism in a-FeSi,
using ‘‘chemical pressure’” that is, intercalating the a-FeSi,
films by light elements. Theoretical study of the distortions

resulting from intercalation reveals that the most efficient
intercalants for formation of magnetism and a high spin
polarization are lithium, phosphorus and oxygen.
Investigation of the dependency of the magnetic moments
and spin polarisation on the intercalation atoms
concentration shows that the spin polarization remains high
even at small concentrations of intercalated atoms, which is
extremely important for modern silicate technology.
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CMOS-compatible optoelectronic and nanoelectronic
devices if they can be formed in regular and uniform arrays
with controlled size, shape, chemical composition, and the
properties of their surrounding like choice of matrix
material. For realistic integration of QD into Si-technology
devices, the QDs have to be site-controlled to ensure their
large scale addressability. Besides, ordered QDs provide
several more benefits as compared to their randomly
nucleated counterparts: a more homogeneous chemical
composition and energy spectrum. In this report, we will
focus on self-assembled, group-1V, Ge-on-Si epitaxial
QDs, formed with dislocation-free growth [1].

The size homogeneity and density of the arrays of
quantum dots was found to be tuned with low-energy ion-
beam actions during molecular beam epitaxy (MBE).
Nucleation of QDs due to a pulsed low-energy (100 eV)
beam action of intrinsic ions (Ge*) resulted in the
increasing of QDs density and improving of homogeneity
in QDs sizes.

The linear ordered chains of quantum dots were formed
on Si groove patterned Si(001) substrate formed by using
combination of nanoimprint lithography and Ge ion
irradiation through mask. Ordered structures with grooves
and ridges were prepared by the selective etching of regions
amorphized by ion irradiation. Laterally ordered chains of
Ge nanoislands were grown by MBE of Ge on the
prepatterned Si substrates. It was shown that temperature
during ion irradiation affects the location of subsequently
grown Ge nanoislands at MBE: inside grooves or on ridges.
It was shown also, that the location of subsequently grown
Ge nanoislands depends upon the sidewall inclination in
grooves and grooves shape: in the case of the V-shaped pits,
3D Ge islands nucleate inside the pits. For U-shaped pits
the 3D Ge island nucleation takes place around the pit
periphery. This effect is attributed to the strain relaxation
depending not only on the initial pit shape, but also on its
evolution during the Ge wetting layer deposition.

Monte Carlo simulations was shown that in the case of
a V-shaped pits with a pointed bottom, the strain relaxation
is most effective inside the pit, while for a U-shaped pits
with a wide bottom, the most relaxed area migrates during
Ge deposition from the pit bottom to its edges, where 3D
Ge islands nucleate. The interpretation is consistent with
the general approach, considering the strain as a driving

force for the island positioning. In addition, a specific
mechanism, associated with a shift of the relaxed area from
a pit bottom to its top during Ge deposition, was identified.
The mechanism is pronounced in the case of a pit with a
wide flat bottom.

The idea to use the built-in elastic strain for controlling
the spatial localization of charge carriers, their energy
spectrum, overlapping between electron and hole wave
functions is fruitful for photoluminescence (PL)
enhancement due to strain tuning of electron localization in
QD structures. The strain in the Ge-Si system can be
enhanced as by increase in the number of QD layers in
multilayered structures and by growing the combined
structures that represent a combination of large built-in
disk-like QDs (nanodisks of 200 + 250 nm size) and
ordered groups of smaller QDs grown over strained surface.
The presence of nanodisks QDs provides a significant
deformation in the surrounding silicon, effectively
lowering the level of the conduction band edge and,
thereby, forming a wide potential well. Small QDs

(around 30 nm), which have a higher Ge content, provide

peak deformations, forming narrow and deep potential
wells for electrons in silicon. The enhancement of the
localization potential for electrons makes possible to
observe the PL up to room temperature [2]. Moreover, one
could obtain the PL intensity enhancement due to an
increase in the overlap integral between electron and hole
wave functions. It was found that the strain tuning of site of
electron arrangement provides multiple increase of PL
intensity from SiGe QDs.
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Introduction

In the Soviet Union, the Molecular Electronics program
was born in the Ministry of Electronic Industry in the early
70s. It was a powerful program aimed at the creation of
microelectronics devices and technologies, the complex
functional molecules of which were to become the single
functional elements. As the basic technology, the
technology of molecular layering of films was considered -
the Langmuir-Blodgett technology. Variants of molecular
self-assembly technology were also considered.

By the end of the 80s, when monomolecular conductive
layers, and e-beam resistes based on LB films, and
lyotropic liquid crystal systems were developed. We
studied options for creating complex systems based on the
technique of layer-by-layer formation of structures, then
called LB technology. But no one was able to obtain
structures with the expected properties, even electrets, and
it became clear that without new methods of analysis,
methods of atomic resolution, the further development of
this technique is at least unpromising. By that time, spectral
methods, X-ray analysis methods, and electron microscopy
methods were developed. But this was clearly not enough.
At the beginning of the 80s, scanning probe microscopes
were invented at the Swiss branch of IBM at the beginning
of the tunnel, and then atomic force microscopes, the ability
to manipulate individual atoms was demonstrated, methods
for studying electrical magnetic properties were proposed,
methods of non-contact, semi-contact analysis were
proposed (i.e. N. Tapping mode), allowing to study the
"soft" film structures, biological materials, even living
cells.

We also had separate groups in the USSR (Prof. V.I.
Panov's laboratory at the Physics Department of Moscow
State  University, prof. Khaikin's laboratory in
Chernogolovka, prof. V7C7 Edelman in Institute of
Physical Problems USSA Academy of Science, prov V.K.
Nevolin from Moscow (Zelenograd) Institute of
Electronics, prof A.O. Golubok from St. Petersburg
Institute of Analytical Instrumentation), in which the
development of tunneling microscopes was made, but these
were the development of individual devices.

The tasks of creating devices for a wide range of users - this
is the task that a group of scientists working in the field of
"Molecular Electronics" took up.

First steps of NT-MDT group

The Company's first instruments were scanning
tunneling microscopes. They were developed in 1990 (Fig.
1 (@)). Instrument mechanics were developed by the

research group of the Physics Department of Moscow State
University, and the processor and software, as well as the
instrument as a whole, were developed by the scientific
group of MDT Corporation. The STM-10-90-MDT device
(Fig. 1 (a) and (b)) provided atomic resolution for HOPG,
but had a number of significant drawbacks - a small
scanning field, manual supply of the sample up to the range
of movement of the piezoelectric bimorph plate (about 50
microns) with the subsequent supply of the sample to the
range of the tripod scanner and manual “retraction”, which
did not allow returning to the previous place of scanning,
but he already had such functions as “lithography”. As a
scanner, a piezoceramic “tripod” was used based on the
domestic PZT-19 piezoceramics. The processor of the
device was also made on the domestic (USSA) element
base, where the analog-to-digital and digital-to-analog
converters were made on digital and analog microcircuits
and occupied separate boards (in the USSR, there were no
ADC and DAC microchips). Using STM-10-90-MDT, the
first research work [1,2] was carried out, the results of
which were presented at the 1991 conference “10 years of
STM” in Interlaken (Switzerland).

The following model was developed together with A.O.
Golubok (STM-10-MDT, Fig. 1 c and d), in which a tubular
3-coordinate scanner was used. The inlet and outlet of the
sample was carried out by an inertial piezoceramic engine,
which was already much more convenient, but the accuracy
of returning to the old place was less than the scan range of
the scanner. Nevertheless, these devices were already in
demand. The first customer of this type of tunneling
microscope was the Genova University, Institute of
Bioelectronics (Genoa, Italy) and ASSE-Z (Padova, Italy).
The device was demonstrated at a number of Russian
exhibitions and at the STM-93 exhibition in Beijing.The
first scanning probe microscope with the capabilities of
both atomic force and tunneling microscopes was
developed in 1994 (Fig. 2). As an atomic force microscope,
it worked only in the contact mode, but allowed to obtain
atomic resolution in tunneling microscopy modes, worked
in the lateral and contact AFM modes, provided the ability
to visualize atomic lattices both on HOPG, and on mica and
layered MoTe semiconductors.

In 1994, we began developing silicon cantilevers in
1995; we already had the first samples.

In 1997, the first multimode microscopes SOLVER-
P47 (scanning with a sample, solution 3a) and SOLVER-
P47H (Fig. 3b) - scanning with a cantilever (Fig. 3) were
developed. These devices successfully worked in all modes
known by then, including semi-contact (tapping - mode), in

28


http://www.ntmdt-si.com/
mailto:spm@ntmdt-si.ru

PS.30.03i

non-contact modes, including magnetic-power. The
creation of devices operating in the tapping mode, in which
the degree of impact on the sample is hundreds of times less
than in the contact mode, made it possible to understand the
essence and limitation of LB technology.By 1998-1999,
scanning probe microscopes were created that made it
possible to study SOLVER-LS plates with diameters up to
100 mm (Fig. 4)

All these devices worked successfully, were delivered
to dozens of institutes in different countries of the world
(more than 30 countries), but they were devices belonging
to the class of indicator devices — their scanners were not
equipped with displacement sensors. The non-linearity of
the scanners was compensated by software correction,
providing accuracy of not more than 1%, positioning at the
desired location, the scan required several adjustments.

In 2003-2006, NT-MDT with 2 nd place was included
in the 10 small winning companies and received a large

(@)

grant from the Ministry of Industry and Science, which
made it possible to make a major breakthrough in
development and create a powerful line of devices (Fig. 5).
Interaction with the Bortnik Foundation allowed us to
develop the first devices for the educational sector -
nanoeductors, the further development of which allowed us
to create real metrological devices for teaching students and
schoolchildren.

New SPMs (Fig. 6), as well as combines with
spectrometers, had precision scanners with low-noise
capacitive sensors, which made it possible to significantly
improve their properties, and in the course of further
improvement of 2015-2019, develop new scanning modes
and introduce artificial intelligence  systems
SCANTRONICS™ intelligent software module (3) into
scanning algorithms, which fundamentally changed the
properties of devices.

Figure 2. The first SPM of the company Nanotechnology MDT SOLVER-P4 - (a), (b), (¢) - “head” of the AFM, (d) - “head” of STM.

Scanning Probe Microscope Solver P4TH
(scanning by the cantilever configuration)

Solver P47H measuring head with
h

the sample holder

Figure 3. The first multimode SPM of the company Nanotechnology MDT SOLVER-R47 - (a) and SOLVER-R47H.
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Conclusion

For 30 years, the company has grown from a small
group of scientists into a powerful group - now it is the
NT-MDT Spectrum Instruments group of companies,
which has confidently conquered both the Russian and
world markets for scanning probe microscopy and
spectroscopy - in the world today more than in About
5,000 Russian devices operate in 60 countries.

The development of micro and nanoelectronics gives
rise to an increasingly powerful elemental base, which
allows implementing a number of operating modes,
solving tasks of reducing user requirements by
developing methods based on artificial intelligence
algorithms, which allows you to quickly and efficiently
work on devices with high quality results. This allows
you to quickly learn complex analysis methods for

engineers, technologists and even schoolchildren. It is
possible to create devices not only for scientists, but also
for practical analysts in medicine - quickly and reliably
diagnostic complex diseases analyzing individual
response of living cells to drugs.
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In bulk semiconductors, relaxation of the spin
nonequilibrium polarization for quasi-particles (electrons,
holes, or excitons) moving freely over the conduction band
(valence band) occurs within hundreds of picoseconds
owing to scattering and/or precession of the spin between
the scattering events. Theory predicts that in low
dimensional heterostructures such as quantum dots (QDs)
and thin quantum wells (QWSs) the localized character of
the quasiparticle wave functions suppresses the most
efficient intrinsic mechanisms of spin relaxation related to
partical moving (like Elliott-Yafet and Dyakonov-Perel
mechanisms) [1]. According to the theoretical estimation,
the longitudinal spin relaxation time T1 of the electrons,
holes and excitons in QDs can be as long as milliseconds
[1]. They exceed by orders of magnitude typical
recombination times of excitons in direct band gap QDs,
which are typically about several nanoseconds. The
recombination time in low dimensional structures can be
controlled by the band gap type, direct or indirect, and the
band alignment in heterostructures. They can be increased
to hundreds of nanoseconds in direct band gap
heterostructures of type Il [2]. On the other hand,
momentum separation of electrons and holes in type-I
indirect band gap heterostructures such as (In,Al)As/AlAs,
allows one to increase the exciton lifetime up to hundreds
of microseconds [3]. An additional increase in the lifetime
is achieved by spatial separation of charge carriers in
indirect band-gap heterostructures of type 1l [4].

Recently we demonstrate that indirect band gap
structure in InAs/AlAs QDs with type | band alignment and
thin GaAs/AlAs QWs with type Il band alignment results
in increase of exciton lifetime up to the milliseconds that
makes these structures the very interesting objects for study
of the spin dynamics of excitions [5,6].

In this report the most interesting features of exciton
spin dynamics in ultra-thin GaAs/AlAs QWs and
(In,Ga)As/AlAs QDs will be shown. We demonstrate the

possibility to study the spin relaxation mechanisms of the
exciton (1) in low and even at zero magnetic fields, in the
optical orientation and optical alignments regimes under
quasi-resonant excitation; (2) in strong magnetic fields
using non resonant excitation, by measuring the dynamics
of the magnetic field induced polarization of exciton
luminescence [5,7,8,9]. The features of electron-nuclear
hyperfine interaction for indirect band gap heterostructures
will be also demonstrated.
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The increased interest in the investigation of low-
dimensional structures is caused by their unusual properties
and possible applications. Recently we have presented the
first-principles prove that the formation of two-dimensional
(2D) alkaline-earth metal silicides, germanides, and
stannides in the phases similar to the phases of 2D
transition metal dichalcogenides (so-called T and Td
(distorted T) phases [1-3]) is possible. In the T phase of
Me,X (Me = Mg, Ca, Sr, Ba and X = Si, Ge, Sn) one
monoatomic layer of X atoms is located between two
monoatomic layers of Me atoms so that each X atom is
coordinated by the nearest six Me atoms in an octahedral
arrangement. The stability of 2D ternary compounds
MeMe’'X, in which two different Me atoms form different
outer layers (see also Fig. 5 in Ref. 3), has been also
predicted [3]. All of the stable 2D Me;X and 2D MeMe'X
are found to be semiconductors with the band gaps in the
range of 0.1-1.0 eV [3].

In this work we consider the possibility of formation
and properties of nanotubes (NTs) formed by rolling up 2D
MeMeX. In order to roll up a graphene nanoribbon into a
NT, the additional mechanical stress must be induced [4].
Despite the dynamical stability of the infinite 2D MeMe X
[3], the spontaneous folding of its nanoribbons can occur
because of the difference in distances between alkaline-
earth metal atoms in 2D MeMe X with respect to the cases
of 2D Me;X and 2D Me">X [3]. This issue could be enough
to provide strain in 2D MeMe X leading to possible the 2D
— 1D transformation.

In order to investigate this possibility we have
performed the first-principles calculations of zigzag and
armchair MgCaSi NTs with the different sizes to reveal
changes total energies and band structures with respect to
2D MgCaSi. These calculations have been performed using
the projector-augmented wave (PAW) method (VASP code
[5]) within the Perdew-Burke-Ernzerhof functionals [6] for
the exchange-correlation energy.

After full structural optimization we have found that
MgCaSi NTs with Mg atoms forming the inner layer are
lower in the total energy with respect to 2D MgCaSi. The
zigzag (6,0) and armchair (3,3) MgCaSi NTs are found to
be the smallest possible NTs because the sharp increase of
total energy occurs for NTs with smaller diameter. The
energy gain for the 2D — 1D transformation and the strain
relief, caused by distortions in the interatomic Me—Me and
Me’'-Me’ distances in the MeMe X NTs with respect to the
parent 2D MeMe X, suggest the spontaneous rolling up of

MeMe'X nanoribbons. The most stable zigzag (8,0) and
armchair (4,4) MgCasSi NTs have diameters of about 11.8
and 10.3 A, respectively. Diameters are defined by a tube
formed by Si atoms.

It has been found that all of investigated MgCaSi NTs
are direct-gap semiconductors with the first direct
transition in the T" point, as well as their parent 2D structure.
In the limit of large NT diameters, the corresponding band-
gap values approach the band-gap value of 2D MgCaSi,
which is 0.52 eV. The maximum band-gap values of
0.67 eV for the zigzag (10,0) NT with diameter 14.6 A and
of 0.64 eV for armchair (6,6) NT with diameter 14.0 A
have been found. Preliminary calculations of values of
dipole matrix elements of the first direct transition in
MgCasSi NTs indicated rather high oscillator strength.

Thus, the theoretical possibility of the 2D - 1D
transformation in 2D MeMe'X driven by strain relief is
presented. All MgCaSi NTs have the Mg outer and Ca inner
layers and these NTs are direct band-gap semiconductors.
We also discuss a possibility of the similar 2D — 1D
transformation in 2D ternary transition metal
dichalcogenides.
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Photovoltaics (PV) systems have been rapidly and
globally deployed and exceeded a cumulative installed
capacity of 500 GWp in 2018. However, it is necessary to
further deploy PV systems to establish a sustainable energy
supply. For this purpose, the energy costs per watt-peak
must be pursued based on improving the energy
conversation efficiency of solar cells and decreasing
manufacturing costs. Now, more than 90% of installed
solar cells are based on crystalline silicon (c-Si), and a
large-scale production system for PV modules based on c-
Si solar cells is well established. However, there are two
main drawbacks to using c-Si. One thing is that the
absorption coefficient is small. Thus the wafer thickness of
>100um is necessary, and Si wafers will still account for
the majority of the cell’s price. Another drawback is the
band gap of Si (Eg=1.1 eV), which is slightly narrower
compared to the ideal one (1.4 eV). Under such
circumstances, we have paid special attention to barium
disilicide (BaSiy). It is composed of earth-abundant and
non-toxic elements [1,2]. It has attractive features for solar
cell applications [3] such as a suitable Eg of 1.3 eV, a large
absorption coefficient. Moreover, BaSi, has a large
minority carrier diffusion length L ~ 10 pm due to its
inactive grain boundary. Because of these excellent
properties, BaSi, is considered a thin-film solar cell
material. In previous studies, we have achieved n=9.9% in
p-BaSiz/n-Si heterojunction solar cells [4]. Furthermore,
we have demonstrated the operation of BaSi, homojunction
solar cells [5]. In the presentation, | talk about what we are
now focusing on, that is the improvement of optical
properties of BaSi, light absorber layers. According to the
first-principles calculation by Kumar et al. [6], Si vacancies
(Vsi) are most likely to occur as point defects in BaSi,. In
BaSi,, Si atoms are bonded covalently. Thus, electron
paramagnetic resonance (EPR) is considered one of the
most powerful techniques to detect defects which carry a
charge and have a spin (S#0). Very recently, we succeeded
to detect paramagnetic defects in BaSi, by EPR for the first
time [7]. We also demonstrated that atomic H passivation
is beneficial to improve the optical properties of BaSi- films
from the viewpoints of both experiment and theory [8].

In our future society, low power-consumption
electronic devices are of particular importance, too. The
development of artificial intelligence and big data requires
the development of high-speed and low-power memories
and processors. In this context, spintronics possesses
compelling advantages over competing technologies:
intrinsic nonvolatility, room-temperature operation, and
compatibility with the CMOS technology. Spintronics
Achilles’ heel might be its hazardous dependence on Co,
rare-earth elements, and heavy metals (W and Pt). In the
presentation, | talk about the magnetic properties of a
material made of abundant and cheap elements, and show

that it is a promising candidate for the development of a
sustainable spintronics: epitaxial ferrimagnet MnaN.
Recent experiments have shown that epitaxial MnsN thin
films exhibit a perpendicular magnetization [9], remarkable
magnetic properties within particular millimetric and
smooth domain-wall (DW) motion and record DW
velocities exceeding 900 m/s at room temperature owing to
spin transfer torque [10]. We are now focusing on further
enhancing a DW velocity in MnsxNixN films by achieving
the angular momentum compensation. The DW velocity is
considered to diverge at the angular momentum
compensation point. Very recently, we found that the
magnetic compensation occurs in the range 0.1<x<0.25 by
x-ray magnetic circular dichroism [11], and actually
achieved the record DW welocity > 1.5 km/s at room
temperature.
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We have developed a novel short-wavelength-infrared
(SWIR) photodiode made from Mg.Si single crystal. The
pn-junction was formed by the thermal diffusion of Ag
dopant in n-type Mg.Si substrate prepared from the melt-
grown bulk crystal. The photodiode performed a good
photo-response  below 2.1 um at 300K. The
photosensitivity of more than 0.1 A/W was achieved
between 1.3 and 1.5 um for the mesh-electrode type pn-
junction photodiode

Infrared photodetector is attracting attention as one of
the key devices in the fields of machine vision system such
as night monitoring, environmental monitoring, process
monitoring, food inspection, and also medical imaging
[1,2]. Magnesium half silicide (Mg>Si) is an indirect band-
gap semiconductor with the gap energy of about 0.6 eV at
room temperature [3,4]. Its gap energy can be decreased as
far as 0.3 eV by making alloy compound with Mg.Sn [5].
Therefore, Mg.Si and its alloy compounds are expected to
be applied for the infrared photodetector with the cut-off
wavelength between 2 and 4 pum. Recently, we have
developed Mg.Si pn-junction photodiode of which cutoff
wavelength and detectivity are about 2.1 um and more than
1 x 10° cmHzYW-'at room temperature, respectively [6-
13]. In this paper, we report the fabrication of Mg,Si pn-
junction photodiode on the n-type Mg.Si bulk substrate
using a simple thermal diffusion process and also the basic
performance of the photodiode.

Bulk single crystal of Mg.Si was grown from the melt
using a pyrolytic graphite coated graphite crucible and high
purity Mg (5N) and Si (10N grade) raw materials by the
vertical Bridgman method [3,4]. The grown crystal was n-
type with typical electron density of in the order of
10'° cm3 [4]. The surface of substrate was polished like a
mirror by a fumed silica.

n-type Mg,Si ’ AL ;u }Ag/ \Au

(b) Al ohmic (c) Au/Ag layer
contact evaporation

+ v

(a) substrate

F |
} p-type }
(d) Thermal (e) mesa-
diffusion of Ag etching

Figure 1. Schematic drawing of the fabrication process for the
circle-electrode Mg2Si pn-junction photodiode.

The Mg,Si pn-junction photodiode was fabricated by
the thermal diffusion of p-type dopant (Ag) into the n-type
substrate[6]. Fig. 1 shows the schematic diagram of the
fabrication process of the photodiode. A thin Ag-source
layer and a following Au-electrode layer were evaporated
on the mirror polished Mg-Si substrate through a circular
patterned metal mask using a conventional resistive

evaporation system. Then, the thermal diffusion of Ag-
dopant was carried under the conditions of diffusion
temperature Tp =400 °C - 450 °C and the diffusion period
to = 10 min in Ar ambient using the gold-imaging furnace
(MIRA-3000, ULVAC). After the diffusion process, the
surface of the substrate was etched by the fluonitric acid
(HF : HNO3 : H,O =1: 2 : 100) to form mesa-structure. In
the fabrication of ring- or mesh-electrode photodiode, the
electrode was formed by a conventional lift-off process.
The backside ohmic contact was also made by the thermal
diffusion of Al [10,11].

The J-V characteristic of the photodiode with the circle-
electrode (0.6 mm of diameter) was evaluated between 250
K and 320K. Clear rectifying behavior confirms the
formation of a good pn-junction. The reverse bias current
decreased with decreasing the temperature due to the
decrease of intrinsic carrier density and related diffusion
current. We fabricated three types of photodiodes (circle,
ring and mesh electrode) and compared their
photosensitivity. We found the great improvement of
photosensitivity depending on the electrode structure
[12,13]. The value of the mesh-electrode photodiode was
approximately two order of magnitude higher than that of
the circle-electrode one.

We developed Mg.Si pn-junction photodiode on n-type
Mg.Si substrate for the application of SWIR detector. The
photodiodes performed a good photoresponse below the
cut-off wavelength of about 2.1 um. The obtained results
indicate that the Mg.Si is promising material for a novel
environment and human friendly SWIR sensor.
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The group-14 clathrates have been investigated because
of interesting physical properties related to their unique
crystal structure. Figure 1 shows the crystal structure of
type-I clathrate, whose general chemical formula is AgXas.
X atoms form a cage framework that consists of face-shares
X20 dodecahedra and X2, tetrakaidecahedra, and A atoms
are encapsulated in these polyhedra as guest atoms. The
clathrates are classified by which kind of polyhedra form
the framework. The group-14 clathrates are classified into
five types, type-I, type-1l, type-111, type-VI1II, and type-1X
(or type-TI"). In the following, we focus on type-I clathrates.
In the binary type-l group-14 clathrates, A represents
alkaline-metal and alkaline-earth-metal elements, and X
represents the group-14 elements such as Si, Ge and Sn. A
part of atoms in the framework can be replaced by group-
12, 13, and transition-metal atoms, results in ternary group-
14 clathrates, AgExXasx.

One of the interesting physical properties of AgExXas-x
is thermoelectric properties. The thermoelectric properties
of AsExXussx have been extensively investigated [1] since
the discovery of low lattice thermal conductivity in
SrgGasGeso [2]. This low thermal conductivity is an
important factor to achieve a high dimensionless
thermoelectric figure of merit, ZT. A ZT value of close to 1
has been reported for the Ge-based clathrate BagGaxGess-x
[3], which make BasGaxGessx a promising thermoelectric
material. However, based on elemental abundance in the
Earth's crust, Si-based clathrates are preferable to Ge-based
clathrates because Si is more abundant than Ge. It is,
therefore, necessary to synthesize semiconducting Si
clathrates and to change its nature from metallic to
semiconducting for tuning the ZT value optimum.

The other is optical properties. Adams et al. have
indicated by the first principle calculation that a guest-free
type-I Si clathrate Siss is a semiconducting material with an
band gap (E,) that is 0.7 eV wider than that of elemental Si
with the diamond-type structure [4]. Si-based materials
with wider E, than the diamond-phase Si are attractive for
solar cell application since (1) a semiconducting material
with £, of 1.4 eV, which is 0.3 eV wider than that of Si, is
ideal for a single junction solar cell, and (2) a Si-based
material with £ that is wider than 1.4 eV can be a candidate
top cell material for a tandem Si based solar cell.

Thus, the synthesis of semiconducting Si clathrates was
desired in thermoelectric and photovoltaic fields. Although
the semiconducting guest-free type-II Si clathrates have
been formed, it is difficult to use them in the applications

because the synthesized sample was powder form. In 2011,
I succeeded in the synthesis of bulk semiconducting ternary
type-I Si clathrates [5].

In this talk, | review the recent progress in the study on
semiconducting ternary Si clathrates [6]. | will present
synthesis methods, crystal structure, calculated results on
the band structure, and physical properties such as optical,
transport and thermoelectric properties. Up to now, eight
ternary type-l1 Si clathrates has been reported to be
semiconducting. The Eg values of these Si clathrates ranges
from 0.64 to 1.4 eV. Their electrical resistivity is relatively
high. Their magnitude of Seebeck coefficient is comparable
to the other group 14 element clathrates. The thermal
conductivity is low as well as the other group 14 element
clathrates. As a result, the dimensionless thermoelectric
figure of merit of these clathrates are low compared with
Ge and Sn clathrates due to their high electrical resistivity.

A@Xy A@Xy,

Figure 1. Crystal structure of type-I clathrate AsXas.
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Germanium (Ge) nanowires have a wide range of
application due to their electrophysical and optical
properties [1]. It was demonstrated that Ge nanostructures
may be used in lithium and sodium batteries [2, 3],
thermoelectricity [4], photodetectors [5].

The most commonly used technique for the fabrication
of semiconducting Ge nanowires is vapor deposition.
However this method require substrates that can withstand
high process temperatures (300-700°C), greatly limiting
the possible choices for electrode support materials. The
possibility of germanium nanowires synthesis at a
temperatures below 100°C by electrochemical method
from germanium (IV) oxide aqueous solutions using the
low-melting metals such as Hg, Ga, as germanium
crystallization centers was demonstrated in [7]. In this case,
the liquid metal particles serve as electrodes for the
germanium ions reduction to atomic germanium and as a
solvent in which germanium atoms create a crystallization
supersaturation. As a result, on the liquid metal-substrate
boundary, precipitation of germanium occurs by analogy
with the growth of whiskers from the gas phase by the
known vapor-liquid—crystal mechanism. Alternative is the
use of low-melting metals which can form eutectic
composition Ge alloys with higher melting temperatures
than Hg and Ga. It should also be considered that the
maximum attainable deposition temperature is limited by
the electrolyte boiling temperature (for aqueous solutions
~100°C). It is known that the melting temperature
decreases with decreasing metal-particle dimensions. It
was shown that it is possible to grow germanium structures
from aqueous solutions using In particles of sizes not
exceeding 100 nm (the melting temperature of bulk In is
~156.6°C) [8]. To analyze the probability of finding the
studied particles in the liquid state at a given temperature
can be used the dependence of the melting temperature of a

spherical particle on its radius was justified [8, 9],
T=r, (I, 389 g
AH(T,) TrAH(T,)

where T_ is the reference melting temperature of the bulk
metal, AS =0, —J is the change in the system surface

energy during the solid-liquid transition, AH (T, ) is the

melting heat at the melting temperature of the bulk
material, is the melting heat at the particle melting
temperature T.

In this study, based on a comparison of the results of
theoretical calculation of the melting temperatures of metal
nanoparticles of different diameters and electron
microscopy data on the morphology of Ge nanostructures,
the crucial role of heterogeneous melting for providing the
electrochemical liquid-liquid-solid (ec-LLS) mechanism is
shown.

The approach proposed in this study can be used to
extend the spectrum of used metal particles and to control
the composition and morphology of formed nanowires by
ec-LLS mechanism.

Acknowledgements

The reported study was funded by RFBR, project
number 18-29-23038 mk.

References

[1] C. O’Regan, S. Biswas, N. Petkov, J. D. Holmes. J. Mater.
Chem. C. 2 (2014) 14.

[2] 1. M. Gavrilin, V. A. Smolyaninov, A. A. Dronov, S. A.

Gavrilov, A. Yu. Trifonov, T. L. Kulova, A. A. Kuz’mina,

and A. M. Skundin. Russian Journal of Electrochemistry 54

(2018) 1111.

I. M. Gavrilin, , V. A. Smolyaninov, A. A. Dronov, S.A.

Gavrilov, A. Yu. Trifonov, T. L. Kulova, A. A. Kuz’mina,

and A. M. Skundin. Mendeleev Communications 28 (2018)

659.

J. Kim, J.-H. Bahk, J. Hwang, H. Kim, H. Park, W. Kim.

Phys. Status Solidi RRL 7 (2013) 767.

Y. Zhang, S. Yang, Y. Yang, M. Gould, N. Ophir, A. E.-J.

Lim, G.-Q. Lo, P. Magill, K. Bergman, T. Baehr-Jones, M.

Hochberg. Optics Express 22 (2014) 11367.

K. W. Kolasinski.. Curr. Opin. Solid State Mater. Sci. 10

(2006) 182.

E. Fahrenkrug, S. Maldonado. Accounts of Chemical

Research 48 (2015) 1881.

I. M.Gavrilin, D. G. Gromov, A. A. Dronov, S. V. Dubkov,

R. L. Volkov, A. Yu. Trifonov, N. I. Borgardt, and S. A.

Gavrilov. Semiconductors 51 (2017) 1067.

D. G. Gromov, S. A. Gavrilov. InTech, Rijeka (2011)157.

3]

[4]

[5]

(6]
[7]
(8]

9]

37



Fifth Asian School-Conference on Physics and
Technology of Nanostructured Materials
Vladivostok, Russia, July 30 — August 03, 2020

PS.31.05i

Sn-nanodot mediated formation of GeSn and Si(Ge)Sn
polycrystalline alloys for thermoelectric applications

Y. Shimura™23, J. Utsumi?, M. Okado?, K. Iwamoto?, and H. Tatsuoka?
1 Graduate School of Integrated Science and Technology, Shizuoka University, 3-5-1 Johoku Naka-ku Hamamatsu 432-

8561, Japan

2 Faculty of Engineering, Shizuoka University, 3-5-1 Johoku Naka-ku Hamamatsu 432-8561, Japan
3 Research Institute of Electronics, Shizuoka University, 3-5-1 Johoku Naka-ku Hamamatsu 432-8561, Japan

*e-mail: shimura.yohsuke@shizuoka.ac.jp

Attention toward Sn as a component element for new
group-1V alloys has been increasing because introduction
of Sn into Ge and/or Si crystal drastically expand the
controllability in bandgap, lattice constant,
electrical/optical properties, etc. For example, Ge, an
indirect bandgap material, turns into a direct bandgap
material when more than 8 at.% Sn atoms are introduced
into substitutional sites of the Ge host crystal [1]. As a
result of devoted efforts [2,3] to increase Sh contents
limited by solid solubility as 1 at.% under equilibrium
condition, a direct bandgap group-IV alloy has been finally
realized [4].

Recently, this fascinating alloy has been focused as a
promising candidate for a material to be implemented into
thermoelectric generators. Thermoelectric devices which
can directly convert heat energy into electricity with less
environmental impact have been gathering attention
widely. The devices are expected to be used for sensors and
logic devises on a silicon wafer as a power supply source
that does not require battery replacement.

To improve the conversion efficiency of the
thermoelectric device, it is crucial to decrease thermal
conductivity of the material used in the device. In addition
to use polycrystalline material including grain boundaries
which can act as phonon scattering site, introduction of
heavy Sn atoms into Si or Ge crystal is expected to realize
lower thermal conductivity because of additional
suppression of phonon propergation due to their mass
difference.

It was found that amorphous Sn layer deposited on SiO;
substrate can be easily transformed into crystalline Sn
nanodots by just applying an annealing in vacuum.

Interestingly, Ge deposited on the Sn nanodots
penetrates into the nanodots, resulted in the formation of
polycrystalline GeixSny having high Sn content [5]. We
recently reported that poly-Gei1xSny binaly alloy shows
lower thermal conductivity compared to that for poly-Ge
[6]. Besides, other material properties, such as Seebeck
coefficient, carrier concentration, crystalline structure,
phonon dispersion, etc. which contribute the thermoelectric
device performance will be discussed. Recent results about
the formation of other group-1V alloys, such as Si1-xSnx, Sii-
xyGexSny, mediated by Sn-nanodots is also planned to be
introduced.
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Carbon nanotubes and graphene are two of the most
important forms of nanoscale carbon materials. Both
materials can be synthesized by CVD method with the use
of various "catalysts". The term "catalyst" is conditional; it
refers to a surface, on which graphite islands are formed at
a relatively low temperature. Either carbon nanotubes or
graphene layers can grow on the surface depending on its
shape and physical-chemical properties. As a rule, the
materials of such surfaces are the most common metals of
auxiliary groups [1], in which the carbon is dissolved after
chemical deposition from the gas phase. Then, as a result
of supersaturation of carbon solution in metal, the carbon
precipitates on the surface in the form of graphite islands,
which combine into graphene or nanotubes. However, the
ordered carbon structures can be obtained not only by
dissolving carbon in metals, but also by using special
surfaces, where the surface diffusion of carbon can occur.
Aluminum oxide provides an example of such material [2].

There are three types of aluminum oxide used as
modeling media. The first one is porous anodic aluminum
oxide membrane [3]. The second is a crystal sapphire for
electronic applications, while the third one is the material
of nanofibrous gamma-alumina with a fiber diameter of
about 10 nm [4]. Carbon layers are precipitated by the CVD
method from ethanol with argon carrier gas. The reaction is
proceeding in a tube furnace after heating to 500-1100 °C
at a pressure of 0.1 kPa to atmospheric pressure. As a result
of the reaction, we have carbon deposition on the sample.

The membranes of the porous anodic alumina were
prepared in the potentiostatic mode in an oxalic or sulfuric
acid electrolyte, after which they were annealed at a
temperature of 820 °C, and carbon was deposited on them
at the same temperature. During deposition, carbon formed
a conformal thin film inside the pores. It was shown that
the pore diameter in the membrane can be reduced by
controlling the carbon deposition time. TEM studies of
membranes after carbon deposition showed the absence of
soot inside the pores of anodic alumina, which indicates the
thermodynamic benefit of carbon deposition on the
alumina surface.

Bundles of aluminum oxide nanofibers (Nafen) were
placed in the reactor and carbon layers of different
thicknesses on the nanofibers were obtained at 900 C and
50 kPa depending on the synthesis time [5] (see Fig. 1). An
important feature of the processes was the uniform carbon
deposition on the nanofibers without soot inclusions. Four
samples were obtained with different synthesis times (60 s,
120 s, 300 s, and 600 s). Thermal analysis, X-ray
fluorescent microanalysis, Raman spectroscopy, and
electrical resistance measurements of carbon-alumina
nanofibers composites showed that increasing of synthesis
time not only increases the amount of carbon on alumina

surface, but also the ordering and density of the carbon
layers. Nitrogen adsorption data revealed the decrease of
total pore volume with increasing the synthesis time.

Finally, we examined the films deposited as a result of
ethanol CVD on the sapphire substrates. Deposition was
performed at 1100 °C and 50 kPa. At different synthesis
times, relatively thick carbon films are obtained. As a result
of the ambient conditions, a water adsorbate falls under the
carbon film and the film starts to slide over the sapphire
with creating a bizarre pattern.

The obtained composite materials could be employed
for the preparation of ion-selective membranes with
switchable ion transport, electroconductive ceramics,
electrochemical sensors, and microelectronic components
such as field-effect transistor.

L
500nm

Figure 1. SEM image of Nafen alumina nanofibers after
deposition of carbon by CVD.
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The unique physico-chemical properties, provided by
metal-assisted wet-chemically etched (MAWCE) silicon
nanostructures (usually in the form of nanowires arrays,
SiNWSs) have been attracted considerable attention over the
last years. The silicon based approaches are certainly favored
due to the material abundance and non-toxicity at a high level
of materials control and understanding together with a huge
industrial  infrastructure  to  account  for  low
production/processing costs and high production yields.

For that reason, porous silicon nanostructures (nanowires,
nanoparticles) have been gained an enormous interest and
employed as the semiconductor material toward hydrogen fuel
production such as photoelectrochemical water splitting. The
band gap of nanostructured silicon can be increased by the
shrinking of silicon dimension. Since last few years a growing
interest on the formation and application of porous silicon
nanostructures as photocatalyst can be recognized from the
literature overview. In this study the atomic and electronic
structure of free nanopowders formed from SiNWs arrays
were investigated.

Additionally the increasing interest in area such as
pollution control, detection of hazardous gases and
monitoring of combustion processes has lent prominence to
gas sensing devices. Solid state gas sensors based on tin
oxide thin composite layers have become attractive owing
to their manufacturing simplicity and portability. So here
SiNWs developed and controlled surface is a highly
demanded system. For tin-oxygen films prepared by
MOCVD technique, the reports on the presence of the Sn
(0) and/or Sn(ll) phases are quite conflicting. In present
study the growth of tin oxide coverage on the 1D silicon
surfaces formed by MAWCE has been investigated.

Obviously, SiNWs and composite nanostructures on
their basis and their developed surface could play an
important role for possible applications of this modern
semiconductor systems. In spite of many research works,
only weak study efforts have been paid for investigations
of MAWCE silicon nanowires and composites on their
basis surface analysis, especially such fundamental
properties as atomic and electronic structure.

The arrays of silicon nanowires was fabricated by
MAWCE approach. The concentration of Ag ions in the first
etching step strongly influences the density and/or distance
between neighboring silicon nanostructures, which finally
can influence the material penetration to the porous silicon
matrix by the further matrix functionalization. Also different
silicon substrates used can lead for further free nanoparticles

morphology and composition peculiarities. Thus three
groups of structures were studied. First: initial SINWs with
different morphology. Second: free silicon nanopowders
formed from different SiNWs samples. Third: SiNWs
covered by tin-oxygen composite layer by application of
MOCVD technique.

The morphology analysis of nanostructured silicon
surfaces and composites was carried out by Carl Zeiss
ULTRA 55 scanning electron microscope (SEM). High
resolution XANES spectra relative to Si L2,3, Sh M4,5 and
O K core levels were obtained at the Russian-German Lab
end-station (Helmholtz Zentrum Berlin) and NANOPES
end-stattion (NRC "Kurchatov institute") storage rings
(BESSY-II and Kurchatov respectively). The same facilities
were used for the high-resolution XPS studies. Several
BESSY-II undulator beamlines in combination with Focus-
PEEM microscope of Russian German LAB were used for
the real microspot XANES spectroscopy and chemically
selective imaging. Probing depth was considered between 2
and 10 nm depending of the techniques applied. Additionally
formed composite structures were pre-characterized by XRD
and SEM/EBSD.

The physical chemical state, atomic and electronic
structure and composition peculiarities of the MAWCE
SiNWs arrays, particles and tin-oxygen system composite
layers on their basis were established. We studied not only
information from the upper part of the formed SiNWSs
arrays structures, but also from their deeper bulk part after
mechanical removal in situ of the upper part of SINWSs in
an inert atmosphere. The transformation of electronic
structure in combination with local atomic surrounding
character and composition evolution for surface and
achievable interfaces of systems under studies allow
underlining the effectiveness of SINWs and composites on
their basis as promised material for a range of future
technologies and applications.
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Porous anodic titanium oxide (PAOT) layers are
currently one of the most promising and actively studied
nanostructured materials. Over the past few years, various
research groups have published a big number of works
devoted to the study of morphology, chemical, electrical
and optical properties of the PAOT layers [1-3]. However,
until now some anodic TiO, morphology evolution aspects
during the electrochemical oxidation were not studied well.
In particular the formation, evolution and properties of
PAOT initial layer from various anodizing process
conditions, which is an important factor for design,
manufacture and efficiency increasing of PAOT based
devices.

As it known electrochemical growth of titania
nanotubular layers appears due to several competing
processes: the titanium electrochemical oxidation (Va),
electrochemical (Ves) and chemical (Vi) dissolution of
titanium oxide [4-9].

One of the most effective ways to investigate such
reactions rates in time is to build and analyze current - time
dependences. According to [10,11] the typical growth
kinetics of PAOT in the potentiostatic mode anodizing
three regions can be revealed. The first region is an
exponential decreasing of current density, where the
current density passes through a minimum value ja, then
increasing to a maximum value jg in region 2, and after a
slight decline stabilized in region 3.

In current investigation 5 “critical” points on these
Kinetics regions, where the current density transients
significantly changes the slope angles were chosen.

A comprehensive analysis was carried out, including a
study of the morphology, elemental and chemical
composition along the depth of the anodic titanium oxide
layer for the subsequent analysis of possible
electrochemical and chemical reactions and their rates for
each of the stages of the oxide layer formation of anodic
oxidation process of titanium substrates in non-agqueous

fluorinated electrolytes to establish possible factors
influencing to self-organization mechanisms of the porous
layer formation by the means of SEM, AES, and ToF
SIMS.
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We derive the Liouville-type equation of motion for the
reduced density matrix p,, valid to the first order in the
electron-electron (e-e) interaction [exact exchange (EXX)]
[1]
2.3,01(1', r',t)

a

1
t ' — =
/po(ra r, )po(rlarv ) |I‘]_ — I"l \1‘1 — I“

where p  is the noninteracting (Slater-determinant) density

matrix, obeying the single-particle equation of motion
Opo(r, v t -
7’% = [hs(t), po(t)],
hy(t Hand v, (t) are the time-dependent Kohn-Sham (KS)
[2] and the exchange potentials, respectively.

As a particular application, within the linear response
regime, we derive an extension to the Fermi's golden rule
for the momentum-resolved stationary photoelectron
spectrum, which accounts (to the first order) for the
interparticle interaction [1]

= [Es(t)v pl(t)] - [vz(t)v pO(t)]+
. &)

dl']_,

Pr(w) = Z Bfi(w)d [w — €5 + € + Aw;], (2)

where €;and ¢, are the KS eigenenergies of the initial and
final states, respectively, and Aw;is the energy shift due to
the interparticle interactions

Aw;=—~(gi[v®|¢:) *fpgo)(r, r') (3)

Table 1: KS EXX orbital eigenvalues ¢;, the energy shifts Aw;, and the corre-
sponding interaction-corrected IP —(e; + Aw;) for several spherically symmetric
spin neutral atoms, compared to the experimental and the HF values.

G me)

v —r/|

atom  —e; —Aw; —e—Aw; —€e7  —€lfF
He(ls) 0.9179 -9.6x10~1*  0.9179  0.9036 0.9179
Be(ls) 4.1147 0.6169 4.7316 4.384  4.7327
(2s) 0.3091 -2.7x10~6 0.3091  0.3425 0.3093
Ne(ls) 30.767 1.9951 32,762 31.985 32.772
(2s) 1.7054 0.2187 1.9241 1.781  1.9304
(2p) 0.8478 -5.4x107° 0.8477  0.7960 0.8504
Mg(ls) 46.267 2.7567 49.024  48.174 49.032
(2s) 3.0927 0.6697 3.7624 3.454  3.7677
(2p) 1.8696 0.4114 22811  2.0212 22822
(3s) 0.2526 3.2x10~° 0.2526  0.2811 0.2531

In Table | we list the KS EXX eigenvalues €;, the
energy shifts Aw;, and the total ionization potential (IP)
€; + Aw;according to the present theory. The following
observations can be made: (i) For the highest energy levels,
the shifts Aw; disappear, which is in agreement with the
known theorem stating that the highest KS eigenvalue is the

true physical IP (IP-theorem) [3]; (ii) For inner levels, Aw;
are large and they change the KS eigenvalues in the right
direction to the experimental IP. These shifts are, however,
too big, making the theoretical IP to overestimate the
experimental ones, while the KS values underestimate
them. Further terms in the series in the interaction are
necessary to improve the agreement with experiment; (iii)
Our €; + Aw;are found very close to the Hartree-Fock
(HF) eigenvalues. This has a fundamental reason: The latter
give physical IP to the first order in the interaction, which
also €; + Aw; do, but not ¢;

Table 2: KS LDA and EXX orbital eigenvalues and the corresponding
interaction-corrected IP of the atoms in Table I.
atom —¢; —€; A —€; —Aw;
He(1s) 0.5170 0.9179 0.9354 0.9179
Be(ls) 3.7956  4.1147 4.7547 4.7316
(2s) 01736  0.3091 0.3123 0.3091
Ne(1s) 30.229  30.767 32.849 32.762
(2s) 1.2656 1.7054 1.9741 1.9241
(2p) 0.4428  0.8478 0.8958 0.8477
Mg(1ls) 45.890  46.267 49.090 49.024
(2s) 2.8454  3.0927 3.7874 3.7624
(2p) 1.6615 1.8696 2.3102 2.2811
(3s) 0.1423  0.2526 0.2542 0.2526

As can be seen from Table I, the use of the local density
approximation (LDA) instead of EXX does not change the
IP significantly: While the orbital eigenvalues differ largely
in the corresponding approximations, adding Aw;brings
them close together.

We further note that the nonlinear dynamics using Eq.
(1) will provide a natural pathway to the quantum-
mechanically consistent inclusion of interactions in the
theory of photoemission in the time-domain (i.e., beyond
linear response). Presently this theory is relying on the
ansatz of the identification of the KS particles with physical
electrons [4]. We also anticipate it conceptually feasible to
extend the theory to evaluate the two-electron density
matrix, with an immediate application to the double
photoelectron spectroscopy.
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X-ray and electron spectroscopy and microscopy
techniques are known as power tools for modern functional
materials fundamental properties deep understanding.
These atomic and electronic structure investigations
techniques combine high surfaces and interfaces sensitivity
with local atomic surrounding specificity. In their turn
phase composition and evolution with physical and
chemical nature of the objects under study can be revealed
by direct experiments analysis. Scientific core advantages
mentioned above of the ultrasoft X-rays range spectroscopy
measurements are resulted from the wavelengths
comparable in general with actual sizes of single or discrete
few nanometers morphology elements of structures under
study.

Shift to real microscopic scale is really demanded for
such experiments allowing to study atomic and electronic
structure directly from low-dimensional surface areas
making traditional approaches really micro-scale sensitive.
PhotoEmission Electron Microscopy (PEEM) technique is
one of the best example for this subject area of research
combining microscopic imaging possibilities with local
atomic structure and chemical state sensitivity at ‘one run
experiments'.

Several PEEM microscope setups implemented into the
Helmholtz Zentrum Berlin synchrotron radiation storage
ring BESSY-II facilities (e.g. Russian German Lab)
infrastructure made real synchrotron microspot X-ray
spectroscopy experiments possible. Extremely bright
synchrotron (usually undulator) radiation allowed to move
PEEM micriscope magnification to real nanoscale. All
microscope used were equipped with ultra high vacuum
analysis and preparation chambers for pre-experiment
characterization/modification possibility. For nearly all
experiments (when feasible) regular X-ray absorption near
edge structures spectroscopy, X-ray photoelectron

spectroscopy and Scanning Electron
experimets were performed.

Example of PEEM technique applications will be
presented characterizing breakthrough experiments that
can be conducted to understand microscopic properties of
several functional nanostructural materials: metallic Ni or
Cu clusters in porous dielectric SiO, matrix, wide-gap tin-
oxygen composite nanostructres coverage of silicon
nanowires and bio-inorganic E-coli cells without and
combined with iron-oxide nanoparticles as promised hybrid
nanostructures.

The surface (or achievable interfaces) sensitivity at
micro-scale plays the crucial role for the deep
understanding and searching for the prospective
applications of modern nanomaterials and structures on
their basis from well-known silicon-based systems to
molecule- or cell-based hybrid nature-like objects. The best
energy and/or lateral resolution that can be achieved
experimentally plays extremely important role in
scientifically correct understanding of different kind of
structures nature.

The part of studies was funded by the Russian Science
Foundation (Project 19-72-20180) and partially by the
Ministry of Education and Science of Russia, State Tasks
for Higher Education Organizations in Science. Russian
German Lab provided PEEM microscope facility supported
by BMBF grant No 05K12KE1l. V.S. is gratefully
acknowledges the German Federal Ministry of Education
and Research (BMBF) in frame of Baltic Sea Network
“NanoPhoto” under Grant No. 01DS14017 and German
Research Foundation (DFG) under Grant No. S11893/18-1
for the financial support. S.A. funded by the Russian
Academic Excellence Project at the Immanuel Kant Baltic
Federal University.
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Cerium(IV) oxide (CeO,) is an active rare-earth oxide
material [1]; its functional properties in most cases are the
result of the presence of a large number of surface structural
defects, in particular, oxygen vacancies [2]. Oxygen
vacancies on the CeO, surface can easily accumulate and
release oxygen, and also act as active catalytic centres for
the binding of adsorbed substances [3]. The concentration
of oxygen vacancies on the oxide surface can be increased
either by nanostructuring CeO; [4] or by doping [5]. In this
work, the atomic and electronic structures and defects of
Ce0O; nanoparticles with a size of 1-50 nm, obtained by
laser ablation, are experimentally and theoretically
investigated. In the experiment, CeO, nanoparticles were
ablated using an IPG Photonics fibre ytterbium pulsed laser
with the High Contrast option and a wavelength of 1.06 um.
The radiation intensity was 10° W/m2, the pulse duration
was 200 ps and the repetition rate was up to 1 kHz. During
laser ablation, CeO, nanoparticles were deposited on Si
plates located at a distance of 10 mm from the target.
Deposition time varied from 1 to 10 min. Subsequently, the
obtained layers were dispersed by ultrasonic influence in an
aqueous medium. After sedimentation for 24 h, the
obtained colloidal solutions of CeO. nanoparticles were
centrifuged in a Microspin Eppendorf high-speed
microcentrifuge to obtain particles of nanosized
composition. The concentration of nanoparticles in the
colloid was varied by evaporation/dilution of the aqueous
phase. The particle size distribution and morphology of the
particles were controlled using a SAXSess mc2 small-angle
X-ray diffractometer (Austria) with a temperature chamber
(=30 to 120 °C). According to the results of experiments, it
was found that CeO, nanoparticles after laser ablation have
a wide size range from 10 nm to values above 500 nm.
Subsequent centrifugation at a speed of 12500 rpm and a
time of 30 min allows obtaining a colloidal solution with
particle sizes from 10 nm to 50 nm (Fig. 1). The
semiquantitative analysis of the electron energy-loss
spectra (EELS) detected using a transmission electron
microscope showed that the ablated CeO, nanoparticles
were enriched in defects of oxygen vacancies. According
to the EELS results, ablated CeO; nanoparticles have a
substoichiometric composition of 1:1.75. The lowered
stoichiometry is indicative of a great number of oxygen
vacancies in the ablated nanoparticles.

The calculation of total energies and electronic
properties of CeO, nanoparticles atomic models was
carried out using the VASP package [6] by means of high-
performance calculations. Pseudopotentials for cerium and
oxygen atoms, in the generalized gradient approximation
(GGA), using the projector augmented-wave (PAW) and
Coulomb interaction (DFT + U) approaches are taken from

the VASP package. The unit cell of bulk ceria was
calculated using 8 x 8 x 8 k-points. During calculation of
the nanoparticles’ characteristics, for the Ce19Oz2, Ces4Ogo
and Cess0160 atom models we used a special 1 x 1 x 1 G-
point with a 400 eV cut-off energy. The equilibrium models
were obtained by means of free relaxation of all atoms in
the structure. For this purpose, the all-atom models were
placed in a cell with a 35 x 35 x 35 A% volume. Atomic
relaxation was carried out to the interatomic forces’ value
of about 0.01 eV A, An analysis of the spin density
distribution  for Ce1903, CeuOgo and CegsO160
nanoparticles shows that the Ce atom magnetization in the
bulk of the particles is zero, and for atoms on the particle
surface it is non-zero. This means that atoms in the Ce**
state are located in the particles’ interior, and Ce®* atoms
are located on the surface of the particles. The obtained
results are very important for understanding at the atomic
level the process of stabilization of CeO; nanoparticles due
to the formation of structural defects.
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The physical properties of DNA molecules, both natural
double-stranded and synthesized single-stranded, are
currently being actively studied. Thanks to the invention of
scanning tunneling (STM) and atomic force microscopes
(AFM) it became possible to study various nanoobjects at
the molecular and submolecular levels. Obviously, that
DNA molecules, and in particular oligonucleotides, are no
exception. Synthetic single-stranded DNA with a
homonucleotide sequence, that is, consisting of nucleotides
of the same type are of particular interest. Such structures
assume a special nature of the electron density distribution
and charge transfer, so the interest in them is consistently
high, what is associated with the prospects of using these
molecules in nanoelectronics.

Attempts to measure the electrical resistance of DNA
give conflicting results [1-3]. The ambiguity of the results
is influenced by the experimental conditions and the type
of DNA molecules studied [4], namely length, nucleotide
composition, different sequence of nucleotides in the DNA
chain, the number of chains in the molecule. The study of
the surface topography and immobilization of the DNA
molecules by scanning probe microscopy methods is also
important in terms of the development of DNA microarrays
[5, 6].

We can measure the current-voltage curve of a
biomolecule using STM. For this, the molecule is placed
between two electrical contacts, one of which is a
conducting probe of the microscope, and the other — a
fragment of the substrate surface of an electrically
conductive material.

We set the task of performing the series of experiments
to study the conductivity of oligonucleotides depending on
their nucleotide composition. In the report we will present
the results of STMJ/STS studies of oligonucleotides
consisting of repeated nucleotide sequences of only one
type, for example, cytosine - d(C)n, where n is the number
of such nucleotides.

First, by thermal evaporation of silver on a mica surface
in a vacuum, we obtained a silver substrate. Next, the
obtained substrate was coated with the studied molecules.
Then we carried out STM study of the silver surface with
immobilized oligonucleotide molecules by the constant
tunneling current mode. In addition to obtaining a number
of STM images and identifying oligonucleotides on them,
the current-voltage curves of single molecules have been
measured. In this case, the current-voltage curve is the
dependence of the tunneling current on the applied voltage
between the probe and the silver substrate. The current-
voltage curves were measured several times at each point,
and then the data were averaged. The differential electrical
resistance of individual molecules of oligonucleotide
d(C)12 and oligonucleotide d(A):. was estimated.
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Curved crystals are drawing increasing attention due to  nitrogen-doped graphene [3]. This ability is of great
their unique surface structure: smooth variation of the importance for the further applications in catalysis, energy
vicinal angle in a wide range. Multivicinality allows storage and conversion, electronic devices, etc. In the case
systematical studies of various surface and interface of curved crystal as a growth substrate, atomic steps play a
phenomena such as catalytical properties, quantum-well crucial role. They are known to be very chemically active,
states, etc. Moreover, curving crystals is a straightforward and seem to be a promising tool to adjust the concentration
approach to explore appropriate templates and tunable and local configuration of nitrogen impurities. Here, we
substrates for 2D materials. On the one hand, it allows the report a systematic study of growth conditions, crystalline
systematic search and rational determination of an optimal and electronic structure of nitrogen-dopped graphene on
growth substrate. On the other hand, it may result in the the curved nickel with a tunable density of steps separating
interfaces with novel intriguing properties. (111)-oriented terraces.

As demonstrated repeatedly, the cylindrical geometry is
easy to handle and process in standard vacuum setups [1, Acknowledgements
2]. Moreover, it is particularly convenient for electron We acknowledge financial support from BMBF (Grant
spectroscopies that make use of micron-sized photon Nr. 05K19KER).
beams _in synchrotrons, such as l\_lear—Edge X-ray  References
Absorption and X-ray photoemission, since these can be [1] L.Fernandez, A. A. Makarova, C. Laubschat, D. V.

s<_:a_nned on the curved surface to smoothly probe different Vyalikh, D. Yu. Usachov, J. E. Ortega, F. Schiller. 2D
vicinal planes. _ _ _ Mater. 6 (2) (2019) 025013.

Recently, we have studied formation of the interface [2] A. A. Makarova, L. Fernandez, D. Yu. Usachov, A.
between hexagonal boron nitride monolayer and Ni curved Fedorov, K. A. Bokai, D. A. Smirnov, C. Laubschat, D. V.
crystal as well as its physicochemical properties [1,2]. Vyalikh, F. Schiller, J. E. Ortega. J. Phys. Chem. C 123

As a step forward, we have investigated the structure of (2019) 593.
another  two-dimensional  material, nitrogen-doped [3] D. Usachov, O. Vilkov, A. Gruneis, D. Haberer, A.
graphene, grown on a curved crystal. It is well-known that Fedorov, V.K. Adamchuk, A.B. Preobrajenski, P. Dudin, A.

Barinov, M. Oehzelt, C. Laubschat, D.V. Vyalikh Nano

by varying CVD synthesis parameters one can control the Letters, 11(12) (2011) 5401,

amount and bonding configuration of impurities in
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Semiconductor light-emitters and light sensors
compatible with standard Si integration technology (SIT)
are of particular interest for overcoming limitations in the
quantum efficiency and operating speed of microelectronic
devices. Light sources and sensors based on group-IV
elements would be SIT-compatible but suffer from the poor
optoelectronic properties of bulk Si and Ge. Here it is
demonstrated that epitaxially grown Ge quantum dots
(QDs) in a Si matrix show extraordinary optical properties
in infrared absorption, photoluminescence, and device
performance.

An approach to achieve a significant light absorption
and emission enhancement caused by resonant interaction
of collective surface plasmon modes with optical
excitations of QDs heterostructures coupled with regular
metal subwavelength gratings on the semiconductor
surface was demonstrated to be powerful tool in multiple
photocurrent enhancement of mid-IR InAs/(In)GaAs [1]
and Ge/Si [2] QDs photodetectors (QDIPs). Besides
surface plasmon waves and Rayleigh anomaly are
characteristic optical phenomena exhibited by periodic
subwavelength grating structures. In this work a hybrid
metal-dielectric metasurface is developed to improve the
photoresponse of Ge/Si QDIPs. The structure consists of a
regular array of silicon pillars protruding through
subwavelength holes in a periodically perforated gold film
on detector top. The combining synergistically effects of
dielectric and plasmonic metal components, the QDIP
photoresponse can be significantly improved compared to
when all-dielectric and metal gratings work alone.
Compared with a bare QDIP, the peak responsivity of the
hybrid detector at a wavelength of 4.4 um was found to be
increased by a factor of 15. The enhanced sensitivity is
supposed to arise from coupling of the surface plasmon
resonance and diffractive effect related to the Rayleigh
anomaly.

The hybrid structures containing Ag nanoparticles over
SiGe QDs layer were developed using self-organization of
metal nanoislands on the surface of a strained
semiconductor structure. Enhanced photoluminescence
from SiGe QDs coupled with Ag nanoislands was found.

Ag nanoislands grown on the top of the multilayered
structures with SiGe QDs support a surface plasmon
resonance that can be tuned to the QDs emission
wavelength by changing of Ag nanoparticle parameters.
Numerical modeling of surface plasmon resonance allows
attributing this effect to the increase of the recombination
rate due to electromagnetic field enhancement in vicinity of
Ag nanoislands.

Numerical simulations of plasmonic near-field
enhancement in Si layers covered by gold films perforated
with two-dimensional subwavelength hole arrays. The
holey gold films with adjusted lattice periodicity were used
to convert the incident electromagnetic near-IR radiation
into the surface plasmons. The calculations were made in a
wide range of hole diameters and allow us to develop a
more complete understanding of how the actual electric
fields near the plasmon surfaces change with varying the
parameters of plasmonic grating. The maximum peak
wavelength and local field enhancement are reached at d/a
= 0.5, where d is the hole diameter and a is the array
periodicity. At smaller d/a, the most pronounced electric
field enhancement arises due to excitation of a zero-order
surface plasmon polariton wave on the Au/Si interface. At
larger d/a, the localized plasmon mode confined under the
Au regions appears and dominates the near-field intensity
spectra. An over 14 times field intensity enhancement was
obtained for d = 200 nm and a = 400 nm. The anticrossing
behavior of localized mode with the propogating one was
observed suggesting coupling beween the modes and
formation of a mixed near-field state.

Acknowledgements

This work is funded by Russian Science Foundation,
grant No.19-12-00070.

References

[1] S. Lee, S. Krishna, S. Brueck. Opt. Express 17 (2009)
23160.

[2] A. Yakimov, V. Kirienko, A. Bloshkin, V. Armbrister,
A. Dvurechenskii, J-M Hartmann. Opt. Express 25 (2017)
25602.

48



Fifth Asian School-Conference on Physics and
Technology of Nanostructured Materials
Vladivostok, Russia, July 30 — August 03, 2020

1.30.100

Soft X-rays synchrotron studies of the multilayered
nanoperiodical structures with silicon nanoparticles

formation

D.A. Koyuda™?, A.V. Ershov?, V.A. Terekhov?, E.V. Parinova?, D.N. Nesterov!, D.E. Spirint, T.V.
Kulikova?, B.L. Agapov?, M.V. Grechkina?, E.N. Zinchenko?, I.A. Karabanova?, U.A. Vainer?, S.Yu.

Turishchev?!

1Voronezh State University, Universitetskaya pl. 1, Voronezh 394018, Russia
2 Lobachevsky State University of Nizhni Novgorod, pr. Gagarina 23, Nizhni Novgorod 603950, Russia
3 Institute for Physics of Microstructures RAS, Akademicheskaya Ul. 7, Nizhni Novgorod 603950, Russia

*e-mail: koyuda@phys.vsu.ru

Silicon nanocrystals formation in dielectric matrix is
promising direction for the opto- and nanoelectronics. One
of the functional ways for nanocrystals size control and
limitation is the formation of the multilayered
nanoperiodical structures (MNS) with fixed thicknesses of
nanolayers containing silicon nanoparticles located
between nanolayers of different materials (e.g. ZrOy). The
redundant silicon in the SiO, matrix can be obtained by
annealing of the SiOx films formed from SiO powder.
Another way to form silicon nanoparticles can be annealing
of amorphous silicon layers.

MNS were formed by SiOy or a-Si and ZrO; or Al;Os
or SiO; layer by layer deposition on to Si substrates with
few nm thickness of each layer type and totally more than
15 nanolayers pairs. The formed structures were annealed
at 500-1100 C aimed at photoluminescent Si nanoparticles
formation.

a-SiOy/Al;03, a-Si0y/SiO;, a-Si0/ZrO, and a-Si/ZrO;
multilayer nanoperiodical structures were studied by means
of local atomic surrounding sensitive X-ray absorption near
edge structure (XANES) spectroscopy and XPS techniques
supported by XRD, AFM and SEM. Room-temperature
photoluminescence measurements were compared to the
obtained information about composition, atomic and
electronic  structure of multilayered nanoperiodical
structures with possibly formed silicon nanoparticles.

XANES and XPS spectra were recorded at synchrotron
radiation center SRC (University of Wisconsin-Madison,
Stoughton, USA) and BESSY Il (Helmholtz Zentrum
Berlin, Germany). Si L3 and K, O K, Al Loz and Zr L3

core levels excited X-ray absorption fines structures were
studied. Different absorption edges photons energies
allowed to probe local atomic surrounding specificity at
different analysis depths (from 5 to more than 100 nm)
while XPS was used to control surface properties of the first
layer of MNS.

A noticeable changes of electronic structure and phase
composition caused by transformation of the silicon atoms
surrounding in investigated a-SiOx/Al>Os, a-Si0./SiO., a-
SiO/ZrO; and a-Si/ZrO; MNS was shown including ones
after thermally induced transformation.

a-Si/ZrO, structures are partially oxidized at the
formation stage. High temperature annealing do not lead to
silicon nanocrystals formation in a-Si/ZrO, MNS. Silicon
nanocluster formation is considered as possible. Moreover
the highest temperature anneal of 1100 C leads to
multilayers destruction and full silicon oxidation with
possible Zr silicide formation. At the same time a-
SiOx/ZrO; structures may contain silicon nanocrystals after
annealing at 1100 C accompanied with the upper (first from
the MINS top) ZrO; nanolayer disappearance.

Amorphous silicon interlayer is suggested as possible
silicon nanoparticles formation layer but sufficiently less
effective if compared with silicon suboxides. Use of SiO;
interlayer as limiting one in MINS can lead to intermixing
of layers boundaries due to close structure and composition.
a-SiO«/Al,O3 MNS is suggested as more stable for silicon
nanocrystalls formation with controlled sizes.

The study was funded by the Ministry of Education and
Science of Russia in frameworks of state task for higher
education organizations in science.
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Last time the study of fullerene interaction with
semiconductor surfaces has proven to be a fascinating area
of research [1]. In particular, Ceo monolayers adsorbed on
Si(111) surface demonstrate quite a different properties
depending on the fullerene-substrate interaction. This
interaction is carried out through a charge transfer between
the underlying substrate and fullerenes that is caused by the
high electronic affinity of Cso molecules acting as electron
acceptors. From this point the surface conductance study of
substrate-fullerenes interaction allows to evaluate changes
in conductance caused by these charge-transfer effects that
are strongly depends on the surface structure and the
electronic states of the bare surface. By forming an
appropriate adsorbate-induced surface reconstruction it is
possible to modify the Si(111) surface properties [2] and in
such manner it is possible to modify physical properties of
Ceo layers. In terms of practical use, such modified
underlying surface is expected to alter the transport
properties of Ceo layers in a directional way. In present
study the possibility of controllable tuning of the electronic
transport properties of the Ceo-adsorbed Si(111) surface
reconstructions has been studied by four-point probe (FPP)
technique, combined with low-energy electron diffraction
(LEED) observations.

The experiments were performed in an ultrahigh
vacuum chamber with a base pressure of 10 Torr,
equipped with LEED optics and FPP facility for in situ
electrical conductance measurements. The measuring unit
of the FPP method incorporated electro-chemically
sharpened thick tungsten wires pressed to the surface (in
the corners of square with 0.6 mm side) by individual
springs. Conductance measurements were carried out at
room temperature. Substrates (15x5x0.45 mm?®) were cut
from a P-doped Si(111) wafers with resistivity of 10-
25 Q-cm. Fullerenes were evaporated from Knudsen cell at
a rate of 0.1 ML/min that is was determined by the Ceo
deposition onto the  Si(111)-aV3xV3-Au surface
reconstruction and formation of fullerite-like lattice. One
monolayer of fullerite Cgo(111) has concentration of
molecules equal to 1.15-10* cm [2].

Due to different interactions between molecules and
substrate surface, fullerenes on semiconductors often
behave differently than on metallic surface reconstructions.
The investigated surfaces, namely, Si(111)V3x3-Bi,
Si(111)6x6-Tl, have opposite transport properties due to
the different electronic structures. There are well-defined
surface bands for the semiconducting Si(111)pV3xV3-Bi
surface [3]. The Si(111)6x6-TI surface reconstruction has
the form of a bilayer with a total thallium coverage of 2.4
ML with metallic electronic structure [4]. If fullerenes are
deposited onto the Si(111)6x6-TI surface, as is shown by
electrical measurements, the surface conductivity

decreases. Earlier, this was observed in the case of fullerene
deposition onto the Si(111)5x2-Au surface [5]. Its
conductivity is higher than that of Si(111)7x7 surface, but
during Cso adsorption fullerene molecules, acquiring a part
of the electric charge, decrease the number of charge
carriers. Such behavior of the conductivity is typical for the
fullerenes interacting with metallic films. But in the study
of conductance of metallic ultrathin films it must be borne
in mind that its properties are highly dependent on the
surface defects such, for example, as surface steps, domain
walls and so on. Surface conductance of Si(111)6x6-TI
showed a pronounced anisotropy caused by growth of
metallic layer which is modulated by substrate steps.
During the Ce adsorption surface conductivity along steps
demonstrates the decay in conductivity as a function of the
fullerenes dose while in perpendicular direction (across the
steps) these changes are weak.

In the case of the adsorption of fullerenes on the
Si(111)B\3x\3-Bi surface the conductivity is almost
unchanged with Cgo dose. On this surface Cgo molecules
form close-packed hexagonal arrays in the layer-by-layer
mode with first layer covering about 80% of surface area
and then the propagating second layer takes over the
surface. Despite the fact that close-packed structure of
fullerene layer is typical for most of the metal-covered
surfaces; its electronic structure indicated the absence of
charge transfer from the substrate to molecules [6]. This is
confirmed by the data of surface conductance
measurements. Due to the fact that Cgo layer on the
Si(111)B\3x\3-Bi surface reconstruction has weak
interaction with the substrate, this ordered fullerene layer
can serve as a platform for the study of alkali metal doping
of Ceo ultrathin films.

Acknowledgements

The work was supported by the Russian Foundation for
Basic Research under Grant 20-02-00497.

References

[1] P.J. Moriarty. Surf. Sci. Rep. 65(2010)175.

[2] A.V. Matetskiy, D.V. Gruznev, A.V. Zotov, A.A. Saranin.
Phys. Rev. B 83 (2011) 195421.

[3] E. Frantzeskakis, S. Pons, M. Grioni. Phys. Rev. B 82
(2010) 085440.

[4] A.N. Mihalyuk, L.V. Bondarenko, A.Y. Tupchaya, D.V.

Gruznev, J.-P. Chou, C.R. Hsing, C.-M. Wei, A.V. Zotov,

A.A. Saranin. Surf. Sci. 668 (2018) 17.

D.A. Tsukanov, M.V. Ryzhkova, E.A. Borisenko, M.V.

Ivanchenko. J. Surf. Invest.: X-Ray, Synchrotron Neutron

Tech. 10 (2016) 864.

D.V. Gruznev, L.V. Bondarenko, A.Y. Tupchaya, A.V.

Matetskiy, A.V. Zotov, A.A. Saranin. J. Chem. Phys. 143

(2015) 074707.

[5]

(6]

50



Fifth Asian School-Conference on Physics and
Technology of Nanostructured Materials
Vladivostok, Russia, July 30 — August 03, 2020

1.30.120

Raman spectroscopy and features of magnetic properties
of nanostructured carbon materials

A.M. Ziatdinov’, N.S. Saenko, G.A. Zverev

Institute of Chemistry of FEB RAS, 159, Prospekt 100-letiya, Vladivostok, 690022, Russia

*e-mail: ziatdinov@ich.dvo.ru

One of the promising areas of modern materials science
is carbon nanostructures (nanodiamonds, fullerenes,
nanotubes, graphene, nanographene etc.), as well as their
various physical and chemical derivatives. Raman
spectroscopy is a very powerful tool for studying carbon
nanostructures. For every newly discovered carbon
nanomaterial and every novel application of a carbon
nanostructure, Raman spectroscopy can be used as a
characterization tool, either revealing new properties or
simply proving the presence of a desired structure or
functionalization. In particular, it is widely used to evaluate
the lateral sizes of their structural blocks (crystallites).
Although the use of Raman spectroscopy for this purpose
is a procedure that was introduced many years ago, the
protocols developed up to date are still empirical and
dominated by large uncertainties. In this report, we
consider the advantages and disadvantages of existing
approaches to the determination of the lateral sizes of
structural blocks (crystallites) of nanostructured carbons
from their Raman spectra. The origin of the features of the
magnetic properties of some of them is also discussed.

The graphene oxide (GO) flakes have been prepared by
oxidation of graphite particles according to the modified
Hummers method [1, 2] with subsequent dissolution into
water. The reduced graphene oxides (rGO) flakes were
obtained in quartz test-tubes, filled with argon, at various
annealing temperatures (Tann). Activated carbon fibers were
of commercial origin. Raman spectra of all samples have
been measured with confocal device Alpha 500 (“Witec”,
Germany) with using laser wavelength 2=531.8 nm. The
EPR spectra of GO and rGO have been measured with the
X-band EMX-6.1 spectrometer (“Bruker”, Germany).
Magnetization of all samples has been measured with
MPMS-5S  SQUID  (“Quantum  Design”, USA)
magnetometer.

A typical Raman spectrum of rGO is decomposed into
three Lorentzians (G, D and D" bands) and two Gaussians
(T and D™ bands). In literature the ratio of integrated
intensity of D-band (Ap) to the sum of the integrated
intensities of G and D™ bands (Ac«o= Ac*+Ap) has been
widely used to estimate the in plane correlation length of
the aromatic islands, L., i.e. the size of graphitic domains.
Cangado et al. [3] obtained the following formula that gives
the value of this parameter for any laser radiation
wavelength A in the visible range:

La (NM)=(2.4x100)xA*x (Ap/Ac+p) .

Ferrari and Basko [4] showed that this relation is valid only
at L,>2 nm. At smaller in plane correlation lengths another
formula should be used [4]:

Le2 (nmM2)=(L.26x10)xA4x(Ap/Ac+p').

Thus, in the general case, to each value of Ap/Ac+p* there
correspond two different values of L, and for the right
choice between them, additional information about the
dimensions of the structural blocks of the material under
study is necessary. Maslova et al. [5] and Ribeiro-Soares et
al. [6] suggested considering the bandwidth G (I'c) as a
source of such information. Ribeiro-Soares et al. [6]
showed that L, and I'c are related by the expression:

La= (Ie/2)xIn[C/(T'c - T'ga==))]s

where ¢ - coherence length of optical phonons, is equal to
32+7 nm, I'c — the experimental width of G band,
[ga = ) — the width of G band in graphene, is equal to
1543 cm?, the value of empirical parameter C is equal to
95+20 cm. Comparison of the L, values determined from
the Raman spectra and X-ray diffraction data of the
investigated nanostructured carbon materials showed that
their values found over the bandwidth G are the most
reliable. The obtained data on the nanoscale structure of
studied materials allow us to explain the unusually high
values of the density of electronic states at the Fermi level,
which were detected by magnetic methods of investigation
in some samples, as a consequence of the presence of
specific m-electronic states (topological zero modes) in
them, which can be stabilized near the zigzag edges of the
carbon network cracks. (near the zigzag edges of
nanographenes).
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Abstract

Adsorbtion of fullerenes on Si(111)"5x5"-Cu surface
was studied by optical second harmonic generation (SHG).
It was proposed to determine coverage of ordered
submonolayer films with layer-by-layer growth mode by
dependence of intensity SHG signal from the adsorbate
coverage.

Introduction

The determination of the adsorbate coverage is the open
question yet. Even the direct estimation of atoms quantity
by scanning tunneling microscopy is not guarantee of truth
of measurements. We report on a study of the optical
measurements of Cg covered Si(111)"5x5"-Cu surface
using SHG method and simple simulative calculations.

Experiment

All the experiments were performed in the Riber LAS-
600 UHV chamber. The chamber equipped with low energy
electron diffraction (LEED). Si(111) samples (15mm x 5
mm X 0.35 mm in size) were cut from the standard n-type
7 Q cm Si(111) wafers. Atomically clean Si(111) 7x7
surfaces were prepared in situ by flashing to 1280 °C after
the samples were first outgassed at 600 °C for several hours.
Cu was deposited from the W filament on Si(111) surface
at 450 °C. Cgo was deposited from the Ta crucible at a rate
of ~0.03 ML/min. The sample was heated by direct current
and the temperature was determined by IR pyrometer.

The optical second harmonic generation (SHG)
experiments were performed with a Ti:sapphire laser
delivering 60 fs pulses with photon energy of ~1.5 eV (810
nm) with a repetition rate of 80 MHz. The beam, which was
horizontally polarized on output, was then passed through
a half-wave plate producing polarized radiation at any
angle. The rotation of half-wave plate and polarizer were
done by computer-controlled step-motors.

The SHG signals were detected by a photomultiplier
tube connected to a photon counting system.

The laser was obliquely incident at an angle of ~45° and
focused to a spot with a diameter less then 2 mm on the
sample. The S- and P-polarized components of the SHG
signal were selected by a polarizer (Glan-Laser Polarizer).
The resultant SHG was separated from the reflected

excitation beam by a combination of color glass filters. All
the measurements were done at room temperature. It was
measured only anisotropic part of the optical SHG signal
due to reduce background noise.

Result and discussion

In this experiments Si(111)"5x5"-Cu was formed by
deposition more than 1.5 ML Cu on Si(111) clean surface
at 450 °C. LEED show pattern according to 'pseudo-5x5'-
Cu surface phase [1]. Fullerenes deposited on
Si(111)"5x5"-Cu surface phase at room temperature in
range from O to 2 ML Cg, coverage. It was found that
dependence of intensity SHG signal from the Ceo coverage
has local minimum around 1 ML. The same dependence of
SHG intensity from adsorbate coverage with minimum of
the anisotropic part of the signal was found for several
elements with layer-by-layer growth mode. For example,
we found it for Si(111)/In system[2].

It was a problem in previous investigations to explain
the correlation the dependence of optical SHG intensity
with the processes on the surface during the deposition of
adsorbate. The new simple model proposed that SHG
intensity correlate with total perimeter of monoatomic
height islands and standalone adatoms. Simple simulated
dependence of total perimeter of islands from the adsorbate
coverage in range from 0 to 1 ML show us similar behavor
with local minimum at 1 ML. In this case we can explain
decrease of optical SHG signal from C60/Si(111)"5x5"-Cu
surface around 1 ML of Cgo coverage.

Summary

Growth of Cgo on Si(111)"5x5"-Cu surface at RT was
investigated by optical SHG and LEED techniques. It was
proposed new model of dependence SHG intensity from the
total adsorbate coverage.
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High-temperature transformations in solids associated
with phase transitions or chemical reactions are
accompanied by particle size enlargement due to sintering.
The chain of phase transitions in alumina polymorphs is as
follows: y-Al,O; (Fd3m) — &- AlOs (P212:2:) — 6-
Al>,03 (C/2m) — a-Al203 (R3c) [1,2]. From the point of
view of the texture of the material, a significant decrease in
the specific surface of the material is observed, due to an
increase in its thermodynamic potential, leading, in
particular, to sintering of the grains of the nanomaterial [3].
For y- Al,Os, the characteristic values of the specific
surface lie in the range of 150-450 m?/g [4], while a- AlO3
is more characteristic for the specific surface, which is in
the range of 1-25 m?/g [2, 5].

The concept of a carbon nanoreactor was proposed in
[6-8] and is a fairly simple and effective approach to
stabilizing the morphology and phase composition. This is
due, on the one hand, to a decrease in the surface energy of
nanoparticles due to the presence of a nanocarbon shell on
their surface, and, on the other hand, the strength of carbon-
carbon bonds can compensate for the work done by
changing the surface by a nanoparticle during phase
transitions. In particular, this can be expressed as excess
pressure from the nanocarbon shell during thermal
expansion of the nanoparticle or phase transition in its
structure.

At present, the question of maintaining the necessary
phase and morphology of particles during the removal of
the nanocarbon shell remains unexplored. This work is
aimed at studying the possibility of preserving the
nanofibrous form at temperatures above the temperature of
the phase transition of alumina to corundum.

Figure 1. Alumina nanofibers in nanocarbon shell after annealing
at 1400 C. TEM.

A study of macroscopic morphology of a sample of
alumina nanofibers in a nanocarbon shell after high-
temperature annealing demonstrates the preservation of the
block structure. The TEM image (Fig. 1) demonstrates the
fact that the vast majority of the material is in an
encapsulated state and is in the form of nanofibres.
According to statistical analysis, the diameter of the
nanofibers inside the nanocarbon shell is 8.83 £ 1.7 nm.
Hollow nanocarbon shells, similar in structure to multi-
walled carbon nanotubes, are also observed; apparently, the
depletion of the capsules is the reason of recrystallization
processes as alumina as nanocarbon shell.

The XRD and TEM methods have shown the possibility
of maintaining the 1D morphology of nanofibers with a
high aspect ratio at temperatures above the y, 6- Al,O; —
a- Al,Os phase transition. Nanocarbon shell preserves the
morphology of the original product, inhibiting sintering and
recrystallization processes. It has been shown that after
heating the alumina nanofibers coated with carbon to 1400
C, there is no phase transition to corundum and the
structural tune of the nanofibers more closely matches y-
Al,O3. The indicators of the possibility of obtaining
nanofiber spinels, due to the diffusion of components in the
nanocarbon shell, were obtained composite fibers
MgAI204.
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Graphene oxide (GO) is the common name for a
promising class of carbon compounds whose structure can
be represented as a honeycomb carbon network with
oxygen-containing functional groups attached to the edges
and in the inner regions [1]. The structure and properties of
GO and its thermally reduced derivatives are sensitive for
selection of method for synthesis and reduction,
respectively [2]. The aim of the work is to develop a
procedure for obtaining the information on dimensions and
structure of nanosize blocks (domains) in thermally
reduced GO samples by modeling their X-ray diffraction
profiles.

The GO used in work has been prepared by the modified
Hammers method [3], taking into account our experience
in the synthesis of oxygen-containing graphite compounds
[4, 5]. The reduction of GO films have been performed by
annealing at a fixed temperature (Tan) in an argon
atmosphere. The X-ray diffraction patterns of thermally
reduced GO films have been recorded on the
D8 ADVANCE diffractometer in the Bragg-Brentano
setting with a CuKa source (A=0.15417 nm).

The X-ray diffractograms for films of thermally
reduced derivatives of GO were approximated by searching
for a linear combination of theoretical profiles of quasi-
two-dimensional powders of few-layer nanographenes
(nanographites) with a turbostratic layer stacking, which
describes the experimental diffractogram of the sample
with the lowest R-factor (reliability factor). It was assumed
that each such quasi-two-dimensional powder consists of
identical particles with a certain orientational distribution.
The interatomic distances in the particles of considered
hypothetical powders were determined based on empirical
dependences. To form their theoretical diffractograms the
interference function have been calculated for various
systems, whose particle orientation is set by only polar
Euler angle B:

k.
-1
>

w(p) = exp (k cos(2p) ) ( j exp (k cos(2p))sinpdp ) . (1)

0

where w(B) — the probability density function to find a
nanoparticle in the system rotated by angle B, 1/k — the
parameter (analog to variance in a normal distribution)
which is the measure of B-values dispersion near 0°.
At k = 0, all the nanoparticles in the system are randomly
disoriented (three-dimensional powder); the larger the
value of k, the higher the probability density to find a
particle whose nanographene layers are parallel to the
horizontal plane.

The work considers the results of approximation of
X-ray diffractograms of GO films reduced at various Tam
by the above-described method and the corresponding
histogram of the relative contributions of quasi-two-
dimensional powders of model nanographites of various
sizes. A model have been also proposed to explain the
detected changes in the structural parameters of the studied
samples from Tann.

Therefore, a new tool for obtaining structural
information from X-ray diffractograms of thermally
reduced GO films have been proposed and tested in this
work.

Acknowledgements

The work has been financially supported by the
Ministry of Science and Higher Education of Russia (State
Assignment No. 265-2019-0001).

References

[1] A.M. Dimeev, S. Eigler, Graphene oxide: fundamentals and
applications, John Wiley & Sons, Ltd., Chichester, UK,
2017.

R.K. Singh, R. Kumar, D.P. Singh. RSC Advances 69
(2016) 64993.

M. Hirata, T. Gotou, S. Horiuchi, M. Fujiwara, M. Ohba.
Carbon 42 (2004) 2929.

A.M. Ziatdinov, Y.V. Zelenskii, A.A. Uminskii,

E.G. Ippolitov. Zhurnal Neorganicheskoi Khimii 30 (1985)
1658.

A.M. Ziatdinov, N.M. Mishchenko, Yu.M. Nikolenko.
Synth. Met. 59 (1993) 253.

(2]
3]
[4]

[5]

54



Fifth Asian School-Conference on Physics and
Technology of Nanostructured Materials
Vladivostok, Russia, July 30 — August 03, 2020

1.30.05p

Scanning tunneling microscopy of Sn adatoms on the

Si(111)5%2—Au surface

D.A. Olyanich®*, T.V. Utas?, A.N. Mihalyuk®, A.V. Zotov*?, A.A. Saranin®?

1|nstitute of Automation and Control Processes FEB RAS, 5 Radio St., Vladivostok 690041, Russia
2 Far Eastern Federal University, 10 Ajax Bay, Russky Island Vladivostok, Russia

*e-mail: olyanich@gmail.com

Surface reconstructions on silicon with the metallic
property have attracted considerable attention due to the
diversity of structural and electronic properties. The
Si(111)5%2-Au surface reconstruction in addition to
metallic properties has a quasi-one-dimensional metal-
chain structure and presents a vivid example of the
reconstructions of such type. As was shown in works [1-4],
the ideal Si(111)5x2-Au surface adopts 0.7 ML of Au,
where 1 ML (monolayer) =7.8x10%cm ™%, topmost Si atom
density in Si(111)1x1.

The model of Si(111)5x2-Au structure is described by
Kwon and Kang [2] and establishes a clear correspondence
between STM features and structural elements constituting
the intact Si(111)5x2-Au surface. This knowledge yields us
a basis for the determination of the Sn adsorption sites on
the Si(111)5%2-Au surface using the corresponding STM
images. The Si(111)5x2-Au surface might be considered as
a promising template for growing quasi-one-dimensional
adsorbate nanostructures onto it due to its temperature
stability upon to 1173 K [5] and its robustness against
overgrowth of various materials [6-7].

In the present work, we study the adsorption of tin (Sn)
onto Si(111)5%2-Au surface using the STM and DFT
techniques. We perform our experiments with a variable-
temperature Omicron VT-STM equipment operated in an
ultrahigh  vacuum (~2.0x107'° Torr). For sample
preparation, the Si(111) substrate (n-type) is degassed at
600 °C for several hours and repeatedly flashed to 1280 °C.
Gold and tin are evaporated from an Au-wrapped tungsten
filament and a tungsten basket, respectively. To prepare the
Si(111)5%2-Au surface gold is deposited on a Si(111)7x7
sample held at about 500 °C. For STM observations,
electrochemically etched tungsten tips cleaned by in situ
heating are employed.

Adsorption of ~0.01 ML of Sn onto Si(111)5x2-Au
surface held at RT shows that the majority of Sn adatoms
reside in the sites typical for Si adatoms (to be called A
site). One part of the rest of the Sn adatoms is located in the
hollow sites between Au atoms of the Au row 1 and
neighboring Si atoms of the honeycomb Si chain (to be
called H; site). The other part of the rest of the Sn adatoms
occupies the sites adjacent to the Au row 4 (to be called H.
sites). Annealing of such a surface at 170 °C redistributes
Sn atoms to the adsorption sites as pristine Si adatoms (i.e.
A sites) filling the originally Si-adatom-free segments. As

was reported [5,8] the same behavior is observed after the
deposition of extra Si adatoms on the Si(111)5x2-Au
surface. Increasing the Sn coverage up to 0.03 ML followed
by annealing at 170 °C leads to the occupation of A
positions by Sn adatoms and the formation of the 5x4
superstructure consisting of Sn and pristine Si adatoms on
the entire surface. Also, a small part of Sn adatoms begins
to occupy the H, sites. Starting with Sn coverage of 0.06
ML the one-dimensional stripes begin to be formed along
the line running across the hollow site between Au atoms
of the Au row 1 and neighboring Si atoms of the
honeycomb Si chain. A thorough analysis of the STM
images reveals that the Sn adatoms within the one-
dimensional stripes occupy Hi sites. Moreover, along the
entire length of the one-dimensional stripes, Sn adatoms in
A positions are missing. Increasing the Sn coverage up to
0.3 ML leads to the formation of continuous one-
dimensional strips of Sn atoms along the rows of
Si(111)5x2-Au. Between the one-dimensional Sn strips,
one can observe that both individual Sn atoms are located
at a distance of 2ag and 3ao (Where ap = 0.384 nm is the size
of the unit cell of the Si(111) surface) in position Hy, and
individual Si atoms located in A positions.
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In the past decades, anodic semiconducting metal
oxides, such as WOy, TiOx, ZnOx are being widely
investigated. The numerous perspective applications of
these materials have been presented, e.g.,, gas and
biosensors, photoelectrodes in solar cells,
photoelectrochemical water splitting, photodegradation of
organic compounds. Among these materials, WOy is a
deserving candidate for such applications due to its
relatively narrow band-gap ~2,6 eV, which makes it
sensitive to the visible light, and its relative
physicochemical stability in aggressive environments.
Nanostructured WOy has a much higher effective surface
area that affords to increase the efficiency of WOy
applications.

Anodization is one of the efficient methods for barrier
or nanostructured oxides formation. A lot of regimes of
nanostructured WOXx synthesis have been discussed, and
anodic WOy with different morphology (nanoholes,
nanobowls, nanowires) has been shown [1,2,3]. However,
most of the papers evaluate the influence of electrolyte
content or anodization current or potential under not well
defined hydrodynamic conditions such as magnetic
stirring. However, for other oxides, it was shown that
hydrodynamic conditions play a crucial role in the kinetics
of nanostructured oxide formation and can determine its
morphology [4].

In the present study, we investigated the influence of
hydrodynamic conditions on the growth of nanostructured
anodic WOy via the Rotating Disk Electrode (RDE) system.
The 0.1 M NaNH.: ethylene glycol: 1% H,O solution
served as the electrolyte for WOx formation. The three-

electrode system Autolab RDE 81044 was used. The
tungsten foils oxidation was performed under different
rotation velocities (0 — 1500 rpm).

The morphology of nanostructured WO, layers was
investigated by field-emission scanning electron
microscope (FESEM) Helios NanoLab 650. It was found
that the morphology could change from almost dense films
to the porous films with the pores of around 100 nm in
diameter by varying the rotation velocity.

Finally, the photocatalytic degradation of methylene
blue (MB) with obtained WOx photocatalysts. The
photoelectrochemical (PEC) properties were studied using
a three-electrode system with quartz cell filled with 0.5 M
N3.2003.
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In this article, an alloy of Finemet type Fe;7CuiSiisBs
obtained by quenching from a liquid state (spinning
method) in the initial state is investigated. The main
research methods were scanning and transmission electron
microscopy. Representation of electron microscopic
images in the form of Fourier spectra made it possible to
reveal the nature of the formation of short- and middle-
order in amorphous-nanocrystalline alloys according to the
principle of self-similar spatial structures. The use of the
Lebesgue image comparison technique revealed density
differences in the entire alloy volume.

Introduction

Amorphous-nanocrystalline alloys are a new class of
materials obtained by rapid quenching from a liquid state.
Moreover, in terms of physical and mechanical properties,
such two-phase systems are superior to the properties of
both nanocrystalline and amorphous materials, thereby
creating a noticeable synergistic effect [1]. Amorphous-
nanocrystalline materials can be considered natural
amorphous-nanocrystalline  composites, which have
important properties for practical use [2]. Thus, issues
related to the study of the structure and properties of such
alloys, for example, based on iron, are extremely relevant.

The purpose of this work is to study the nature of the
structure and anisotropy of the Fe;7CuiSiisBs alloy
obtained by spinning in the nanometer range and at the
morphological level.

Objects and research methods

The objects of study were electron microscopic images
of a spinning tape Fe77Cu;Si1sBs obtained using a TITAN
300 transmission electron microscope (TEM), as well as
images of the interfaces of a spinning tape (contact to the
quenching disk and free from its influence) obtained using
a scanning electron microscope Carl Zeiss Crossbeam
1540XB [3, 4]. For all rapidly quenched alloys, a Fourier
spectral analysis was carried out, including the following:
integral frequency response (IFR), which allows
numerically determining the range of inhomogeneities
present in the studied structure and integrated spatial
characteristic (ISC), based on which it is possible to judge
the isotropy /anisotropy of the studied structure [5 -7].

Showed three ranges of sizes of inhomogeneities of
nano — and micrometer were identified: long-wave

(A3 = 0.2 nm; Az = 2.8 um) medium-wave (A, =0, 6 nm;
A2 = 7.5 pm), short-wavelength (A; = 1.7 nm; Ay = 19.2
um). The anisotropy of the periodicities of the nanometer
range is determined by short-wave inhomogeneities, A; =
0.2 nm. The formation of mesoscale and long-wavelength
structures is accompanied by a decrease in the anisotropy
coefficient. It is shown that the integral anisotropy of the
morphostructure of the spinning tape is determined by the
inhomogeneities of the long-wavelength range. Short-wave
periodicities of the free surface are characterized by a lower
anisotropy index compared with the contact. The formation
of the middle and long-range order of inhomogeneities of
the free surface is accompanied by a sharp increase in the
anisotropy in their distribution. Received: the formation of
medium and long-range order in an amorphous
nanocrystalline alloy occurs on the principle of self-similar
spatial structures characteristic of modulation-unstable
media.
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Here we report the development of a new
physicochemical method to obtain a novel photocatalytic
material based on metal sulfide quantum dots in a porous
matrix. Such quantum dots may act as an alternative for
titanium dioxide-based photocatalysts. The topicality of the
research is the necessity of aqueous solutions purification
form various toxic organic compounds such as aromatic
and cyclic hydrocarbons, dyes, pesticides, etc. At present,
the most common way for organic destruction is advanced
oxidation processes technique, namely, heterogeneous
photocatalysis. The major advantage of such a technique is
the simultaneous destruction of an organic molecule by the
number of oxidizing agents (hydroxyl radicals, superoxide
radicals, hydrogen peroxide and so on) causes by the
interaction of photogenerated charge carriers in a quantum
dot with water molecules and molecular oxygen.

In its turn, one of the most common parts of industrial
water effluents are organic compound and dyes which can
cause, from the one hand, a lot of lethal diseases (like the
cancer one [1]) and from the other hand, they are block both
sunlight penetration and oxygen dissolution, which are
essential for aquatic life. In this way, the treating of these
pollutants is very important for ecological purposes.

The most effective photocatalytic degradation of
organic pollutants occurs when the pollutant molecule is
located as close as possible to the photocatalyst surface.
Unfortunately, the different pollutant molecules have
different physical and chemical properties, namely, the
overall charge, so it can be attractive only to photocatalyst
of a certain type. Thus, the most efficient pollutant
treatment could be achieved when photocatalyst has
different reactive sites, attractive for both positive and
negative charged molecules.

In this regard, semiconductor quantum dots are the most
promising candidates for effective photocatalyst
development. First of all, a high volume-to surface ratio
(which is common for nanosized materials) shortens the
charge carriers path from the volume to surface making the
energy transition in quantum dots very sensitive to surface
state. Moreover, the dangling bonds on quantum dots
surface act like charge carriers traps, wherein the metal
dangling orbitals act as electron traps, while sulfide
dangling orbitals act as hole traps [2]. This is very
important for the abovementioned possibility of a
photocatalyst to be attractive for both positive and negative
charged pollutant molecules. Second, a lot of effective
photocatalysts  (TiO,, ZnO, etc) demonstrate a
photocatalytic performance only under high-energy photon
excitation while one of the requirements for photocatalyst
is to be active under visible light excitation. To meet this
criterion these photocatalysts are doped with other
materials [3], combined with plasmonic [4] or photonic [5]
structures or form various heterogenic core/shell structures

[6]. In a case of quantum dots, the excitation wavelength
range can be easily tuned by varying its size. Nevertheless,
the making of quantum dots heterostructures, namely
core/shell systems, could be a promising way for further
increasing of their photocatalytic properties.

In this work, the physicochemical methods for the
formation of a new photocatalyst based on the zinc sulfide
quantum dots activated by manganese ions were developed.
A simple one-step synthesis of ZnS:Mn quantum dots
stabilized in various organic shells (a period of stability of
more than six months) in an aqueous solution was carried
out. The dependences of the dimensional, structural,
optical, and luminescent characteristics of the materials
obtained on the synthesis conditions and the type of shell
chosen are determined. The efficiency of photocatalytic
decomposition of organic pollutants of various nature
(cationic and anionic) in the aquatic environment was
evaluated. A method for observing the process of
photodegradation of a model dye in real-time has been
developed. It has been shown that the proposed sulfide
quantum dots have high photocatalytic activity and can
serve as an alternative to the known titanium dioxide-based
photocatalysts.

Moreover, we’ve synthesized a ZnS/Ag,S and
AQ2S/ZnS core/shell quantum dots to expand the energy
activation range all over the visible region and preserve the
high photocatalytic activity obtained for bare ZnS quantum
dots. It was found that AQ.,S/ZnS quantum dots
heterostructures demonstrate better photocatalytic activity
compared to ZnS/Ag,S, which is primarily because of high-
reactive ZnS-sites located on heterostructure surface.

The results will be the basis for the incorporation of
sulfide quantum dots into solid porous matrices to form the
functional  nanostructures for the photocatalytic
decomposition of organic compounds.
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Well-proven methods for sensing chemical compounds,
such as high-performance liquid chromatography, gas
chromatography-mass spectrometry and inductively
coupled plasma mass spectrometry, have high sensitivity
but require expensive equipment and qualified personnel,
which complicates their use in continuous monitoring
systems and significantly increases the cost of
measurements. Currently, scientific groups around the
world are developing new sensor systems that combine the
advantages of the “classical” methods for the registration of
chemical compounds with low cost and ease of operation.
One of the promising ways to create such systems is the use
of quantum dots which are nanoscale materials with unique
chemical, physical, optical, catalytic and electronic
characteristics [1]. Among the variety of developed
quantum dots, the metal chalcogenide one is the most
promising candidate for sensor system development
because their optical and electronic properties can be easily
tuned.

In this study, we used zinc sulfide which is a direct-gap
semiconductor whose bandgap in the bulk state varies from
3.54 to 3.65 eV [2]. With a decrease in the particle size
smaller than the Bohr radius of the exciton (for zinc sulfide
of the order of 2.2 nm), the bandgap increases due to the
quantum size effect. This means that the excitation of
quantum size zinc sulfide by photons with an energy greater
than the bandgap will lead to electron transfer from the
valence band to the conduction band. Being in the
conduction band, the electron can move along the crystal
lattice, followed by the transition to the valence band,
accompanied by the emission of a photon, or go to the
surface of the particle and dissipate into the medium
surrounding the particle. When scattered into the
environment, the electron can interact in the molecules
there, passing to their unoccupied molecular orbitals.

This effect can be used to determine chemical
compounds having molecular orbitals allowed for electron
transition in the environment surrounding a quantum dot.
One such compound is methane which molecular orbitals
are formed by the 1s level of hydrogen and 2s and 2p levels
of carbon [3]. Altogether, methane has eight molecular
orbitals. The four lower orbitals of methane are filled, and
they cannot accept electrons, as evidenced by their negative
energy. Fifth to eighth methane orbitals, on the contrary, is
free and can take on electrons. The energy of the fifth
molecular orbital, equal to 1.99 eV, means that an electron
with an energy higher than this value can pass to it. The
sixth, seventh and eighth orbitals have the same energy
equal to 3.9 eV.

Based on these considerations, one can assume that one
of the main conditions for the formation of sensor response
to methane is to ensure the bandgap of quantum dots of the
order of 3.9 eV. As shown by previous studies [4], ZnS
quantum dots demonstrate the optical response to the
methane presence, but in nature was unclear. Since the

formation of the sensory response may depend on various
factors, it is necessary to obtain and study a series of
samples with gradually changing characteristics.

It is known that chemical deposition from the colloidal
solutions method allows one to quite flexibly vary the
optical characteristics of the resulting quantum dots. In this
way, the manganese doped ZnS quantum dots were
synthesized according to this technique. After synthesis
solutions were thermostated at 120 C for 1, 6 and 12 hours
to obtain quantum dots with different sizes. Based on the
results obtained from the optical absorption and
luminescence excitation spectra, as well as X-ray
diffraction patterns, the average sizes of the synthesized
quantum dots were 1.8, 2.2 and 2.6 nm for quantum dots
thermostated at 1, 6 and 12 hours, correspondingly.

From the photoluminescence studies, it was found that
increasing thermostatic time gives rise to the Mn-related
emission intensity and accompanied by a shift of the
maximum of the zinc sulfide band from 2.8 to 3.1 eV. The
data obtained confirm the fact that the changes in the
spectral characteristics of the luminescence of quantum
dots are associated with the process of incorporation of a
manganese ion into the crystal lattice of zinc sulfide, which
is accompanied by deformations of the latter.

It was found that quantum dots thermostated by 1 hour
demonstrate the best sensor response to the presence of
methane with a concentration of 100-1000 ppm, which is
formed due to the transfer of charge carriers from the
conduction band and from quantum dot defects to
unoccupied molecular methane orbitals. An increase in
thermostated time up to 6 hours leads to a decrease in their
sensitivity to methane. The response is indirect and arises
due to the passivation of oxygen centers on the surface of a
quantum dot, which are centers of nonradiative
recombination of charge carriers. Provided that this process
is controlled, these quantum dots can be used to record
methane in the aquatic environment in the concentration
range of 100-1000 ppm. For 12 hours thermostated, a large
number of nonradiative charge carrier recombination
centers are formed on the surface of the quantum dot, which
impede the formation of a reliable sensory response to
methane exposure.
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The Si(111)5x2-Au surface represents a quasi-one-
dimensional surface reconstruction. It consists of Au stripes
and honeycomb Si chains. Using scanning tunneling
microscopy (STM) and density functional theory (DFT)
calculations we have studied initial stages of adsorption of
bismuth (Bi) onto the Si (111)5%2-Au. Analysis of the
results is based on the recently proposed KK model of the
Si(111)5x2-Au surface [1]. An ideal Si(111)5x2-Au
surface adopts 0.7 ML of Au, i.e., seven Au atoms per 5x2
unit cell. [1 ML (monolayer) =7.8x 10%* cm2, topmost Si
atom density in Si(111)1x1.] As for the real Si(111)5x2-Au
surface, its characteristic feature is the presence of Si
adatoms occupying a unique adsorption site atop the Au
chains. It is impossible to form a Si(111)5%2-Au structure
without silicon adatoms. The coverage of Si adatoms is
about 0.025 ML. Due to silicon adatoms, which tend to be
located at a distance of 4a (a = 3.84A) from each other, a
Si(111)5%4-Au structure is formed. A Si-adatom saturation
coverage of 0.05 ML can also be obtained by extra Si
deposition [2, 3]. It has been shown that Si adatoms affect
greatly the electronic properties of the Au chains [4-6]. At
the “half-filled” 0.025 ML Si- adatom surface, the bare
5%2-Au segments are metallic, while those occupied by Si
adatoms are semiconducting [5]. Increasing Si adatom
density to a saturation level of 0.05 ML makes the whole
Si(111)5x4-Au  surface semiconducting. Thus, by
adsorbing submonolayers of other suitable species it might
be possible to control the properties of the Si(111)5x2-Au
surface. And vice versa, the Si(111)5%2-Au surface might
be thought as a promising template for growing quasi-one-
dimensional adsorbate nanostructures on it.

Experimental details

Our experiments have been performed with a variable-
temperature Omicron VT-STM operating in an ultrahigh
vacuum (~2.0x107'% Torr). Atomically-clean Si(111)7x7
surfaces have been prepared in situ by flashing to 1280°C
after the samples were first outgassed at 600°C for several
hours. Gold has been deposited from an Au-wrapped
tungsten filament, bismuth from the Ta - tube. Gold
deposition rate has been calibrated using the well-known
Au/Si(111)5%2 phase with 0.7 ML of Au [1]. Bismuth

deposition rate has been determined as a result of direct
atom count on Si(111)5%2-Au phase at small Bi doses
depending on adsorption time.

Results

Using high-resolution images we determined the
positions of bismuth atoms on the Si(111)5%2-Au surface.
Bi adatoms are located exactly above the gold atoms.
Theoretical calculations revealed that bismuth atoms
replace gold atoms. Only in this case, we observed a full
agreement between the simulated STM images with respect
to experimental ones. It is noted that bismuth atoms prefer
not to be located between silicon adatoms, the distance
between which is 4a. Thus, bismuth adatoms replace gold
atoms only if the distance between neighboring Si atoms is
more or equal to 6a.

With an increase bismuth coverage on the Si(111)5%2-
Au surface, when all adsorption positions are occupied,
bismuth atoms form identical clusters of three atoms each.
The distance between atoms in a cluster is approximately
equal to 1.6a = 6.14A.

Sequential recording of STM images of the same place
showed that single bismuth atoms move between
adsorption sites at room temperature, while the clusters are
stable.
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Two-dimensional (2D) structures on the surface of
semiconductors are of great interest to the scientific
community due to a large number of unique properties,
among which special attention is paid to 2D
superconductivity [1], the Rashba-Bychkov effect [2] and
the quantum spin Hall effect [3]. Active search for 2D
systems that have such interesting properties leads to
various ways of modifying already known systems, thus
contributing to the emergence of new properties that were
not previously observed. For example, it was recently
discovered that, despite the fact that graphene is not a
superconductor in its pure form, two-layer graphene
intercalated with calcium demonstrates a transition to a
superconducting state [4]. Thus, modification of 2D
compounds by alkali-earth metal atoms may be a promising
area of research.

In this paper, magnesium atoms were used as a modifier
of the well known Si(111)1x1-TI surface. The 2D MgTI
compound on the Si(111) surface was formed by Mg
deposition and as a result, sections of a new structure with
a lattice period of V3x/3 appeared on the surface. When the
Mg and TI coverages is subsequently increased, a well-
ordered Si(111)V3x\3-MgTlI structure was formed.

Scanning tunneling microscope data have shown that at
room temperature (RT), the structure is characterized by the
presence of open antiphase domain boundaries that are
localized on the surface defects. In addition, this structure
looks like as honeycomb array away from defects and as
hexagonal array near defects. When this structure was
cooled to a temperature of 112K, it was found that the
surface is hexagonal and is represented by two domains.
This difference in the appearance of the structure at RT and
112K is explained by switching the bright maximum
between the two adsorption positions in the V3xV3 unit cell
at RT. When cooling, the maxima freeze in the most
favorable positions, grouping into domains, forming
antiphase domain boundaries.

Based on experimental STM data, an atomic model of
this structure was proposed using density functional theory

calculations. According to this model, a 2D MgTI
compound is a two-layer structure on the bulk-like-
terminated Si(111)1x1 surface. A mixture of Mg and Tl
atoms are located in the first layer and the second layer is
located above the first and consists only of Tl atoms. It is
worth noting that according to the model, the lattice period
\3xV3 is set by the lower layer, while the atoms of the
upper layer form a lattice close to 1x1 periodicity. This
discrepancy leads to two possible positions of the top layer
relative to the bottom layer, explaining the domains
formation, as well as collective switching.

The electronic properties of the 2D MgTI compound
were investigated using angle-resolved ultraviolet
photoelectron spectroscopy. The obtained data showed that
this compound has metallic surface states, and the
theoretical calculations confirmed that these metal states
have Rashba-Bychkov type spin spliting. In addition,
calculations around highly symmetric M-point show a
saddle point feature or Van Hove singularity, which is one
of the indirect signs of the presence of superconductivity.
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Recently, bismuth compounds have attracted great
interest due to their unique properties. For example,
bismuth oxycarbonate has low toxicity and exhibit
antibacterial properties [1], which is attractive for use in the
field of medicine. Various modifications of bismuth oxide
and bimetallic oxides (silicates, titanates, etc.) have a high
refractive index [2] and dielectric permittivity [3], ionic
conductivity [4] and photocatalytic activity [5]. This allows
using of bismuth compounds as optical coatings and
materials for gas sensors. The high interest in bismuth
oxides is due to the opportunity to use them as
photocatalysts in the visible region of the spectrum.

To date, seven bismuth (1I1) oxide polymorphs have
been identified in the literature, and an additional
modification has been postulated recently [6]. Different
types of bismuth oxides have various optical, catalytic and
other functional properties that determine their field of
application. A variety of oxide forms complicates the
controlled synthesis of a certain modification of bismuth
oxide particles, especially with the necessary size
parameters. One of the promising methods for producing
nanoparticles (NPs) of reactive metal oxides is the method
of pulsed laser ablation (PLA) in a liquid. An important
advantage of the PLA method is the ability to obtain “pure”
NPs in the absence of additional precursors. Varying the
parameters of laser radiation, the target material and the
solvent, it is possible to control the size and structure of the
materials prepared by PLA. In recent years, the PLA
method in gas has also been successfully developed to
obtain NPs.

In this work, we used the method of pulsed laser
ablation of a bismuth metal target in a liquid and gas for
preparation bismuth-containing materials. A comparative
study of physical-chemical and photocatalytic properties of
the materials obtained was carried out.

Pulsed laser ablation was carried out in distilled water
(Bi_ini sample) and in atmospheric air (Bi_air sample)
using a Q-switch Nd:YAG laser (following parameters
were used: wavelength 1064 nm, pulse duration 7 ns,
frequency 20 Hz, and pulse energy 160 mJ). Metallic Bi
(99.9% purity) was used as a target. The dispersion was
dried at 60 °C (sample Bi_ini).

Sample Bi_ini consists of large lamellar particles with
an average size of about 500 nm. The NPs obtained by PLA
in air have a predominantly spherical shape with a wide size
distribution from 3 to 210 nm and the majority of particles

are in the size range of 10-18 nm. Since the particle are
quite large, the specific surface area for these materials is
low: 1.3 m%g for Bi_ini, and 16.4 m?/g for Bi_air.

The crystal structure of the materials and phase
transitions after heat treatment (200 and 400 °C) were
studied by X-ray diffraction. The Bi_ini sample isa mixture
of three phases, namely, a-Bi,O3 bismuth oxide, Bi(CO3)O;
bismuth oxycarbonate and (BiO)4sCO3(OH), bismuth
hydroxycarbonate. The appearance of carbon in the
structure can be explained by drying of the colloidal
solution in air and a large affinity of bismuth to carbon.
After annealing at 200 °C, no phase transitions are
observed, the sample retains its structure. However, after
annealing at 400 °C, hydroxycarbonate and oxycarbonate
of bismuth decompose, and a-Bi,O3 forms as the main
phase. The Bi_air sample is a mixture of metallic bismuth
and bismuth oxide B-Bi»Os. After annealing at 200 °C, the
amount of the metal phase decreases and no other changes
in the structure are observed. However, after heat treatment
at 400 °C, a phase transition occurs with the formation of
the a-Bi,Os structure.

A diffuse reflection spectroscopy study showed that
both materials had a quite wide absorption spectrum,
including the visible region. It consists of the absorption
bands of the Bi(CO3)Oz, (BiO)4CO3 (OH)z and (),-Bizog
phases for Bi_ini and B-Bi»Os and Bi (metallic) for Bi_air.

All materials performed good activity in the process of
photocatalytic degradation of the Rhodamine B dye in the
solution under simulated sunlight.
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All  magnetic materials have at least two
thermodynamic phases — order and disorder, which
determine the second-order phase transition. The peak in
the temperature behavior of the specific heat, which
diverges for infinite systems, is an indirect confirmation of
the presence of a phase transition. There is a subgroup of H
(2,2) -class magnets (the classification is presented in [1])
where additional temperature phases can exist. For
example, frustrated spin-ice lattices, have an additional
phase transition, determined by the presence of long-range
order [2,3]. Most of modern researches are devoted to
lattice structured magnetic materials. We can exploit
patterns of lattices to simplify the model and reduce the
calculations when dealing with numerical solution. For
amorphous magnetic  structures, the problem is
significantly complicated due to the absence of any lattice
regularities.

Is there any exotic configuration of amorphous magnets
with additional phases excluding order and disorder? To
answer this question, we examined pseudo-random lattices,
the spins of which are randomly located on small scales,
but the structure pattern repeats on large scales. This allows
us to effectively explore amorphous structures using
standard approaches and simplifications applied to lattice
structures. In this study, we combined the genetic algorithm
with the canonical Metropolis algorithm. The Metropolis
algorithm was used to calculate the temperature behavior
of heat capacity. A genetic algorithm is needed to create
random configurations of amorphous structures and their
modifications based on heat capacity data. The interaction
between the spins is dipole-dipole and is determined as:

— —

m;m; (m;7y;) (m;7)

Ei' =
j SE 2 15 ’

|73 73]

where m — vector of magnetic moment, 7 — radius vector
between a pair of spins. In the frame of model we

considered a system of Ising-like dipoles, where m; is

replaced by s;ni;, and mi; — is a fixed value, with length
|7;| = 1. The value s; = +1 determines the direction of
the vector. The initial lattice configuration is determined by
randomly filling spins of the square lattice sites. This
allows to limit the minimum possible distance between the
spins. This defines a small repeating section of the pseudo-
random lattice - a pattern. The pattern is then translated
along the X and Y axis to achieve the large dimensions of
the magnetic system. Large sizes reduce the effect of open
borders and the effect of finite size.

We proposed selection, crossing, and mutation
schemes, and also proposed a cost-function for the genetic
algorithm that encourages configurations with a large
number of heat capacity peaks. The function also takes into
account the height of each heat capacity peak.

The results of our research show that, after several
generations, configurations with one low-temperature peak
of heat capacity begin to dominate. The spins of the lattice
are concentrated in one zone of the pattern, keeping the
magnetic order as much as possible. During the translation
of the pattern, sublattices work as a set of weakly
interacting subsystems. We did not find exotic phases in the
described pseudo-amorphous magnetic structures of
dipoles.
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Many processes of drilling, production, and
transportation of oil and oil products are associated with
difficulties arising as a result of the unexpected
manifestation of the physicochemical properties of oils [1]
in different environmental conditions. One of the negative
factors in the operation of pipelines and other equipment is
the deposition of solid deposits on their internal surfaces:
resinous-paraffin components and asphaltenes [2]. All this
leads to a decrease in the efficiency of the equipment and
damage to materials. Having studied the structure of
asphaltene molecules [3], it is possible to apply the
obtained knowledge in the future to reduce the negative
impact of these deposits.

Asphaltenes are fragile and black solid substances that
have a high boiling point. It is difficult to estimate the
molecular weight of asphaltene molecules since they are
self-associated. At present, their molecular weight ranges
from 500-2000 g/mol. Asphaltenes pass into a viscous
plastic state at temperatures of 200-300 °C, and at higher
temperatures, they decompose and produce liquid
hydrocarbons, gas and solid coke residue insoluble in
ordinary solvents. It is known that asphaltenes contain the
main amount of salts, ash-forming components, metal-,
nitrogen-, oxygen- and sulfur-containing compounds.

The report will present the results of a study of organic
molecules, petroleum asphaltenes, using an atomic force
microscope (AFM). We have used AFM in tapping mode.
The AFM images of asphaltenes dissolved in toluene and
adsorbed in the form of a thin film on the surface of the
substrate were obtained. Fresh mica cleavage was used as a
substrate. In developing the methodology for preparing
asphaltene samples, we were faced with the task of finding
the optimal concentration of asphaltenes in toluene, in
which the supramolecular structure or an individual
asphaltene molecule can be identified on the AFM image.
Considering the results of other researchers [4], it was
decided to use a working solution with a concentration of
asphaltenes in toluene less than or equal to 0.1 g/l. We
deposited small volumes of a working solution of various
concentrations on a substrate so that a film was obtained. In
addition to varying the concentration of asphaltenes in a

toluene solution, we changed some other experimental
parameters to obtain the highest quality AFM images.

The method of asphaltenes film deposition to a
substrate was as follows: the hydrophobic substrate was
lowered into a flat vessel with distilled water, and then a
drop of asphaltene solution was deposited to the water
surface using a dispenser. After the solution forms an
asphaltene nanolayer on the water surface without touching
the film, the substrate was hooked with tweezers from the
edges and lifted upward through the asphaltene film formed
on the water. Two cases were experimentally verified: in
the first, the substrate was oriented in space vertically, in
the second, horizontally. Then, the extracted substrate was
dried in air for several hours until completely dried to form
a film of asphaltenes. After that, the obtained sample was
investigated by the AFM method.

The report will discuss AFM images, objects observed
on them, their shape, and location on the surface. For a
detailed consideration, section profiles on the structures of
interest will be made and some geometric parameters will
be calculated.
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Building a quantum computer has emerged as an
important scientific and technological task for modern
solid-state nanoelectronics. Quantum computations will
allow instant solutions to urgent problems such as
designing modern materials with specific desired
properties, creating new types of drugs, etc. The hole spins
in the valence band of silicon have large internal spin-orbit
couplings and are more easily controlled by an electric field
[1,2]. Implantation of a boron atom in a bulk silicon lattice
creates a local deficit of one electron and forms a hole that
is localized in the valence band. Magneto-transport
spectroscopy shows that the ground state of the hole splits
into four states under the influence of a magnetic field [3].
The two lowest spin states belong to the states of heavy (m
= 3/2) and light (m = 1/2) holes. The two-level system
formed by these spin states can be controlled by an electric
field and is characterized by a long relaxation time that
depends on the magnetic field amplitude [3]. This work
presents the results of quantum-mechanical calculations in
which the quantum state of the hole spin of the bulk B:Si
system are analyzed.

The total energies of the atomic systems were calculated
using the Quantum ESPRESSO software package [4].
Perdew-Burke-Ernzerhof (PBE) pseudopotentials for
silicon and boron atoms, in the generalized gradient
approximation (GGA), were taken from the Quantum
ESPRESSO package. Using the Oda-Pasquarello-Car and
Gebauer-Baroni techniques, spin-orbit and noncollinear
interactions were included [5,6]. The unit cell of bulk
silicon was calculated with a special set of 6x6x6 k-points.
A special set of 3x3%3 k-points with a 476.20 eV cutoff
energy for the plane waves was used for calculating the
B:Si system, which contained 63 silicon atoms (Si) and one
boron atom (B). The equilibrium model was obtained by
free relaxation of all atoms in the structure, for which the
64-atom model was placed in a cell with a volume of
10.862x10.862x10.862 A3, Atomic relaxation was carried
out to an interatomic force value of 0.026 eV A,

In this work, we first determined the |1> quantum state
of the hole spin in a bulk silicon lattice with an acceptor
boron atom. It was shown that the |1> hole spin state, with
spin orientation m; = —1, corresponds to the energy state

m = —% in the band structure. Introducing the impurity B

atom into the silicon lattice causes the charge density
around the Si-B bond with the nearest silicon atom to
increase and reach a maximum at the boron atom. This

causes the electrostatic potential at the locations of the Si
and B atoms to increase by 7.33 and 2.16 eV, respectively.
The results presented here are very important and
promising for the physics of solid-state quantum
computers.
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Nowadays, there is more and more researches in the
field of magnetic data carriers, caused by the rapid growth
of data volumes. One of the most popular methods for
simulation various spin structures is the Monte Carlo
algorithm. However, this method has a drawback: in the
phase transition region, the modeling process slows down.

At low temperatures, the value of g = kLT is much
B

greater than zero, and therefore from the formula [1], the
probability of a spin flip tends to zero. This phenomenon is
called the critical slowdown effect.

P, = min {1, exp[—BAE]} (1)

Parallel tempering (PT) Monte-Carlo algorithm, also
known as replica-exchange Monte-Carlo, was effectively
used for a broad spectrum of problems in different areas,
such as physics, materials science, logistics, and
engineering. PT MC has established itself as a truly
effective method in cases of optimization and sampling.

An optimized set of temperature values increases the
efficiency of the algorithm due to more frequent visits of
temperature extremum by replicas.

Despite that, the method is extremely powerful. Careful
setup of parameters is indispensable to ensure optimal
execution time.

The speed of the replica roundtrips strongly depends on
the simulated statistical ensemble, i.e., the choice of
temperature points {T¢,T5,...,Ty} in the parallel
tempering simulation.

We present an algorithm for systematically increasing
the efficiency of parallel tempering Monte Carlo method by
optimizing the simulated temperature set in such a way as
to maximize the number of cycles between two extreme

temperatures T, and T,, for each replica and thereby
significantly improve the system equilibrium at all
temperatures.

To track the movement of a replica, an up or down label
is assigned to the replica when it first visits the lowest or
highest temperature. The replica label does not change until
the visit to the opposite temperature limit. Replica label i is
not originally set, then changes to “down” on the first visit
to the highest temperature, remains undiminished until the
replica reaches the lowest temperature, and then is set to
“up”.

In this work, 1y, (T}) and Ngeyy (T;) are defined as
the numbers of replicas marked “up” and “down”,
respectively, that visit the temperature T; during the
simulation. The percentage of replicas that recently visited
the lowest temperature before visiting T; is shown below.

Usually, f(T;) called a “flow” and defined as

Nyp (T;
f(T) = w (1) @)
nup(Ti) + ndown(Ti)

In this work, we have demonstrated that by optimizing
the set of simulated temperature, we can minimize the
replica transit time between the lowest and highest
temperatures, which effectively increases the efficiency of
the parallel tempering algorithm. In particular, the
temperature density in an optimized set of temperatures
helps in simulation bottlenecks, such as phase transitions.
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The interest in planar nanowires based on IlI-V
semiconductors, that is, crystalline wires elongated along
the substrate, is associated with the perspectives of their use
in devices compatible with standard planar technology. For
the manufacture of high-quality devices, arrays of planar
nanowires with given sizes and morphology are required.
The planar GaAs nanowires are experimentally obtained by
chemical vapor deposition (CVD) via the vapor-liquid-
solid mechanism, where Au droplets are used as a catalyst
[1]. Gold is embedded in the growing crystal and forms an
undesirable impurity, which degrades the characteristics of
GaAs optoelectronic devices. To avoid additional
impurities, GaAs nanowires can be formed through self-
catalized growth, that is, using gallium catalyst. Self-
catalized growth requires optimal growth conditions
(material deposition rates and temperature) and careful
treatment of the substrate surface. Therefore, it is necessary
to study in detail the effect of surface passivation properties
on the planar nanowire morphology.

This paper presents the simulation results of the self-
catalized growth of planar GaAs nanowires using the lattice
Monte Carlo model [2]. A search of the stable growth
conditions of planar nanowires via the vapor-liquid-solid
mechanism using gallium droplets as a catalyst is carried
out. The influence of substrate orientation on the planar
wire morphology is studied. The (111)A, (111)B and (001)
orientations of GaAs substrates are considered. It is found
that the most stable growth of planar wires is observed on
the (111)A substrates. On the (111)B substrates, the
nanowire growth breakdowns from planar to vertical
growth. On GaAs(100), the growth direction of nanowires
may be changed by 90° relative to the initial direction of
crystal growth due to turn of the droplet catalysts. It is
shown that, at the initial growth stage, a three-dimensional
GaAs crystal is formed under the gallium droplet. The
shape of this crystal is a half of a truncated octahedron. The
3D crystal surface consists of four {111} planes connected
by three {100} planes. The orientation of upper plane of the

3D crystal is determined by the substrate surface
orientation. After the formation of a three-dimensional
crystal under a droplet, the planar nanowire growth begins
due to the seed droplet movement along the substrate
through the GaAs crystallization. Preliminary simulation
results showed that the gallium droplet size decreases
during nanowire growth up to complete droplet
consumption. This leads to the nonuniform wire diameter
and untimely stop of growth. In addition, the nonuniform
wire diameter results in a noticeable radial nanowire
growth due to the embedding of gallium and arsenic atoms
into the crystal side walls. In order to slow down the
consumption of a gallium droplet and to reduce the
nanowire radial growth, we studied the effect of the
properties of substrate surface passivated layer on the
planar nanocrystal morphology. The effective activation
energy of molecular arsenic desorption from the mask-film,
which corresponds to the stable growth of planar nanowires
on the GaAs(111)A surface, is found. The influence of the
arsenic diffusion activation energy over the mask-film on
the planar nanowire morphology is analyzed. The decrease
of arsenic diffusion activation energy relative to the gallium
diffusion energy results in reducing of the arsenic inflow to
the droplet and the wire side walls. The arsenic diffusion
energies, at which the gallium droplet longer preserves its
size, are found. At obtained arsenic diffusion energies, the
wire radial growth decreases significantly. This leads to
planar GaAs nanowire formation with uniform diameter.
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In the past few decades, plasmon nanostructures have
attracted increased attention from the scientific community,
which is why over time the list of areas where such
structures find their application significantly increases. For
example, there are studies that the use of plasmonic
nanoparticles can increase the efficiency of photovoltaic
converters [1] and photocatalytic structures [2,3].Today it
is known that the use of structures with the effect of
plasmon resonance can significantly increase the detection
limit of various chemicals. This approach has been
successfully used in areas such as pharmacology, materials
science, biomedicine, etc. [4].

The main tool for the detection of analytes is Raman
spectroscopy. It is worth noting that various SERS (surface-
enhanced Raman spectroscopy) substrates are currently
used to increase the sensitivity of this method. The SERS
active layer is an array of nanostructured plasmon metal,
which provides the main increase in the efficiency of such
substrates. Silver is a plasmon metal that allows one to
achieve the highest amplifications of the Raman signal.
However, the chemical activity of nanostructured silver
significantly limits the life of the SERS substrates. The
rapid oxidation or sulfidization of silver particles leads to a
significant decrease in the sensitivity of structures[5].In this
regard, researchers are faced with the task of extending the
life of SERS structures. The solution to this problem can be
carried out in several directions: 1) increase the inertness of
the SERS active layer (by introducing another metal); 2)
isolate the SERS-active layer from the analyte (by coating
the array of nanoparticles with a thin layer of dielectric); 3)
regeneration of the sensitivity of the active layer (carrying
out the process of chemical reduction of silver). In this
study, the third way was chosen, since the first two lead to
a decrease in the overall sensitivity of the SERS substrate
due to the partial attenuation of localized surface plasmon
resonance caused by a change in the composition of
plasmon particles and / or dielectric properties.

In our work, as an SERS active layer, we used arrays of

self-organized silver nanoparticles with an average
diameter of 25 nm, which were obtained by vacuum-
thermal evaporation of a small weight portion of silver and
subsequent annealing of the structure in vacuum at 230 ° C.
This technique has good reproducibility of the formed
arrays and we use it to form planar SERS structures [6].
Thin layer of amorphous carbon (25 nm thick) was used as
a detection object. After the formation of the SERS-active
layer, the substrate was divided into several samples. The
a-C layer was immediately applied to the first sample; for
the remaining samples, a-C was applied after some time;
the maximum retention time of an array of Ag particles in
the atmosphere was ~ 1 month. Immediately after the
deposition of a-C on the sample, the signal intensities from
the D and G spectral modes of carbon were measured using
a LabRAM HR Evolution Raman spectrometer at 514 and
633 nm. At the next stage of the study, experiments were
performed to regenerate the sensitivity of SERS substrates
of a month ago in the Oxford PlasmalLab System 100.
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Spin glass models have become the main experimental
“base” for studying complex disordered systems. In the
1960s, it was discovered that some magnetic alloys have
rather anomalous magnetic properties that cannot be
described in the framework of the existing theory of phase
transitions. Spin glasses are characterized by two main
characteristics that strongly distinguish these systems from
others: disorder in the position of magnetic atoms in the
alloy and the occurrence of strong competition between
ferromagnetic and antiferromagnetic interactions.

In this paper, the authors consider the two-dimensional

Edwards-Anderson model, with the exchange integral J;;

as a random function and the average value of J;; is zero.
In such a system, at one-half of the spins the interaction
with each other is ferromagnetic, and at the other -
antiferromagnetic.

The interaction J; j between the spin pair (ij) changes

during the transition from one pair to another. The
Hamiltonian is expressed as:

N

H= ZJL-J-SL-SJ- —hZSl- &)

(i.j) i=1

S;,Sj — spins of the lattice, <ij> denotes the
summation over pairs of interacting spins in a system with
size N, h is the external magnetic field.

The system was simulated with the replica exchange
Monte Carlo algorithm.

For this model, the temperature behavior of the average
magnetization modulus <| M |> = 0. Because of this fact,
we calculated an average size of the percolation cluster
(y1), which is defined as the relative size of maximum
cluster, which include spins in the ground state to the total
number of spins. The average size of the percolation was

chosen as an order parameter.

This order parameter, contrast to other
thermodynamic characteristics, makes it possible to
describe the behavior of the system with a change in
temperature and makes it possible to calculate critical
exponents.

For the presented order parameter, we used the fourth-

order Binder cumulant Uy :

in

(Vf )L

B 3 (V12>L

This expression makes it possible to determine the
critical temperature with high accuracy and makes it
possible to calculate critical exponents, based on it.

They were determined through the following:
2 1

1 28 T 1\y
o= (7 - ) o

1
= - 1) - () o
L=A\T (4
In this work, we have demonstrated the temperature
dependences of the main thermodynamic quantities of the
two-dimensional Edwards-Anderson model for different
sizes of the model and with different modeling parameters.
The critical exponents were also calculated and compared
with the critical exponents for the two-dimensional Ising
model and for the two-dimensional lattice in percolation
theory.

U, =1 (2)

— -1
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The ability to control quantum states and
implementation of the transferring and transforming
processes of quantum information will allow the creation
of quantum computers. These machines will make possible
instantly solving such important tasks as designing modern
materials with desired properties and will also dramatically
improve the machine learning operation and artificial
intelligence systems. Recently, active interest has been
shown in quantum qubits devices based on nuclear spins of
phosphorus impurities in a Si crystal [1-3], the
technological scheme of which was proposed by Kane in
1998 [4]. The electron-spin states bound to a single
phosphorus donor in silicon show long coherence and
relaxation times [5].

We believe that the use of the spin—orbit non-collinear
coupling method will allow qualitative analysis of the
silicon—phosphorus system. To this end, in this work, we
study the spin behaviour of phosphorus in bulk silicon.

The calculation of total energies of bulk Si atomic
models was carried out using the Quantum ESPRESSO
software package [6], by means of high-performance
calculations. Perdew—Burke—Ernzerhof (PBE)
pseudopotentials for silicon and phosphorus atoms, in the
generalized gradient approximation (GGA), are taken from
the Quantum ESPRESSO package. Spin-orbit non-
collinear coupling is taken into account using the Oda—
Pasquarello—Car and Gebauer—Baroni methods [7,8]. The
unit cell of bulk silicon was calculated using 6 x 6 x 6 k-
points. During calculation of the P:Si system
characteristics, for the 64 silicon atom model containing
one phosphorus atom we used a special 3 x 3 x 3 k-points
set with the 476.2 eV cut-off energy of plane waves. The
equilibrium model was obtained by means of free
relaxation of all atoms in the structure. For this purpose, the
64-atom model was placed in a cell with a 10.862 x 10.862
x 10.862 A% volume. Atomic relaxation was carried out to
the interatomic forces’ value of about 0.026 eV A™.

In this work, we studied the quantum qubit behaviour
based on an impurity phosphorus atom in a bulk silicon
lattice. It was shown that the equilibrium orientation of the
P atom spin in the Bloch sphere corresponds to the polar
co-ordinates (8; ¢) = 176°, 102° and this orientation is
characterized by the |1> quantum state. We calculated the
local magnetic field B(r), the local magnetization m(r) and
the spin current density ¥ - JXS(r) created by the excess
electron of the phosphorus atom. The results show that for
different spin directions (J0> and |1> - quantum states) there

is a different direction of the spin current densities ¥ -
JXS(r). We are confident that the obtained results are
promising for use in qubit design technology for future
quantum computers.
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The structures based on the fourth group 1V elements
(Si, Ge, Sn) are promising for micro- and photoelectronic
applications [1,2]. GeSn solid solutions on the Si(111)
surface are of particular interest in comparison with those
on the Si(100) due to higher hole mobility [2]. During the
growth of GeSn structures, Sn act not only as a part of a
solid solution but also as a surfactant [3,4]. Moreover, Sn-
induced reconstructions on the Si(111) surface is a
prototype system for two-dimensional Mott state [5].
Determining the processes of Sn layers formation on the
Si(111) surface at early stages can provide essential
fundamental information about Sn adatom behavior on the
Si crystal surface for further technology applications.

It was shown by reflection high-energy electron
diffraction (RHEED) technique [6] that Sn deposition on
clear Si(111)-(7x7) surface induces two main
reconstructions depending on substrate temperature:
(V3xV3) and (2V3x2V3) at total Sn coverage from 1/3 to
about 1 ML (1 ML = 7.8x10% cm2), further Sn deposition
leads to “I1x1” structure observation. Si(111) surface
morphology and properties with (V3xV3) and (2V3x2v3)
Sn-induced structures were widely investigated by
scanning tunneling microscopy at temperatures up to
200°C [7,8]. However, published data lack in situ
investigations of the morphological and structural
transformations during Sn adsorption in 300-700°C
temperature range typical for epitaxial growth of Ge films
on the Si surface [3,4,9].

In this work, we have studied the processes on clean
step-bunched Si(111) surface with wide (up to 10 um)
atomically flat terraces during monolayer Sn deposition at
substrate temperatures up to 800°C by insitu ultrahigh
vacuum reflection electron microscopy (UHV REM). All
surface transformations induced by Sn deposition at
various temperatures and fluxes were observed in situ for
the first time, corresponding RHEED patterns were also
observed and compared with the published ones. The REM
images show the nucleation of (\/3X\/3) domains when total
Sn coverage approaches 1/3 ML. These domains nucleate
in the terrace centers and on (7x7) domains boundaries near
the steps, expand, and occupy the entire surface at 1/3 ML
coverage. When total Sn coverage approaches 1 ML, Sn
amorphous phase with atom density more than
7.8x10% cm™2 nucleates and expands on the terraces. When
the whole surface is covered by this Sn amorphous layer,
no (\/3X\/3) reflections are observed in RHEED pattern,
which corresponded to a disordered “I1x17-Sn phase.
Further Sn deposition to the 1.5-2 ML total amount leads
to the formation of 3D Sn islands on the surface (mostly
near the step bunches). When Sn deposition stopped at this
stage, and at substrate temperature was in 400-800°C

range, 3D islands gradually decrease in size and disappear.
Next, as Sn desorbs, “1x1”=(\3x\3) surface structural
transition is observed. It should be pointed, that some “1x1”
domains remain on the surface at the step edges. The
(N3xV3) structure with 1/3 ML Sn coverage is stable at
T =200-850°C and disappears after annealing at
T >900°C only. The (2V3x2V3) reconstruction appears at
T <200°C [6-8] and was observed only in surface regions
with Sn coverage was higher than 1 ML (“1x1” domains),
which corresponds to the (2V3x2V3) unit cell model
consisting of 14 Sn atoms (1.17 ML coverage per unit cell)
proposed by Tornevik et al. [7].

In our experiments, the samples were heated resistively
by DC or AC passing. It was shown that the electric field
strongly affects the formation and disappearance of Sn
amorphous layer or, in other words, (V3xV3)&“1x1” phase
transition. During Sn deposition “1x1”” domains expand on
the surface in the direction of the electric field at the
substrate. Under zero Sn flux, “1x1” domains move in the
opposite direction, and, in the regions free from these
domains the (V3x\3) structure is observed again, while the
total Sn amount on the whole surface has not changed.
During these processes, we have found that atomic steps
and step bunches serve as barriers for step-up Sn
electromigration on the Si(111)-(V3xV3)-Sn surface, which
is consistent with the idea of the presence of energy barriers
at the step edge. Controlled alternation of the electric field
on the Si(111) surface allows the creation of self-organized
patterns having regions with (2V3x2v3) and (V3xV3)
structures where Sn concentration is enhanced (> 1 ML)
and reduced (~ 1/3 ML), respectively.
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The integration of silicon electronics with low-cost and
low-temperature non-silicon substrates (e.g. glass) remains
an attractive challenge for modern electronics. Low-
temperature silicon thin films deposition leads to formation
of amorphous material. Thus, the fabrication of crystalline
silicon on glass substrates is carried out as part of a two-
stage process including deposition of amorphous silicon (a-
Si) followed by crystallization.

Up to present, the most known crystallization
techniques for poly-Si thin films fabrication are: solid
phase crystallization (SPC) [1], liquid phase crystallization
[2] and metal-induced crystallization, MIC) [3] of a-Si.
SPC requires higher temperatures (600-650°C) and
significantly longer annealing time (tens of hours) to
achieve complete crystallization while producing
crystalline material with small gain sizes [4]. MIC,
specifically aluminum-induced crystallization, is a
promising technique allowing to obtain large-grained
(>10 pm) poly-Si thin films on glass at lower temperatures
(< 577°C) and times (few hours) compared to SPC [5].

In our recent work [6] we demonstrated successful
using of a-SiOx instead of a-Si as the initial silicon-
containing layer in AIC process. In the article, it is shown
that using a-SiOy allows one to omit the additional time-
consuming step associated with the formation of an Al
oxide membrane layer during the fabrication of the initial
stack. This, along with the high quality of crystalline silicon
obtained, makes it possible to regard a-SiOx as a promising
precursor layer in the AIC process.

A-SiOy thin films with different stoichiometric
coefficient (x = 0.2 - 1) were fabricated from the SiHs,—O;
gas mixture by plasma-enhanced chemical vapor
deposition (PECVD) method. The oxygen content in the
films was varied by changing the SiH4 and O; gas flow
ratio. Borosilicate glass and monocrystalline wafers were
used as substrates. The composition and the bonding
structure of the films were investigated by energy
dispersive X-ray spectroscopy and Fourier transform
infrared spectroscopy, respectively. Next, 4-nm-thick SiO;
layers were formed by PECVD on the top of a-SiOx film
which acted as a membrane layer in the AIC process.
Afterwards, Al films with a thickness of about 200 nm were
deposited on a-SiOx layers by the thermal vacuum
evaporation method. The a-SiOy thin film thickness was
varied from 270 to 550 nm depending on the stoichiometry
of the material. The initial a-SiOx/Al thickness ratio was
adjusted taking into account the a-Si/Al criterion suggested
in [7] and the reduced Si atomic density in a-SiOy material

compared to a-Si [8]. Finally, the substrate/a-SiO/SiO2/Al
samples were annealed to high-vacuum (~ 10* Pa) at
temperatures of 475 - 550°C for 2 - 70 hours. The
crystalline properties of the material were investigated by
Raman spectroscopy and X-ray diffraction method. The
crystal orientations and the grain sizes of the obtained poly-
Si films were investigated by electron backscatter
diffraction (EBSD) measurements The surface morphology
of the samples including the continuity of formed poly-Si
and crystallized fraction (percentage of the surface covered
by poly-Si) was investigated by optical microscopy studies.
The realization of the AIC process was confirmed by means
of transmission electron microscopy performed in the
cross-sectional geometry.

Raman spectroscopy investigations revealed the
formation of the crystalline material (the presence of a
narrow peak at ~ 519 cm?). XRD and EBSD analyses
revealed formation of poly-Si with (111) crystal
orientation. The morphology, composition, and structure of
the layers formed in the AIC process depending on the
initial a-SiOx composition were studied.
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Increasing the efficiency and integration of modern
chips require thermal management. Recently, pu-TEG
integrated with silicon circuit are widely used for these
purposes [1, 2]. High ZT materials [3] is not suitable
because they cannot be on-chip integrated seamlessly.
There are reports about microstructuring of silicon by
photolithography but such generators have low efficiency
[1]. Therefore, it is necessary to find the material with
required thermoelectric properties and develop the
technology of integration silicon with it.

Semiconductor gallium antimonide has a good electric
properties but lattice mismatch with silicon is 12 %.
Formation GaSb nanodots (ND) embedded in
monocrystalline silicon decreases the mismatch strain and
increase phonon scattering on Si/GaSb interface. In
literature, there are few works about embedding the dots in
a silicon, but there is some experience in growth of
uncovered islands on a silicon surface by MBE [4]. Due to
the special behavior of the atoms at high temperature of
MBE different buffer layers or the mixture oversaturated of
Sb atoms are used [4]. These approaches are not suitable
for silicon multilayer heterostructures growth because
excess atoms of Sh or other elements could unintentionaly
contribute to electric properties. It was demonstrated that
using the stoichiometric mixture of Ga-Sb by SPE method
GaSb islands with high surface concentration (2.5x 10 cm-
2) were formed [5]. By combining SPE and MBE methods,
multilayer silicon heterostructures with epitaxial embedded
GaSb nanodots have made [6].

Monacrystalline high resistance silicon with orientation
(111) were use as substrate. As a surface for growth was
chosen mixture of Sb's surface reconstructions (SR) on
Si(111): Si(111)-(2x1) and Si(111)-(¥3x3)-R30°. GaSb
NDs were formed by SPE through deposition of
stoichiometric mixture of Ga-Sb 0.3 and 0.5 nm thickness
at room temperature and subsequent annealing at 200 and
380 °C. By further silicon deposition at 450 and 609 °C,
embedding the dots in silicon matrix was performed. By
sequential repetition of such steps, four-layer samples were
formed. Each growth stage was controlled with LEED,
AES and EELS. After the growth procedures, samples were
analyzed with AFM and TEM. Islands parameters and their
concentration were calculated by BGA program [7].

Previously, it was demonstrated that such preliminary
formed reconstructions prevent decomposition of GaSb
nanodots on bare silicon surface at high MBE temperature
on embedding stage [5]. In both mixture thickness
concentration of GaSb islands is ~2x10* cm?, average
lateral size is 14 nm and height is 1.7 nm. These samples
have smooth surface with root mean square 1.09 — 1.7 nm.

Defect density of these structure for both thickness is
10'%-10*2 cm2. Greater defectness correspond to greater
concentration of islands. Two different characteristic size
relations were observed: 2.2x3.6 and 6.2x10.4 nm. Due to
bulk pseudomorphism small islands are higher deformed (-
3.84 +-0.85%) than large islands (-1.12 + -0.46%).

Planes the GaSb (11-1) of large islands are rotated on
8.7°, distance between of these planes is 3.427 +~ 3.618 A
(for relaxed lattice the parameter is 3.5195 A). Rotation of
the planes allows decrease internal energy of nanodots if
interface area il large. In case of the small interface, the
rotation is not observed. For both sizes of crystal the same
epitaxial relations GaSb(111)|Si(111) and GaSb[1-
10]||Si[1-10] are observed that indicate on epitaxial
embedding of GaSh nanodots in silicon [6].

Sample with GaSb nanodots embedded in undoped
silicon has Seebeck coefficient -510 uW/K at 420 K, that
two times greater than the parameter of silicon.
Conductivity of the samples is 11 (Qxcm). Using of high
doped silicon increases conductivity to 56 (Qxcm)™ (p-Si)
and 154 (Qxcm)? (n-Si). Thermo-EMF these samples is
740 pW/K at 470 K and -670 pW/K at 510 + 580 K,
respectively. Power factor of these structure is 3 mW/mxK?
for p-samples and 6.2 mW/mxK? for n-samples at 450 K

[6].
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The study of metal chalcogenide films—their properties
and growth methods on various semiconductor
substrates—is a rapidly developing area of condensed
matter physics [1]. Chalcogen atoms (Se), the adsorption of
which is a necessary step of the substrate preparation,
strongly interact with the silicon surface and weaken the
covalent bonds of the surface atoms Si [2-4]. At elevated
temperatures, this interaction of the Si(111) surface with a
Se molecular beam leads to the formation and desorption of
SiSe, molecules [5].

In this work we used in situ ultrahigh vacuum reflection
electron microscopy (UHV REM) interaction of the
selenium molecular beam with the surface of Si(111) were
studied at deposition rates of up to 10BL/s
(1 BL=1.56x10% cm™2) and substrate temperatures in 560-
1280 °C range. During the insitu experiment, the
nucleation of two-dimensional (2D) vacancy islands and
the motion of atomic steps in the ascending direction were
observed [5]. These processes correspond to the etching of
the Si(111) surface by the Se molecular beam. Ex situ
analysis of surface morphology by the atomic force
microscopy (AFM) shows the nucleation of 2D vacancy
islands (0.3 nm in depth) on wide terraces and monatomic
steps with serpentine shape.

Structural transitions induced by selenium molecular
beam on the Si(111) surface were studied by reflection
high-energy electron diffraction. Depending on the surface
etching rate recorded at 800 °C, the phase transition
temperatures of the surface were measured. A phase
diagram of the surface structure (“1x1”-Se, 7%7
superstructure, or “1x1” above 830 °C) in 530-1250 °C
substrate temperature range and Se deposition rates up
to ~ 1 BL/s has been determined. The impurity-induced
“1x1”-Se phase corresponds to 0.25 BL Se coverage [3].
We detected a lowering of the “1x1” & 7x7
superstructural transition temperature near 830 °C when
the vicinal surface Si(111) is exposed to the Se molecular
beam. Nevertheless, under the same conditions, the
superstructural transition temperature increases by several
degrees in the central regions of large terraces.

The 7x7 & “1x17-Se  superstructural  transition
temperature was measured as a function of the etching rate.
The etching rate was equal to the flux of desorbed SiSe:
molecules. Based on the fact that the 7x7 & “1x1”-Se
transition occurs at the same Se coverage, we have

determined the desorption energy of the SiSe.
molecules (2.65 eV). This energy agrees with the published
value [3]. Below the temperature of this structural
transition, the etching rate decreases rapidly, which
corresponds to the etching kinetics limited by the formation
and desorption of the SiSe. molecules.

We have studied the temperature dependence of the Si
outflow rate J&. The net silicon outflow flux includes
sublimation and etching fluxes Jou and  Joicn,
respectively. The sublimation flux depends on the substrate
temperature only. When the temperature is high enough
that Si(111) surface is not completely covered by “1x1”-Se
structure, the etching rate is constant and is limited by the
Se deposition rate. In this temperature range, the silicon
outflow rate remains equal to the etching rate until the
silicon sublimation flux is negligible. The experimented
data are fitted well by this approximation:

ESu
].S;l(T) = Jsubt T Jetcn =B * exp (_ oL

kT ) +]etch1

where k is Boltzmann’s constant, B is a setting
parameter, E,;, is a Si sublimation energy. This formula
has two limiting cases. In the low-temperature limit, /¢,
is much less than /.., because of high silicon sublimation
energy (4.09 eV [6]), which results in JZ,(T) = J¢cn. Inthe
high-temperature limit, Jg,;; is much greater than J,..;;
therefore J2(T) = Joun:-
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Solid solutions of Pb;«SnyTe are of particular interest
because in the composition range with an inverted energy
spectrum X > Xiny, they exhibit the properties of a
topological crystalline insulator (TCI) [1]. At helium
temperatures Xinv = 0.35 [2]. A wide range of homogeneity
of PbSnTe is associated with a large concentration of
electrically active intrinsic point defects (up to 10%° cm®)
and a high conductivity at temperatures up to 4.2 K.
Therefore, the surface conductivity due to the Dirac states
in the TCI phase is significantly shunted by the bulk even
in thin-film PbSnTe samples. Depending on x and
temperature, the low-frequency permittivity of PbSnTe can
exceed ¢ > (2000-10000). Together with high conductivity,
this makes it extremely difficult or impossible to study the
surface of PbSnTe using MIS structures and the field effect.
However, it is known [3] that the addition of indium to
PbSnTe of certain compositions at concentrations up to
several at. % can reduce the free carrier concentration to the
insulating state of PbSnTe:In at T =4.2 K. This occurs in
the range of x = (0.24-0.3) or some higher, i.e., near the
range of the TCI compositions. Thus, on the basis of low
conductive PbSnTe:ln, it is possible to create structures
with a surface layer in the TCI phase not shunted by the
bulk, and to create MIS structures and study the PbSnTe:In
surface using the field effect.

For the first time, the authors have demonstrated the
possibility to change, under the action of a gate voltage, the
conductivity of PbSnTe:In-based MIS structure channel up
to 10° times and even more. The experimental MIS
structures were fabricated on the basis of single-crystal
PbSnTe:In (x=0.3) near micron thick films grown by
molecular beam epitaxy on (111)BaF; substrates. The gate
dielectric was made of a 8 um thick Mylar film and 72-100
nm thick Al,O3 layer grown by atomic layer deposition.
The source and drain of n*-type conductivity were formed
by diffusion of indium and separated by an insulating space
(channel) near 50 micron wide (or less) and near 0.1 cm
long. The electron concentration in the channel was
No<10¥cm? at T<20K. At T=4.2K and zero gate
voltage, the source/drain current lg< 10 A at the
source/drain voltage Usg = 0.1V, i.e. Usg/lss > 102 Q. The
source/drain current-voltage characteristics were nonlinear

and corresponded to the model of currents limited by a
space charge. In MIS structures with a Mylar film, the gate
voltage Ugaewas varied in the range

—1250 V < Ugare < #1250 V. The dynamics of lsg changes
was studied using a linear sweep with U'gae = (2.5—
250) VIs, and a quick (within submilliseconds) switching
from Ugae = —1250 V t0 Ugae = +1250 V and vice versa.
With a quick application of Ugae = +1250 V, the channel
conductivity linearly depended on Usy with resistance
R=~2000 Q. At constant Ugse = +1250 V, a long-term
nonexponential relaxation of Iy was observed with
characteristic times 7 ~ (1-600) s in the interval of t= (0-
400) s after stopping the Ugae Sweep. The application of
negative Ugxe UP t0 Ugae =—1250 V did not noticeably
increase the channel conductivity. The features of current
relaxation under illumination at various gate voltages and
changes in the relaxation behaviour at higher sample
temperature were also studied.

It was found that the relaxation behaviour of both the
current without illumination and the photocurrent strongly
depended on the conditions at the PbSnTe:In surface in the
channel region determined by its treatment using a weak
solution of HCI in isopropyl alcohol that removed oxides
from the surface, passivation with Al;Os, or by exposition
to the atmosphere. The authors consider a model where the
gate field is shielded both by free electrons injected from
the source and by the fixed surface charge due to the
recharging of various types of surface traps with various
ionization energies and time constants when Ugse IS
applied.
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Each vyear, scientists around the world studying
nanoparticles seemingly well-studied substances are
discovering their new properties. For example, the
magneto-optical properties (magnetic circular dichroism
(MCD)) of noble metal nanoparticles are no longer
surprising [1], this phenomenon is associated with the
presence of surface plasmon resonance in a metal
nanoparticles. Recently, our group discovered magnetic
circular dichroism in quantum dots of CdTI [2]. This work
is a continuation of the study of MCD in semiconductor
nanoparticles.

The study of Ge nanoparticles made it possible to use
devices based on Ge instead of silicon analogues. In our
work, we studied the optical and magneto-optical
properties of the sample from Rzhanov Institute of
Semiconductor Physics under study consists of 3 pairs of
alternating layers of GeO, {Ge-HK}/SiO; on a substrate
(fused silica). The GeO: heterolayer {Ge-NK} is a
composite material consisting of a GeO- dielectric matrix
with Ge nanoclusters embedded in it (amorphous or
crystalline). The thickness of each GeO; {Ge-NK}
heterolayer varies wedge-shaped from 10 to 40 nm, and the
thickness of each SiO; layer is 10 nm. The size of Ge
nanocrystals is ~ 2-4 nm.

The MCD spectra of Ge-GeO, were measured on a
spectropolarhythmic setup developed in Kirensky Institute
of Physics in the region of 300-1200 nm was measured

using a spectro-polarimetric research facility manufactured
at the Kirensky Institute of Physics using an MDR-12
monochromator. In this case, the modulation of the
polarization state of the light wave was used: from right to
left circular polarization.

In the presence of the MCD effect in the sample under
study, the absorption coefficients of light waves polarized
along the right and left circles relative to the direction of
the magnetic moment of the sample are different, so that
the light flux passing through the sample and then incident
on the photomultiplier is modulated in intensity. The
constant component of the photocurrent of the multiplier
was kept at the same level when the light wavelength was
changed, and thus the variable signal at the output of the
photomultiplier was proportional to the magnitude of the
MCD.

The paper will also discuss the nature of the magneto-
optical properties of semiconductor and some other
plasmon resonance nanoparticles.
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Polycrystalline silicon (poly-Si) thin films of on foreign
inexpensive substrates (e.g., glass) are widely used in the
manufacture of large-area semiconductor devices, such as
solar cells and thin-film transistors [1]. The most common
methods for producing thin poly-Si films low-cost
substrates are solid phase crystallization (SPC) [2], liquid
phase crystallization [3] and metal-induced crystallization
(MIC) [4] of amorphous silicon (a-Si). The MIC method is
based on the use of various metals (aluminum, gold, nickel)
[5], which induce the crystallization of a-Si during
isothermal annealing. In the annealing process, the metal
acts as a catalyst for the crystallization process, which
reduces the temperature and time of the process.

In the present work, the possibility of obtaining poly-Si
by indium-induced crystallization (InIC) of amorphous
silicon suboxide (a-SiOx, 0 < x < 2) [6] is shown for the
first time. Indium belongs to the group of metals that do not
form silicides with silicon, is compatible with silicon
technology, is widely used in electronics and photovoltaics,
and also has a low melting point - 157°C. Previously, the
fabrication of poly-Si films has been demonstrated by the
authors in the aluminum-induced crystallization process of
a-SiOy [7].

400-nm-thick a-SiOx (x = 0.5) thin films were
fabricated from the SiH,—O, gas mixture by plasma-
enhanced chemical vapor deposition. Borosilicate glass and
quartz were used as substrates. Next, In films with a
thickness of about 420 nm were deposited on a-SiOgs
layers by the thermal vacuum evaporation method. Finally,
the obtained samples were subjected to high-vacuum
furnace annealing (residual vacuum ~ 10%* Pa) at
temperatures of 550 - 850°C for 5 hours. The crystalline
properties of the material were investigated by Raman
spectroscopy (RS) using T64000 Horiba Jobin-Yvon
spectrometer at 2 = 514.5 nm. Optical and scanning electron
microscopy (OM and SEM, respectively) methods were
used to study the morphology of the initial and annealed
samples.

According to OM investigations, three characteristic
morphologies of the material formed as a result of
annealing at 600°C can be noted. Firstly, there is In-free
a-SiOy film. Secondly, there are In particles on the surface
of a-SiOy film. Regions with the described morphology are
also characteristic of the material annealed at 550°C.
Thirdly, during annealing at 600°C, dark micron-size areas
are formed, which most likely form at the sites of the
evaporated during annealing In. The indicated morphology
is absent in the samples annealed at the lower temperature.

An increase in the process temperature to 850°C leads to
the complete evaporation of In from the surface of the
sample. For these annealing conditions, the morphology of
two species is distinguishable on the surface of the sample,
In-free a-SiOx film, as well as dark regions, the
concentration of which is significantly higher compared to
the lower annealing temperatures. A more detailed study of
the morphology of dark areas, performed using SEM,
shows the formation of micron-sized structures that rise
above the surface of the sample and while are in the
depressions. RS investigations revealed the polycrystalline
nature of the micron-sized structures formed.

As a result of the work, it was shown that the use of In
in the annealing process of a SiOgs thin films allowed to
decrease the crystallization temperature to 600°C which
was significantly lower than the SPC temperature of the
material, 850°C. The high-vacuum InlC of a-SiOgs led to
the formation of free-standing micron-sized polycrystalline
silicon particles. Our further studies will be aimed at a more
detailed study of the morphology and properties (structural,
thermal conductivity, etc.) of the obtained crystalline
silicon structures, which seems to be a very attractive task.
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Interest to CaSi, and Ca,Si is connected to their possible
incorporation into existing silicon technologies. Ab initio
calculations of the CaSi, band structure suggest that this
material is basically a semimetal or gapless semiconductor
[1]. Then, it is expected that both electrons and holes
contribute to its electronic properties. Optical and transport
study of CaSi, presume a substantial difference between the
electron and hole effective mass [1]. Ab initio calculations
[2] have been done for semiconductor Ca,Si (Eq =1.02 eV),
but low temperature (LT) transport properties of Ca,Si
films have not been yet studied. Here, we investigate CaSi,
and Ca,Si thin (~ 100 nm) films, including the resistivity
p(T) and the Hall coefficient R(T). Special attention is paid
to the samples C306 (Ca,Si) and C309 (CaSiz) grown on
Mg.Si/Si(111) and Si(111) substrates, respectively, and
exhibiting quite different LT transport.

Namely, the resistivity of C309 is typical of metals,
demonstrating a gradual increase of p(T) from ~ 1.5x107
to 8.5x107° Q cm between T ~ 20 — 300 K. On the other
hand, the resistivity of C306 is activated, decreasing from
~ 1.4 t0 0.018 Q cm between T ~ 20 — 200 K, typical of
open-gap semiconductors [2, 3], and exhibiting a quite
weak increase between T ~ 200 — 300 K. Both samples
demonstrate a substantial dependence of R(T). In particular,
the R(T) function in C309 is rather weak between ~ 100 —
300 K, exhibiting, however, a double change of the sign,
and a considerable upturn of R(T) up to ~3.5x1073 cm®/C
on cooling down to 20 K. In C306, R(T) is even more
complicated, including a weak increase with decreasing T
between 300 — 150 K and the change of the sign near ~ 200
K. A sharp increase of R(T) up to ~ 400 cm®/C at T ~ 50 K
is changed then to a strong decrease down to — 800 cm®/C
with decreasing T down to ~20 K.

Such behavior of R(T) suggests presence of two groups
of carriers, electrons and holes, as has been mentioned
above. Therefore, to analyze them we use a conventional
two-band model [3], given by the expressions

R (T) = (Rici**R6)/(c1+cz) and 6 = 61 + 02, (1)

for both investigated samples, where R;j ~ 1/ (en;) are the
partial Hall coefficients, n; are the partial concentrations,
and oj = 1/p;j are the partial conductivities of the electrons
and holes with j = 1 and 2, respectively. In addition, for
C309 we use the Bloch-Griineisen type expressions for
both presumed electron and hole contributions,

Pi (T) = poj *+ Bj (T/TD)2 F, (TD/T)+AJ' (T/TD)5 Fs (TD/T). (2)

Here, pgj is the remanent resistivity while the second and
the third terms in Eq. (2) are addressed to the electron-
electron and the electron-phonon scattering, respectively.
To is the Debye temperature, Fy (2) is the Bloch-Griineisen
function of the index n = 2 or 5, Bj o« m/nj®*, Aj oc mi?/n;
[4, 5], and m; is the effective mass of the particles j. Both
dependences of p(T) and R(T) for C309 have been fitted
with Eq. (1) and (2) simultaneously, exhibiting a reasonable
agreement between the experimental and calculated data.

This yields Tp = 530 K, n; = 9.06x10%° cm= and n; =
2.5x10%° cm~3, where Tp is comparable with that (456 K)
found in bulk polycrystalline CaSi, [6]. The ratio of my/m;
~ 1.73 and 1.56, obtained with the data of A; and B,
respectively, is quite close yielding my/m; ~ 1.6 +0.1.

Interpretation of the semiconducting behavior in C306
is less straightforward, because it is a semiconductor with a
gap of 1.02 eV [2], but has complex R(T) dependence at
temperatures below 250 K due to formation of defect
minibands [7]. It can be suggested an existence of the finite
gaps between CB bottom and VB top at least up to T ~ 100
— 200 K. Then, the electron-hole transport is governed by
the activation of the electrons (holes) into the CB (VB)
from the donor (acceptor) minibands with the energy E;
(E2). This assumption gives the value of energies E; ~ 2.1
meV and E; = 27 meV with a reasonable fit of p (T)
between ~ 20 — 100 K. On the other hand, conventional
expressions of n; in this case (see e.g. [3]) permit a good fit
of the whole dependence of R (T). This leads to the strong
(on the 2 orders of the magnitude) and quite strong (on the
8 orders of the magnitude) decrease of n; and ny,
respectively, when T is decreased from 300 to 20 K.
Although such behavior of n; in semiconductors is not
surprising, one cannot exclude some influence of the
hopping conduction contribution below ~ 30 K. If,
however, such contribution is negligible, then we can
deduce the product of myxm; = 0.24 (m; - free el. mass). To
conclude, LT transport properties of Ca,Si and CaSi, thin
films were investigated and interpreted assuming two
groups of charge carriers, electrons and holes. The effective
mass parameters were estimated, suggesting that holes in
CaSi, are on ~ 60 % heavier than electrons. Both
conclusions support the results of Refs. [1,7].

~
~

~
~
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Among transition metal silicides, NiSi has exceptional
fluorite structure (along only with CoSiz) with remarkably
close lattice matching to crystal silicon, such that it displays
perfect epitaxial growth on Si surfaces with an atomically
abrupt interface [1, 2]. More importantly, nickel disilicide
is a ‘good’ metal and known to be metallic down to 1 K [3].
In 1983, Tung et al [1] showed that NiSi, layers can be
grown epitaxially on Si(111) and Si(100) surfaces, which
has generated considerable interest in the subject due to its
importance for semiconductor microelectronics. In
subsequent years the formation process of epitaxial NiSi;
layers on silicon surface has been studied and it was shown
that thick NiSi, films can be controllably formed in two
possible orientations [2]: type-A (Si lattice planes continue
through the interface) and type-B (180° rotated). However,
it was also shown that single or double monolayer NiSi,
cannot be formed [4 — 7]. Its formation remains a desirable
task because single monolayers of various materials (e.g.
graphene, silicine, bismuthene, plumbene, etc) have
recently become fascinating and promising objects in
modern condensed-matter physics and nanotechnology.
However, growing a monolayer of non-layered material is
still challenging.

In the present study, single layer NiSi, on Si(111) was
grown for the first time, using TI [2], Pb or In monolayers
for stabilization. The structural and electronic properties of
the Me/NiSi»/Si(111) (Me = TI, Pb, In) systems were
characterized using a set of experimental techniques,
including low-energy electron diffraction, scanning
tunneling microscopy, angle-resolved photoelectron
spectroscopy, and also first-principles density-functional-
theory calculations. Type-B single layer NiSi, was formed
by Ni adsorption onto Si(111)1x1-Tl, Si(111)1x1-Pb or
Si(111)2x2-In surfaces. Nickel atoms were found to
intercalate the stabilizing metal layers and to reside in the
interstitial sites inside the first silicon bilayer of

bulk-like-terminated Si(111)1x1 surface. In the case of
Si(111)1x1-TI surface thallium initial positions remain
almost unchanged after Ni intercalation. Form the other
hand in cases of Si(111)1x1-Pb and Si(111)2x2-In surfaces
single layer NiSi, formation resulted in Pb and In layers
reconstruction to 7x7-R21.8° and 1x1 periodicities
respectively. Nickel d electrons were found to dominate
electronic structure providing strong metallisity in all three
cases.
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Complex oxides with perovskite structure (ABO3) have
a lot of specific physical and chemical properties, which
makes them objects of intense experimental and theoretical
researches. The high catalytic activity of perovskites allows
the use of these compounds as promising catalysts for soot
combustion, thereby reducing the emission of diesel gases
into the atmosphere. A lot of perovskite characteristics are
sensitive to stoichiometry and structural changes within
ABOg3[1]. It had been shown that perovskite activity can be
explained by a high value of the absolute oxygen non-
stoichiometry ABOg3.5, which can reach & = 0.25 [2]. In the
present work, quantum-mechanical calculation methods
were used to study formation of oxygen vacancy in yttrium
orthoferrite YFeOs.

The calculations were performed by using the density
functional theory combined with the pseudopotential
method implemented in the Quantum Espresso software
package [3]. The exchange-correlation functional was
chosen in generalized gradient approximation form of PBE
(Perdew-Burke-Ernzerhof). Sets of k-points were specified
by the Monkhorst-Pack procedure. The cutoff energy of the
plane wave basis was 60 Rydberg. The pseudopotentials for
yttrium, iron, and oxygen were selected from the Quantum
Espresso library. We have used the ultrasoft Vanderbilt
pseudopotentials generated by A. Dal Corso [4].
Pseudopotentials were tested for a correct description of the
Y and Fe crystal lattice properties (lattice constants and
bulk modulus), as well as O, molecule properties (bond
length, dissociation energy). Test calculations showed that
the equilibrium configuration for YFeOs corresponds to the
G-type antiferromagnetic state. The presence of strongly
localized Fe-3d states requires using of the Hubbard
correction (DFT + U).

To simulate oxygen vacancies, two YFeOs structures
were considered. In one case, the oxygen atom was
removed from a primitive 20-atom cell, in the other case,
from a structure consisting of 4 unit cells. In the YFeOs.s
non-stoichiometry representation, for the first case we get
0 = 0.25, and for the second — 6 = 0.0625, respectively. In
addition, we had taken into account two types of oxygen
arrangement in the YFeOjs crystal lattice, leading to the two
types of oxygen vacancy. The formation energies were
calculated to characterize the vacancies. In the simplest
approximation, taking the chemical potential of oxygen as
a half of the O, molecule energy, the formation energy is
determined as follows:

@
where Eigeal IS the energy of the ideal YFeOs cell, Evqc is the
energy of the cell with a vacancy, Eo> is the energy of an
isolated O, molecule. The calculated values are shown in
table I.

1
Eform = Epac — Eigear + EEOZ

Table I. Formation energies for the two types of oxygen vacancies

Configuration Eform, €V Difference, eV
YFeOs:5 (8 =0.0625) — O 3.13
YFeOs-5 (8 = 0.0625) — Ou 3.42 0.29
YFeOs-5 (8§ =0.25) — O 3.69
YFeOs-5 (8 =0.25) — Ou 3.79 0.10

In both cases, the same type of vacancy is energetically
more favorable (O, type), the smallest value of the
formation energy (3.13 eV) corresponds to a lower
concentration of oxygen vacancies. The obtained value is
in good agreement with the value (3.19 eV) from the
perovskite database presented by Emery and Wolverton
[5]. In the case of high oxygen non-stoichiometry (6= 0.25)
the difference in the formation energies of two different
vacancy types is lower. It reduces from 0.3 eV to 0.1 eV.
Thus, the formation of a large number of oxygen vacancies
in the YFeOs crystal lattice makes both types of vacancies
almost equally probable.

We also examined changes in the electronic structure of
YFeOs during the vacancy formation. The use of the
Hubbard correction (DFT+U, Uer = 4 eV) allowed us to
obtain the energy gap (HOMO-LUMO gap) of 2.31 eV,
which is close to the experimental one. In the case of high
oxygen non-stoichiometry (8 = 0.25), the changes affect
almost all levels, including yttrium states. In the gap above
the valence band maximum, there are levels which
correspond in general to the O-2p states, and, partially, to
the Fe-3d states. At 8 = 0.0625, the form of the density of
states is preserved, but vacancy levels are also formed in
the gap.
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The ongoing search for new functional materials
includes looking for ecologically safe, yet highly efficient,
technologies and compounds. From this point of view, iron
silicides attract much attention due to Earth’s core
abundance of Fe and Si, compatibility with current silicon-
based technology and a variety of possible industrial
application in different fields. Besides ferromagnetic
silicides, which have great prospects in spintronics,
metallic a-FeSi; with possible spin polarization, and
semiconducting B-FeSi, phases are a promising candidate
for several industrial applications. They can be utilized as
active material in photonic crystals [1], for photovoltaics
[2], thermoelectrics [3] and finally in light emitting diodes
for optical fiber data transfer [4]. However, synthesis of
high-quality epitaxial thin films or nanostructures of a-, and
B-FeSi, faces many difficulties due to high lattice
mismatches with the substrates, which in turn may change
drastically with the temperature. While the reports on
lattice thermal expansion are scarce or contain some
contradictory results [5,6], herein we present theoretical
calculations of the thermal expansion coefficients.

The lattice dynamics properties were calculated in the
framework of the density functional theory (DFT)
implemented in VASP 5.4.1 software package [7,8] within
the plane wave basis and using the projector augmented
wave (PAW) formalism [9]. For accurate description of the
second derivatives of the total energy that contribute to the
dynamical matrix and therefore to all phonon-related
quantities, the cutoff energy of the plane-wave basis Ecutoft
was set to 750 eV. Also, the sampling of the first Brillouin
zone in the reciprocal space was made using the
Monkhorst-Pack scheme meshes [10] with resolution of not
lower than 0.017 2wA. The convergence criterion for
electronic degrees of freedom minimisation was set to 10”7
eV. None of considered phases showed magnetic behaviour
at the DFT ground state calculations, and thus all further
calculations were non-spin-polarised.

The calculated properties of the lattice dynamics is
known to be very sensitive to the choice of the exchange-
correlation functional [11]. We used the generalised
gradient approximation (GGA) in the PBEsol formulation
[12] because it correctly reproduces silicon lattice constant,
while other popular functionals (LDA, PW91, PBE and
rPBE) give errors of the order of 0.03 A. In addition to this,
we have also compared the results for thermal expansion
coefficients for PBE [13] and PBEsol against the
experimental data [14]. The PBE functional systematically
overestimates the expansion coefficient by 14 % in the
ranges T = 300 — 900 K, while PBEsol gives an average
error of 3.8 %.

The calculations of phonon spectra and corresponding
thermodynamic potentials were carried out using the

PHONOPY code [15] and its quasi-harmonic
approximation extension, phonopy-gha [16].

The calculated linear lattice thermal expansion
coefficients were fitted to linear temperature dependence in
the range of T = 300-600 K. The values for lattice
parameters a and ¢ of a-FeSi; are:

a: 7.16x10° T+ 7.45x10°®
c: 4.51x10° T +4.69x10°®

The coefficients for lattice parameters a, b and ¢ of
B-FeSi; are:

a: 6.18x10° T+ 6.91x10®
b: 4.53x10° T+ 5.07x10®
c: 7.16x10° T+ 5.65%10®

The obtained values show that the iron disilicides have
larger expansion coefficients than pure silicon (2.35x10 at
300 K), which sheds light on the origin of structural defects
of FeSi, films obtained during high-temperature synthesis
on Si substrates. It also worth noting the absence of high
anisotropy in B-FeSi; thermal expansion questioned earlier
[5,6].
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Introduction

Recently, interest in ultrathin layers of ferromagnetic
metals on silicon for silicon spintronics has increased
significantly [1]. Moreover, the tunnel spin injector Fe/ Si
(001) can be very effective as predicted by theoretical
calculations: it can achieve 100% polarization at low
reverse voltage [2]. Therefore, the study of the growth of
Fe nanofilms on Si ( 001) seems important especially due
to the fact that the surface (001) in silicon microelectronics
is the most technologically important.

Results and discussion

Fe films on Si (001) were prepared in an ultrahigh-
vacuum (UHV) chamber, which was equipped with a two-
sample manipulator, a tape evaporative source of iron, as
well as AES (EELS) and LEED analyzers from Riber. Fe
was deposited from Fe film on Ta-ribbon onto Si (001)
substrate (n-type, p = 4.5 Ohm cm, d = 420 um), which
maintained at room temperature. During growth, it was
carried out annealing (annealing temperature, in
parentheses) under a thickness of Fe: d = 1 ML (500-600
°C); d=3 ML (250 °C) and d = 10 ML (250 °C).

For analysis of data of AES we used the energy position
and intensity of: (1) MVV peak of Fe (E1); (2) the energy
difference (E4 - E2) between main Ly3VV Auger peak of Si
(E4) and its plasmon satellite (E); (3) the doublet Auger
peak (Es), which correspond to transition through the sp or
pd valence band of Si or Fe-Si silicide, respectively, and (4)
main L23VV Auger peak of Si (E4), which correspond to
transition through the pp or pd valence band of Si or Fe-Si
silicide, respectively.

Dependence of these characteristics in the AES spectra
on the thickness show a change with increasing thickness
of (1) the composition; (2) the electron density and (3)
states in valence electron bond. The electron density in the
boundary bonds depends on the atomic density of the layers
adjacent to the interface. Consequently, electron density of
interface layers change shows a change in their atomic
density.

We showed that the difference E4 - E», at 2, 4 and 10
ML corresponds to the formation of: (1) a certain non-bulk
phase of Fe with a reduced electron density, which borders
the non-bulk phase of Si with an increased electron density,
(2) of the bulk silicide FesSi and (3) of the bulk phase of
Fe. Also we calculate the density change in the

boundary layer of the substrate and showed an increase in
the density of this layer by about 6%.

As for the behavior of the difference E4 - Es and Es peak
amplitude on the thickness, we showed this behavior (peak
Es remains unchanged in amplitude regardless of an
increase in the thickness of the Fe film) can be explain by
formation of segregated Si at a thickness of 4 - 10 ML.

For analysis of data of EELS we used the energy
position and intensity of (1) AE; loss peak (7.5 - 8.0 eV)
belonging to interband transitions and peaks of (2) surface
(AE2) and (3) bulk plasmon (AE3), respectively.

This analysis showed that increase in the energy AE; to
8.0 eV, after 3 ML, also corresponds to the transition to the
bulk Fe — Si phase. But the change in the loss energies AE;
and AEz is explained by the state of the surface on which
segregated Si is located.

As for the amplitude of EELS peaks, which rapidly
decreased with increasing thickness to 3 ML, this is due to
transition from Si (001) and coherent two-dimensional Fe
phases to the bulk amorphous FesSi and Fe. At the same
time, the stabilization of this amplitude in the range of 4—
10 ML is associated with the formation of a layer of
segregated Si on the surface.

The nanophase nature of the 3 ML film was confirmed
by the AEs bulk plasmon loss peak width reaches a
maximum at a thickness of 3 ML.

The model for the growth of Fe on Si (001) has been
formulated. At 0 - 1 ml, iron is chemically adsorbed in the
form of coherent atomic structures. Then, at 1-2 ml, the
stretched wetting two-dimensional coating of Fe grows,
which causes the transition of the near-boundary silicon
into a high-pressure phase. About 3 ml, an agglomeration
occurs, and the wetting coating acquires a nanophase
structure with a new layer of nanostructured Si. Annealing
causes the formation of a wetting coating of the
composition Fe,Si. At 4 ml, the following mixing of Fe and
Fe,Si go to a stable FesSi phase and an excess of Si is
released on the surface of FesSi. After that, at 4-10 ml, Fe
islands with Si dissolved in it are nucleated and grow, and
a transition from FesSi to Fe occurs. As the thickness of Fe
increases, the solubility of Si in Fe decreases and Si
segregates on the surface of Fe.
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Magnesium stannide Mg,Snh is one of the few
intensively studied semiconductors along with the similar
compounds Mg,Si and Mg.Ge, attracting much attention in
the last few years. Its relatively high melting point
T=1030°K [1] and high electrical conductivity make
Mg.Sn very useful for high thermoelectric material
applications in the temperature range from 500 to 800 K [2,
3] for the automotive products and manufacturing
processes. Similar to many alkali-metal oxides and
sulphides, magnesium stannide Mg.Sn adopts the
following phase transition: anti-fluorite (Fm3m) — anti-
cotunnite (Pnma) — NizIn-type (P6s/mmc) [4, 5]. The
present study is devoted to extensive evolutionary search
for the optimal Mg,Sn structures in the pressure range from
0 to 200 GPa using the USPEX code [6, 7] in conjunction
with ab-initio structure relaxations as implemented in the
DFT code VASP [8]. The one-electron wave functions
were expanded using a plane-wave basis with a kinetic
energy cutoff of E¢=350 eV. Exchange and correlation
potentials are treated in the generalized gradient
approximation (GGA) of the Perdew Burke Ernzerhof
(PBE) form [9]. The present DFT evolutionary search was
undertaken for Mg.Sn stannide with 8 Mg and 4 Si atoms
per unit cell at pressures of 0 <P <200 GPa with pressure
steps AP<5 GPa. The local optimizations were carried out
until the total energy converged to 10 eV per formula unit
and the total force converged to 102 eV/A.

Table 1. The best structure obtained during evolutionary search
at every given pressure P.

(GFFZa) Structure (GFl;a) Structure (GFFZa) Strruectu
1 164, 194 65 2,65 135 11
3 2,11 70 12,65 140 11
5 2 75 12 145 2,164
10 2,15 80 2,62 150 2,11
15 2 85 6, 11 155 2,164
20 1,12 90 2,11 160 2,164
25 2,12 95 156, 194 165 11,164
30 1,11 100 12 170 2,164
35 2,14 105 11, 62 175 12,164
40 164, 194 110 10, 194 180 11,164
45 11 115 2,11 185 2,164
50 2 120 2,11 190 2,164
55 2,62 125 2,11 195 11
60 2,164 130 2,11 200 11

Table | summarizes space symmetries of the most
energetically favourable structures at a number of given
pressures identified by the FINDSYM utility [10]. As the
results of this identification depend on atomic displacement
tolerances, there are more then one number on the Structure
columns. In order to investigate which structure is better for
every P, a series of high precision calculations with the
E..«=500 eV and a doubled grid of k-points was undertaken
for each identified structure shown in Table 1. At pressures
P<2.4 GPa the best structure appeared to be simple cubic
Fm3m, that converts to the orthorhombic Pnma structure in
agreement with other data [4, 5]. At pressures P>5.9 GPa
the orthorhombic Pnma structure is lost in enthalpy to the
hexagonal P6/mmc one as being expected. At pressures
P>4 GPa another structure monoclinic C2/m, that was
predicted for the silicide Mg.Si [11], appeared to have the
lower enthalpy for stannide Mg,Sn also. Moreover, there is
an orthorhombic structure Pmmm (space group 47), that
has the lowerst enthalpy at any pressure under
consideration.
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In recent years, nanostructured semiconductors with a
Schottky barrier are finding more extensive application [1,
2]. Such structures are usually a matrix of a porous
semiconductor (usually silicon) with nanoparticles of noble
metals deposited inside [3]. This is primarily due to the
prospect of their usage in direct methanol (ethanol) fuel
cells [4]. It was shown in early work [5] that in the process
of ethanol electrooxidation on the structure of porous
silicon — noble metal nanoparticles (Por-Si/NM), various
gases, such as oxygen, hydrogen, and CO, are released.
Special attention is given to the generation of electron
carriers that occurs in the process of ethanol
electrooxidation.

Usually, Por-Si/NM structures are formed by using a
two steps method. In the first step, the porous silicon matrix
must be formed. This is done by the electrochemical
method. In the second step, nanoparticles of noble metals
must be deposed inside pores. However, this method of
forming Por-Si/NM structures requires an external current
source. As a result of this, the problem of a stable current
supply to the formed surface of the porous layer arises. In
addition, the area of formation of the porous layer is limited
by the geometric dimensions of the electrochemical cells
which are used. Also, in this method, the possibilities of
group processing of wafers are limited [3].

The alternative of the two-step method — is metal-
assisted chemical etching (MACE). In this method, noble
metal nanoparticles firstly deposed in the semiconductor
substrate. Then, this substrate must be etched in the solution
containing HF and oxidizer, such as H,O2, KMnQy, etc. So,
in MACE, noble metal nanoparticles remained in the
bottom and walls of the pores.

Usually, pure Pd, Pt, or Pt-Rh alloys are used as the
metal catalyst in direct methanol (ethanol) fuel cells [4].
But, those metals are expensive. In addition, when using Pt
or Pt-Rh, a phenomenon known as catalyst poisoning is
observed [6]. Catalyst poisoning is also observed in the
case of Au; however, with the Au catalyst, large currents
are observed during electrooxidation.

The electrooxidation properties of the Por-Si/NM
structure obtained in the MACE process depend primarily
on morphology. Morphology, in turn, depends on the metal
catalyst, the duration, and temperature of the etching.

So, the goal of this work is to study the effect of Au
catalyst on the morphology of the layers obtained in the
MACE process.

Materials and methods

Por-Si/NM structures were formed by the one-step
method. Boron doped silicon wafer (100) with resistance
0,01 Ohm/o was used as a substrate. Firstly, wafers were
cleaned by solution H20,(30%): NH.OH(ag.): H.O (1/1/3

in volume). Au nanoparticles were deposed from an
aqueous solution of the HNO3z:HCI: Au (1/1/4 in volume)
by the 10-420 sec. Then, porous silicon was formed in
standard solution — HF (40%): H.02(30%): H.O (25/10/4
in volume). The duration of the formation was 60 min.

Discussion

Table | shows the SEM image analysis of Au
nanoparticles (or worm-like structures) deposited on the Si
surface and formed Por-Si/NM structures.

Table I. The results of the analysis of SEM images.

Type
Time (particlesor ~ The area
of AU worm-like) occupied Porosity, Predomina
- and by Au nt pore
deposi - . % .
tion. s p_redom_lnant particles, size, mkm.
' size (width), %
nm
10 Particles, 8 25 - -
30 Particles, 10 32 - -
Worm-like, 37 25 3
60 18
Worm like, 50 42 5
180 o5
Worm-like, 57 68 20
300 2%
Worm-like, 58 68 10
420 28

In addition, as established from SEM images, after Au
deposition with 180 s duration, various structures begin to
form. Thus, the formation of whiskers and two layers of
porous silicon were detected. In addition, a long Au
deposition duration (more than 300 s) leads to a decrease in
the prevailing pore diameter. This may be due to the
difficult access of the etchant solution to the surface Si.
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In this work, new techniques for the analysis of complex
images were advanced using entropy functionals to
characterize structurally complex images of a surface
microrelief of the melt-spun FezCrisB1s ribbons obtained
at different linear velocity of a quenching roller.

Alloys of composition Fe;oCrisB1s obtained by the
melt-spinning technique under Ar atmosphere with single
Curoller at a linear velocity of 20, 30 and 45 m/s have been
manufactured at the Bardin Central Research Institute of
Ferrous Metallurgy (Moscow). We have examined the
microstructure of the ribbons by scanning electron
microscope Carl Zeiss Cross Beam 1540XB and by optic
microscope Observer D1m. The XRD patterns for each of
the samples were parallelly recorded by the diffractometer
Bruker D8 ADVANCE. Details of fast statistical analysis
of complex image based on the fast Fourier transform
(FFT) were described in works Ref. [1]. Theory of entropy
functionals was described in the work Ref. [2], and the
fracton/fractal technique was represented in the work Ref.
[3].

The microimages of the contact surface of the
amorphous FezCrisBis ribbons obtained in the chosen
range of cooling roller velocities were selected for the test
analysis, since according to the data of XRD these alloys
are X-ray amorphous. The Vajda entropy was calculated on
the basis of mode distributions by

H{P[ ()] = HIP()]= z P(L-P()] @

then the entropic index of a structuring was determined by

N[P(K)]=1— H[P(ki)]/Hmax- )

Very small value of the entropic index of structuring for
the melt-spun FezxCrisBis alloy obtained at 30 m/s
indicates almost maximum disordering of a spectral
function for the microrelief of contact ribbon surface.
Whereas for spinning conditions at 20 and 45 m/s the
entropic index of structuring of a contact surface indicates
the increase of the structure ordering up to 5-10%. Thus,
according the entropic index of structuring for the melt-
spun FenCrisBis alloy obtained at 30 m/s is more
disordered (almost complete randomization) among
selected spinning conditions.

Moreover, XRD patterns for all the as-quenched
FenCrisBis alloys show a halo-pattern typical of
amorphous alloys. However, in XRD patterns for the
FezCrisB1s ribbons obtained at 20 and 45 m/s the diffuse
peaks have residual crystalline sharpening, indicating the
formation of smaller crystalline precipitates. While XRD
pattern for the FezoCris5B1s ribbon obtained at 30 m/s shows
the broad smooth hump, without any crystal remainder
indicating the formation of completely amorphous

structure. Thus, the better glass-forming ability is achieved,
when n—0.

Based on the results, according to the spinning velocity
and the entropic index of structuring, the FezoCri5B1s alloys
obtained at 20, 30 and 45 m/s can be ranged as amorphous
(heterogeneous or microcrystalline), vitreous
(homogeneous) and nanocrystalline, respectively.

The spectra of fracton dimension define the nature of
the structure ordering of the morphology of melt-spun
alloy. It was discovered the Fe7oCri5B3s ribbons obtained at
20 m/s have identical spectra of fracton dimension on the
contact surface and on the free surface. This result
determines the topological uniformity of heat transfer. The
spectrum of fracton dimension at 30 m/s is significantly
differed by the curve form and by the dimension value on
the opposite surfaces. At the free surface of this ribbon the
large-scale and small-scale defects have a scaling ordering
and a fractal ordering, respectively [3]. The structure
ordering on the free surface of the FexCrisBis ribbons
obtained at 45 m/s also changes, but the dimension value is
comparable with the dimension of the contact surface,
therefore, a heat transfer is topologically agree. Thus, the
glass-forming ability of melt-quenched alloy may be
identified by the spectrum of fracton dimension having
fractal ordering, when the fracton dimension tends to a
constant value.

Converting the fracton dimension to the fractal
dimension was carried by Ds = (5-7)/2 Ref. [3]. The fractal
dimension is greater than 2 for the contact surface and the
free surface of the Fe7Cri5B15 ribbons obtained at 20 and
45m/s demonstrates that the main contribution to
dimension makes the distribution of ordered spatial
inhomogeneities, whereas the fractal dimension on the free
surface of the Fe;oCrisB1s ribbon obtained at 30 m/s is less
2, that may be explained by a competition of a randomized
hierarchical system of mesodefects with a system of
ordered inhomogeneities. As a result, the concurence leads
to the appearance an order from a chaos.

Using the techniques based on the entropy functionals
it was determined that the spinning condition at 30 m/s is
optimal for a vitrification of the Fe;CrisBis alloy. Better
glass-forming ability in the melt-spinning process is
identified by a scale of the order-disorder based on
minimum of the entropic index of structuring and/or by the
fractally ordered spectrum of fracton dimension.
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The growing energy crisis and environmental problems
caused by the depletion of fossil fuels, decisively contribute
to the development of renewable energy sources and energy
storage devices [1,2]. At present, renewable energy
devices, especially advanced lithium-ion current sources,
are widely used in portable electronic devices, including
cell phones, laptops, and handheld devices [3,4]. However,
the limited lithium resources and uneven distribution on the
ground are the inevitable problems that will prevent the
development of lithium-ion current sources for large-scale
applications [5,6].

lonic chemical current sources such as Al-ion and Na-
ion have emerged as a potential alternative to lithium-ion
current sources, the advantages of which are abundant
supplies of aluminum and sodium, low costs and safety.
The search and study of suitable electrode materials are one
of the main tasks in the development of such ionic current
sources.

One such electrode material may be titanium dioxide
(TiOy). Titanium dioxide is considered one of the most
promising materials due to stable anode structure, a large
reserve of resources and environmental friendliness [7].
However, pure TiO2, known as n-type semiconductor,
usually exhibits low electronic and ionic conductivity [8,9].

One way of improving the properties of titanium oxide
is nano-sized particles that can reduce the ion diffusion path
and improve the kinetics of diffusion of ions. Another
promising TiO, nanomaterial morphology form as an
electrode are vertically oriented arrays of anode nanotubes
of titanium oxide, which has a large effective surface area
due to its "three-dimensional architecture."

Thus, the development and optimization of the
geometry, chemical and phase composition of the formed
electrodes based on anodic nanotubular titanium oxide
layers (TiO2 NTs) and selection of optimal electrolyte

compositions for the developed electrodes have the great
scientific and practical interest.

In this work, a change in the electrochemical properties
of an electrode based on an anode nanotube layer of
titanium oxide depending on the heat treatment and the
composition of the electrolyte were demonstrated.

The TiO, NTs layers were obtained by the two-stage
method of anodic oxidation in a fluorine-containing
electrolyte and then annealed at different temperatures and
atmospheres. The results show changes in cyclic
voltammetry and electrochemical impedance of the
samples while maintaining the intact structure of the array
of nanotubes.
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Radiation stability of ZnO hollow particles under 100
keV proton exposure have been investigated. The
experimental data were compared with the calculated ones
obtained by modeling in the GEANT4 software package.
Hollow particles have better radiation stability compared
with  bulk microparticles cause by low defects
accumulation in the hollow particles, which was confirmed
by simulation in GEANT4.

Experimental

Hollow ZnO particles were obtained hydrothermally
from a solution containing 25 mol of
Zn(CH3CO0O0)2-2H20, 1 mol of deionized water and 7.5
mol of NH4HCQO3, which was poured into an autoclave
with a Teflon glass and heated to 180° C with a holding
time of 15 hours. After synthesis, the powders were washed
with alcohol, dried at 60° C in air and heat treated at a
temperature of 650° C. The surface morphology was
analyzed on a Helios NanoLab 660 SEM. The specific
surface area measured by the BET method on an AutoSorb
6 ISA device amounted to 32 to 57 m?g for hollow
particles.

Irradiation was carried out by protons with an energy of
100 keV, a fluence of 5x10'° cm2, a flux density of 1x10%?
cm2s7!, in a vacuum of 5x10° Pa. The simulation was
carried out in the GEANT4 software package, where
similar values were set.

The concentration of the absorption centers was
calculated based on the Smakula-Dexter formula [1]:

N = A(nznT)szAEf‘l )

where n is the refractive index ZnO, Ky, is the maximum
absorption coefficient (cm™), AE is the half-width of the
band (eV), f is the oscillator strength (taken as a unit), the
numerical coefficient A is taken to be 0.96x10".

The Frenkel defect concentration calculated in
GEANT4 was determined using the modified Kinchin-
Pease formula [2]:

0.8E,;. (e

e = —2;j< ) @)
where Eq4 is the threshold bias energy, Edise) is the
dissipated energy in nuclear collisions.

Results and discussion

During synthesis by the hydrothermal method, hollow
Zn0 particles of a spherical shape from 500 to 2000 nm in
size are formed, some of which are bonded to each other.
The yield of spherical particles is about 90%.

X-ray diffraction analysis showed that during the
synthesis of hollow ZnO particles, peaks related to the
wurtzite structure (P63mc) are recorded, and there are no
amorphous phases. Changes in the constant lattices are
associated with various tensile stresses caused by packing
defects and leading to inelastic deformation of the lattice.

From the diffuse reflectance spectra obtained on a

Perkin Elmer Lambda 950, it follows [3] that the
reflectance in the UV and visible regions reaches 90%. The
reflectivity of bulk particle powders is higher than that of
hollow powders [3], in the wavelength region from the edge
of the main absorption to the near infrared region. The
lower reflection coefficient of hollow particles is due to the
high concentration of intrinsic defects in the crystal lattice
of nanostructured particles.

From the spectra of induced absorption after irradiation
with protons with an energy of 100 keV, a fluence of 5x10%°
cm~2 of hollow particle powders, that the action of ionizing
radiation creates color centers whose bands form a
continuous absorption spectrum in the UV and visible
regions. ZnO powders are characterized by absorption
bands with high intensities in the range from 2t0 3.2 eV, in
the near IR region, the band intensities are insignificant.

An analysis of the spectra of proton-irradiated zinc
oxide powders with micron grains, taking into account the
known values of the energy of absorption bands of intrinsic
defects capable of absorbing in these ranges, implies that
the main contribution to the absorption is made by
interstitial zinc ions Zn;" associated with Vz,""-Zn;" pair,
oxygen vacancies Vo', zinc vacancies Vz," and Vz,"".

Summary

The increased radiation stability to protons exposure of
hollow particles compared to bulk particles is probably due
to the fact that in these particles the main mechanism for
the formation of radiation defects is surface in nature. Such
structures are characterized by large ionization losses and a
high ability to relax radiation defects in a thin layer of the
sphere.

The results of the performed studies showed that the
reflectivity of hollow ZnO particles in the entire spectral
region from 200 to 2500 nm is less than that of bulk micron-
sized particles [3]. The reason for this decrease is the large
specific surface of the hollow particles, which leads to a
high concentration of unsaturated bonds and surface
defects. The analysis of experimental and calculated data
demonstrates the correspondence of the concentration of
the formed defects in order of magnitude. For hollow
particles, the experimental concentration is 17.7x10% cm
and 17.1x10% cm is the calculated concentration.
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The main properties of new thermoelectrics, in addition
to high quality, should be low cost, availability,
environmental friendliness, mechanical and chemical
strength. In fact, silicon is the fourth element among the
most widely distributed ele-ments of the earth's crust.
Silicon and the main components of the best
thermoelectrics based on silicides are cheap, do not contain
rare or toxic elements, and are also environmentally
friendly. Moreover, they represent various mechanisms of
electronic transport, so among them there are new groups
to be found. The most interesting in this regard are the
higher manga-nese silicide (HMS) MnSi-17s [1], iron
silicide pB-FeSi2and magnesium silicide Mg2Si.

This work aims to study the structural, optical and
thermoelectric properties and processes of the formation of
thin com-posite films based on semiconducting iron B-
FeSi2, manganese MnSi-17s5 silicides. Semiconducting
silicides in the composite system are the main fraction; in
addition, the system may contain non-stoichiometric
silicon oxide separating the crystallites of the
semiconducting phases, as well as some fractions of the
metal phases of silicides and pure metals. These composite
systems are poorly explored, which is associated with the
difficulties of studying the structural properties of such
systems due to the low symmetry of semiconducting iron
and manganese silicides, the low dimensionality of
crystallites obtained, and the interchangeability of
manganese, iron in crystal structures of the silicides.

Thin films of substituted higher manganese silicide with
thickness modulation of iron content B-(Fep-xjMnp)Sip-y;
with metal phase inclusions and composite films B(Fepix]
Mnp)Sipz2-y1 together with (Mnp1.yjFefy) Si-1.7s were obtained
using thermal evaporation under ultrahigh vacuum on
substrates of amorphous silicon oxide SiO,, including
coated with an Al,Os layer. Before growing, the substrate
was chemically cleaned, then the substrate was annealed
under ultrahigh vacuum at a temperature of 650 ° C. Next,
the samples were cooled to 500 °C to begin the procedure
of sample synthesis. Manganese, iron, and silicon were
simultaneously evaporated from a Knudsen effusion cells
onto the substrate surface at a speed of about 1.25, 1.5, and
5 nm / min, respectively. The base pressure in the chamber
was 6.5 x 108 Pa. A thin film of silicide was grown layer-
by-layer, where the chemical composition of the odd and
even layer, in accordance with the deposition order, was
different. The first layer in pair corresponds to the
composition of manganese silicide enriched in iron, and the
second - a mixture of pure manganese with silicon. As a
result, three samples of the [(Mni.xFex)Si- 175 /IMNSi - 175]a
series were obtained, where the parameter n was 5, 10, 14
with a obtained thin film thickness of about 70 nm. The
atomic Mn / Fe ratio in the resultant thin film varied in the

obtained series of samples in a wide range from 1 to 5. The
atomic Mn / Fe ratio in the range from 1.04 to 1.18 relates
to composite samples [B-FeSi; / MnSi- 175]s. Thus, the
designation of the sample used below in the text consists of
n number of deposited pairs of layers and the Mn / Fe ratio
(sample n - Mn / Fe), i.e. sample 5 - 1.04. After the
deposition of each sample was completed, a diffraction
image of reflection high energy electron diffraction
(RHEED) was recorded. As a result of the analysis of the
evolution of the RHEED patterns during the formation of
thin composite films it was shown that changes in the
crystal lattice parameter of the resultant silicide show
periodic and modulating behavior, decreasing to increasing
unit cell volume (Figure 1) for the deposited layers of
MnSiy7s silicide, with and without substitution of
manganese atoms for iron atoms, respectively, up to a
thickness of the deposited layer of 3.5 nm.

# Sample 5 - 2.48 RHEED Intensity profile

s AR L
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experimental
3
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Figure 1. Experimental (a) and calculated (b) RHEED intensity
profiles measured after deposition of each layer of the sample 5 -
2.48; (c) the relative change in the lattice parameter of the unit
cell of higher manganese silicide MnSi- 175 during the synthesis
of each layer.

In summary, studies of thermoelectric properties of
multilayer structures [(MnxFey) Si1.7s/ B-FeSiz2 = -]n. showed
a wide variation in their properties due to morphological
and structural characteristics. The obtained values are
comparable and exceed those available in the literature for
single phase samples of thin films of manganese and iron
silicide [2]. The most interesting re-sult is the possibility of
changing the temperature range of existence of high values
of the power factor, i.e. from room temperature to 700-800
K typical for semiconducting iron and manganese silicides.
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Porous silicon (por-Si) continues to attract the attention
of researchers in recent years [1,2], although the focus of
work has changed. The problem of electroluminescence in
por-Si-based diodes attracts very little attention [3], since it
has not been possible to solve the problem of low resistance
and contact stability to por-Si so far. Currently, the main
emphasis is on the possibility of using por-Si as an
antireflection coating for solar panels [4]. The second
problem is the change in the properties of por-Si during
long-term storage in atmospheric conditions due to
oxidation, which affects the stability of future sensor
devices. One of the possibilities for preserving por-Si layers
is their processing in salt solutions, for example, lithium
bromide (LiBr) [5, 6]. Studies have shown that for
mesoporous Si (m/por-Si), in contrast to nanoporous Si [7],
photoluminescence (PL) intensity increases with storage
time, but a detailed analysis of the effect of immersion in
LiBr solution on the intensity has not been carried out.

In this work, we studied the effect of the storage
duration of m/por-Si layers treated by immersion with
various durations (5, 10, and 20 minutes) in an aqueous
LiBr solution with the previously established optimal
concentration [6], and etalon por-Si sample on the PL
intensity and changes in the intensity of absorption peaks
in the MIR spectrum on various silicon-hydrogen, silicon-
oxygen and silicon-hydroxyl groups. Samples were
anodized under the following conditions: current density of
10 mA/cm? and duration of 5 minutes in a solution of HF :
CH3;0OH = 2 : 1. This ensured the formation of a m/por-Si
layer with a porosity of about 55% and a thickness of 4 pm
[6]. After anodizing, each sample was divided into 4 parts,
one of which was an etalon por-Si, and the other three were
working samples. After immersion ina LiBr water solution,
the all samples were dried in a stream of dry nitrogen at
room temperature. The equipment and methods for
measuring the PL and MIR spectra are described in [6]. The
PL spectra and transmission spectra were recorded at T =
20 °C for 171-200 days. The intervals between
measurements up to 53 days were small: 2-7 days. Then
they increased to 15-30 days, since the changes in the
spectra reached saturation.

It was found that in the comparison sample and samples
treated by immersion for 5, 10, and 20 minutes in an
aqueous LiBr solution with an S/3 concentration (S is the
limiting solubility of LiBr in water at 20 °C), a different
behavior of the dependence of the PL intensity maximum
on storage time is observed. The main difference was found
in the period up to 74 days, which is expressed with a higher
PL intensity for samples processed in LiBr. After 120 days
of storage, the curves for the etalon por-Si sample and the
sample with 5 minutes of immersion coincide and reach

saturation. However, with increasing immersion time, the
intensity of PL saturation decreases. Throughout the entire
storage period, the position of the PL peak remains
unchanged (690410 nm), which indicates the absence of a
contribution from the quantum confinement effect in
m/por-Si.

Registration of optical transmission spectra and
analysis of the dependence of the main peaks of Si-H, Si-
H,, Si-O-Si, Si-OH, Os-SiH on the storage duration for the
etalon por-Si and working m/por-Si samples showed a
similar character. In the initial storage period (0 days), the
peak of the Si-O-Si rocking bond (470 cm™) is absent in the
etalon por-Si sample, but appears in the working m/por-Si
sample with an immersion time of 20 minutes, which
indicates the formation of Si-O-Li bonds, as in [6]. With
an increase in the storage time from 5 to 171 days, a Si-O-
Si peak (470 cm™) appears and grows in the etalon por-Si
sample and more intensively in working m/por-Si samples,
which proves the conservation of the contribution of Si-O-
Li bonds at all storage periods. The intensities of the Si-H
and Si-H; peaks almost exponentially decrease due to
hydrogen desorption. In this case, the Si — OH bond
intensity (3400 cm™?) increases linearly, while the Si — O —
Si bond (1105 cm™?) and O3 — SiH bonds (880 and
2250 cm™?) increase polynomially, saturating dangling
bonds without hydrogen. This indicates the chemisorption
of the OH" ion group, the incorporation of oxygen into
silicon, and the change in the configuration of bonds. The
nature of the increase in the PL intensities and Si-O-Si and
0s-SiH bonds in the MIR spectra upon long-term storage
for the por-Si reference and working m/por-Si samples
indicates the main contribution of nonstoichiometric Si
oxides with interstitial oxygen to the radiative
recombination and PL signal. The role of adsorbed Li is to
form a passive diffusion barrier, with an increase in the
thickness of which the PL intensity decreases. It has been
established that Si — O — Li bonds do not affect the PL
intensity of m/por-Si subjected to immersion in an aqueous
LiBr solution.
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Semiconductor materials based on quasi-zero-
dimensional semiconductor layers embedded in silicon
with smaller band gap exhibit new optical and photoelectric
properties. Such materials can be used to create new
silicon-based photo generating devices. It is known that not
only silicon heterojunctions  with  narrow-gap
semiconductors [1], but also nanocrystals (NCs) of narrow-
gap semiconductors embedded in the i-layer of a p-i-n
diode, can be used to expand the spectral sensitivity range
of silicon diodes to 1.6 microns or more [2] . A new
approach to expanding the spectral sensitivity region of Si
diodes was tested for incorporation of two types of -FeSi,
and CrSi, NCs [3]. It was found that the region of the
photoresponse of structures expanded to 0.7 eV, but no
morphological studies were carried out, and the electronic
structure was not determined depending on the number of
embedded layers.

In this work, we carried out a comprehensive study of
the electronic structure and morphology of silicon with
embedded layers of B-FeSi, and CrSi, NCs. All samples
were grown on Si(111) substrates in the VARIAN UHV
chamber. The electronic structure of a clean surface and a
surface with islands and embedded nanocrystals was
monitored by the AES and EELS methods (E, = 150 eV).
The NC embedding scheme was as follows. Multilayers of
CrSi, NCs were the first to be embedded, and then two
layers of B-FeSi; NCs were embedded. This was done in
order to ensure first the absorption of light with a higher
photon energy (0.8 - 1.1 eV) in the upper layer with
embedded B-FeSi; nanocrystals, and then to ensure the
absorption of low-energy photons (0.35-0.8 eV) in the
underlying layer with CrSiz NCs. To study morphology,
multilayer heterostructures (MLH) with embedded
nanocrystals were formed. The first MLH included 6 layers
of embedded CrSi, NCs, and the second MLH consisted of
4 embedded layers of CrSi; nanocrystals and two layers of
embedded B—FeSi; NCs. After unloading the samples with
embedded NCs layers, their topography was studied using
a Solver P47 atomic force microscope (AFM) in a semi-
contact mode.

After annealing the silicon substrate at T = 1160 ° C, a
silicon peak with a fine structure characteristic of the
atomically clean silicon surface (Si (111) 7x7) was formed
in the AES spectrum. In this case, the surface (10.0 eV, 14.2
eV) and bulk (17.0 eV) silicon plasmons were observed in
the EELS spectrum. After deposition of 0.3 nm Crat T =
550 © C and annealing at 600 ° C, intense Cr peak appeared
on the AES spectrum, which is characteristic of CrSi;
islands. According to AFM data, the island density was

(4-5)-10%° cm2, and their sizes vary from 15 nm to 30 nm.
Such a layer of islands was overgrown with a Si layer
according to a two-step procedure. The first 10 nm of Si
was deposited at T = 600 ° C, and the second 30 nm of Si
was deposited at T = 750 ° C. According to AFM data, the
regime ensured a lower yield of CrSi, NCs and maintained
the epitaxial quality of Si top layer. To increase the number
of layers of embedded CrSi, NCs, the deposition of Cr and
Si was repeated up to 4 times.

Islands of iron disilicide (B-FeSi;) have always been
formed on top of the embedded CrSi, NCs by the solid
phase epitaxy method. For this, 0.3 nm Fe was deposited at
room temperature, followed by annealing for 20 minutes at
T 630 °C. The formation of B-FeSi, islands was
controlled by the appearance of intense Fe AES peak and a
small change in the shape of the surface plasmon peak in
the EELS spectrum. After unloading, according to the AFM
data, islands with sizes of 20-40 nm and a density of (1-
2)-10% cm-2 were observed. In the case of deposition of Si
cap layer, a two-stage Si deposition procedure was
performed, similar to the case of embedding of CrSi, NCs.

According to the proven technique, two six-layer
samples were formed, consisting of 6 embedded layers of
CrSiz NCs, and also of 4 embedded layers of CrSi; NCsand
2 layers of B-FeSi, NCs, covered by Si epitaxial layers.
According to the AES and EELS data, the surface of the
first sample contained pure epitaxial silicon with atomic
steps and a certain density of small pins up to 3-10° cm=2in
which faceted nanocrystals were sometimes faceted. The
root mean square roughness of the first sample was 0.37
nm. According to the AES and EELS data, silicon was also
located on the surface of the second sample, and the root
mean square roughness for it was 0.92 nm. Its increase is
associated with the observed high density (up to 2-10°
cm-2) of two-dimensional islands of silicon (with a height
of up to 1 monolayer), which do not have time to integrate
into the epitaxial silicon layer.
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Semiconductor silicides are of undoubted interest for
silicon technology, as materials containing silicon and
possessing new optical properties. Most studies were
devoted to the growth of epitaxial films on silicon, the study
of their structure, optical and electrical properties [1].
Among them, transition metal silicides are among the most
studied [2,3]. To study the optical properties of films of
semiconductor silicides with a gap smaller than that of
silicon, a thickness of several hundred nanometers is
needed to ensure a noticeable change in absorption in the
region close to the absorption edge in the silicide. This
allows us to calculate the optical constants of the films and
determine correctly their band gap. Recently, interest has
appeared in silicon with embedded nanocrystals (NCs) of
semiconductor silicides [4]. But their total number, despite
the high density of NCs, is insignificant for determining the
optical characteristics in the region of the absorption edge.
However, in the energy range of slightly larger absorption
edges insilicon (1.2-2.5 eV) and an insignificant depth (50-
100 nm) of narrow-gap semiconductor silicide NCs, it
becomes possible to register a reflection signal from
embedded nanocrystals or an interference signal from a thin
layer with modified optical constants. Thus, we can state
the fact of embedding of NCs into a Si lattice prior to
transmission electron microscopy with TED [5] and EDS
[6] data. Another possibility of identifying embedded
narrow-gap nanocrystals in a Si matrix is the registration of
Raman spectra. However, the occurrence depth in this case
is limited by the probing depth in silicon for the incident
exciting radiation, which is no more than 20 nm. Thus,
using Raman spectroscopy, it is possible to register a signal
from an embedded silicide nanocrystal if it is capped with
silicon with a thickness of less than 20 nm or, conversely,
enters the surface region of the sample.

In this paper, we studied the optical properties of grown
multilayer heterostructures by optical spectroscopy (OS)
and Raman spectroscopy. To study the OS spectra, six-
layer samples with one (CrSiz) and two types of
nanocrystals (CrSi, + B-FeSiy) were selected, which is
associated with the need to increase the absorption on
nanocrystals. A reference p-i-n sample was also studied, in
which the deposition of chromium (iron), process shutdown
and annealing were simulated, as for working samples. To
identify the Raman peaks from the embedded nanocrystals,
Raman spectra of the grown multilayer samples were
recorded, as well as from the samples with uncovered CrSi;
nanocrystals (0.5 Cr) and one Si capped layer of CrSi;
nanocrystals and over it one uncoated NC layer (B-FeSiy).
The OS spectra were recorded at room temperature on

Hitachi U-3010 spectrophotometers with an integrating
sphere and a Bruker Vertex 80v Fourier spectrophotometer.
Raman spectra emitted by light with a wavelength of
488 nm were also recorded at room temperature with a
LabRam HR 800 spectrophotometer. Raman spectra were
recorded on samples with embedded nanocrystals of
chromium and iron disilicides in the macro mode with a
long accumulation time to increase the intensity of weak
signals.

The transmission and reflection spectra of multilayer
structures  with embedded nanocrystals revealed
interference maxima, as well as weak reflection peaks from
the embedded nanocrystals CrSi; at 2.0 eV and B-FeSi; at
1.75 eV. The interference is explained by a change in the
effective refractive index in a thin Si i-layer (250 nm) with
embedded nanocrystals and the formation of a reflection
signal from the interface of silicon/NCs modified silicon.
In the reference p-i-n sample with emulation of deposition
of chromium and iron atoms, interference features were
absent, since refractive index did not changed. The shifts in
the energy of interference maxima in samples with 6 layers
of CrSi, nanocrystals and 4 layers of CrSi, nanocrystals and
2 layers of B-FeSi; nanocrystals are explained by an
increase in the effective refractive index in the sample with
B-FeSi, nanocrystals due to the higher refractive index in
B-FeSi, compared to CrSi,. According to Raman scattering
data, a weak peak at 415 cm™ was found in six-layer
samples with B-FeSi, nanocrystals, which corresponds to
one of the B-FeSi, Raman peaks [7], which is associated
with a partial exit to the surface region of B-FeSi;
nanocrystals oriented perpendicular to surface coating
layer.
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The growth of semiconductor silicides in the form of
epitaxial films on silicon is complicated by the different
lattice symmetries of the silicides of most metals, the
difference in lattice constants, and the difference in
temperature expansion coefficients with Si one [1]. This
complicates the creation of epitaxial films of silicides of
high crystalline quality due to the formation of a dislocation
network [2, 3] and even peeling from the silicon substrate
[4]. However, the transition to the growth of quasi-zero-
dimensional nanocrystals (NCs) in silicon matrix removes
these limitations by introducing stresses in nanocrystals
and silicon instead of dislocations [5]. For film solar cells,
the principle of the formation of cascade diode structures
consisting of few p-n junctions from semiconductors with
different band gaps is known, which ensures the expansion
of spectral photosensitivity. This approach can also be used
to create a cascade element using embedded layers of
nanocrystals with different widths of the band gaps. In this
case, the semiconductor silicide NCs with a larger band gap
should be used as the upper layer.

In this work, we carried out a comprehensive study of
the current — voltage and photoelectric properties of diode
structures with embedded multilayers of B-FeSi; NCs
(upper) and CrSi, NCs (lower). In the UHV chamber of the
VARIAN installation on p-type silicon substrates (Si (111)
KEF- (0.1-0.5)), p*-i-n diode structures with 6 layers of
NCs embedded in Si i-layers are grown. Ohmic contacts are
made to the reverse side of the substrate and the upper
covering layer of the p*-type of conductivity. As a
reference, a sample of a p*-i-n diode structure was grown
with emulation of the Cr and Fe deposition and the
repetition of all deposition processes, interruption of
deposition, and step-by-step annealing in accordance with
the formation of working diode structures with embedded
NCs. Three families of 4 mesa diodes of 4 pieces were
created by chemical etching on top of round Al contacts in
each working sample to study their transport and
photoelectric properties.

When studying the dark current-voltage characteristics
(CVC) of two working and one reference diodes, it was
found that good rectification is observed. The difference
between the maximum forward and reverse current of the
diode is 5-6 orders of magnitude. In the CVC mode of
measuring under integrated illumination by a tungsten
lamp, a photocurrent was detected in all diodes. The
maximum photocurrent (1-10° A) was observed for a diode
with 6 embedded layers of CrSi, NCs and a reference diode,
and the open circuit voltage in them was 0.38 V and 0.29
V, respectively. The minimum photocurrent value ((4-
5)-107 A) was found for a diode with 4 layers of CrSi, NCs

and 2 layers of B-FeSi, NCs, which is associated with a high
density of defect levels that capture carriers generated by
light.

Studies of the dark capacitance-voltage characteristics
of the working and reference diodes in the frequency range
from 1 kHz to 1 MHz and reverse biases have shown that
the reference diode has the maximum capacitance at all
frequencies. The decrease in capacitance in the working
diodes is associated with a decrease in the concentration of
free carriers due to their capture at defect levels or in
embedded NCs. It was found that linear sections are
observed only for the 1/C? dependences, which made it
possible to evaluate the created diodes as sharp. The
extrapolation of this dependence to a value of 1/C2 =0 in
the region of direct biases approximately gave the contact
potential difference ®x = 0.95 V for two working and
reference diodes, which is independent of the incorporation
of CrSi, and B-FeSi, NCs.

When studying the spectral photoresponse of the
working diodes in the current mode at room temperature, a
low-energy peak at 0.75 eV was detected, this is associated
with recharging when illuminating the acceptor states of
defects in the Si band gap associated with NCs.

At T = 90 K, an absorption band was detected in the
working diodes associated with carrier generation in the
embedded NCs of semiconductor CrSi, and B-FeSi,. The
extrapolation of the square root dependence of the
photoresponse in the photocurrent mode at a temperature of
liquid nitrogen to the region of zero photoresponse yielded
the value Eq = 0.50 eV for diodes with 6 layers of CrSi;
NCs, and the value Eq = 0.70 eV for 4 diodes with 4 layers
of CrSi, and 2 layers of B-FeSi, NCs. Changes in the values
of Eq4 are associated with both the stresses in the NCs and
the averaging over two types of NCs with different band
gaps.
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Silicides of alkaline earth metals (Ca, Mg) are
promising for the creation of both photoelectric diode
structures and thermoelectric converters. There are 6
silicides in the Ca — Si system, two of which Ca,Si [1] and
CasSis [2] are semiconductors, and the rest are metals and
semimetals. The main attention is paid to the growth and
study of the properties of Ca,Si semiconductor, which can
be grown in the form of thin films on various substrates,
including Si(111) through a Mg.Si sacrificial layer in the
form of bulk [3] and very thin films [4]. Thick enough films
with the composition of Ca,Si on a Si(111) substrate were
not previously grown, and their magnetoresistive properties
were not studied.

Samples with CaSi films on Si(111) silicon substrate
with thicknesses from 80 nm to 100 nm were grown in an
ultrahigh vacuum chamber (UHV) of the OMICRON
Compact setup with a base vacuum of 1 x 1071° Torr with
LEED, AES and EELS facilities. To study the transport
properties of structures like "Hall cross™ with contact pads
were etched on the substrate. The magneto-resistive effect
was measured with direct current and a constant magnetic
field in the temperature range 10-300 K using a
“Teslatron™-CF” installation.

The work tested the growth of thin films with a Ca,Si
structure on silicon with a preformed two-dimensional
Mg.Si(111)1x7 layer as a sacrificial template, which was
transformed into a two-dimensional Ca,Si layer during Ca
reactive deposition. It was established that at a substrate
temperature of 250 °C, the Mg,Si layer is destroyed, but
some Mg atoms remain in the near-surface region. At a
temperature of 300 °C, Mg atoms completely desorb from
the surface, and the Ca,Si layer formed according to the
AES and EELS data does not give a LEED picture in both
cases, which indicates a small domain size. In the process
of molecular beam epitaxy (MBE) at a temperature of 250
°C, an epitaxial Ca,Si(100)1x1 film with a two-domain
orientation grows over a Ca,Si template to a thickness of
80-100 nm: Ca,Si(100)||Si(111), Ca.Si[010]||Si[110] u
Ca,Si[001]||Si[112]. When the substrate temperature is
increased to 300 °C and the film thickness is 100 nm, the
reflections in the LEED pattern broaden, which
corresponds to a decrease in the size of Ca,Si domains. All
grown films on AFM data consist of fused and elongated
rectangular crystals with sizes: width 30-80 nm and length
80-250 nm, which were located on the surface at different
angles. The minimal sizes of nanocrystals were possessed
by grown samples, which corresponded to their minimum
root mean square roughness (crms=3.0 - 3.2 nm. An increase
in the MBE growth temperature to 300 °C led to a slight
decrease in roughness due to the intensification of diffusion
transfer processes.

Low-temperature measurements of the
magnetoresistive effect were carried out after unloading the

samples and manufacturing test structures. A sample with
a Ca,Si structure grown at a temperature of 250 °C showed
high instability of the contacts at temperatures below 150
K. This led to the fact that the dependences of the
magnetoresistive effect in the form of Ap/p curves on the
magnetic field (B) were recorded starting from T = 200 K.
For temperatures of 250 K and 300 K, the dependences
were parabolic, which was confirmed by the linearity of the
characteristics of Ap/p(B?) with one slope in the entire
range of magnetic fields. This indicates only one type of
carrier in the Ca,Si film at given temperatures and
corresponds to the semiconductor type of conductivity [5].
At 200 K, the Ap/p(B) dependence strongly deviated from
the parabolic one, which indicates the possible contribution
of carriers with a different sign.

In the Ca,Si film formed at T 300 °C, the
measurements of the magnetoresistive effect were stable,
starting at a temperature of 1.5 K. However, at T = 1.5 K
the Ap/p (B) values were negative, which corresponds to
the existence of weak electronic localization in the film [6].
At a temperature of 50 K, the Ap/p values became positive,
but did not depend on the magnitude and direction of the
magnetic field. At temperatures of 100-250 K and
magnetic fields up to 0.5 T, the Ap/p values remained
negative, but at high magnetic fields the Ap/p(B)
dependence approached parabolic. Only at T = 300 K did
the Ap/p(B) dependence become parabolic for all magnetic
fields. This was confirmed by quasi-linearity at T = 100-
250 K and linearity at T = 300 K. The more complex
character of the Ap/p(B)dependence on temperature
indicates a competition between the contributions of
carriers with different signs at these temperatures, which
correlates with the data of LT Hall measurements and
confirms the presence of two types of carriers in the Ca,Si
film grown at T =300 °C.

The presence in Ca,Si films of two types of carriers to
be specified according to transmission electron microscopy
for the existence of embedded Mg atoms and a triple
silicide (Caz-xMgxSi).
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The renewed interest of researchers in porous silicon
(por-Si) in recent years is associated both with the problem
of resistance to oxidation of por-Si during long-term
storage under atmospheric conditions [1, 2], and with the
development of various microresonators, photonic crystals,
biosensors and nanocomposites [3-7]. To stabilize the
photoluminescence (PL) intensity of a por-Si, its surface
structure must be modified, for example, by incorporating
iron ions from an aqueous solution of iron nitrate
(Fe(NQs)s) into the pores and replacing Si—H bonds with
Si—Fe bonds [8, 9]. In [10], the optimal concentration of
Fe(NOs3)s in an aqueous solution was determined, which
ensured the preservation and enhancement of the
luminescent properties of por-Si after their immersion.
However, no correlation was established between the PL
and MIR spectra for mesoporous silicon (m/por-Si).

In this paper, we study the relationship between the
parameters of the PL spectra (intensity, position of the PL
peak) and the main peaks in the MIR optical spectra
responsible for the formation of various bonds of silicon
with atoms and ions on the surface and in the near-surface
region. The objects of the study were m/por-Si layers
treated by immersion with various durations (5, 10, and 20
minutes) in an aqueous solution of Fe(NOs); with the
previously established optimal concentration [10] and a
reference por-Si sample. The modes of anodizing the
samples, washing and drying, their thickness, sizes and
porosity, as well as registration methods, were consistent
with the data of [10]. The sample was divided into 4 parts
before measurements, one of which was a reference
sample, and the other three were working samples. The PL
spectra and transmission spectra were recorded at T = 20
°C with small intervals for 200 days.

It was found that in the reference sample and samples
treated by immersing for 5 - 20 minutes in an aqueous
solution of Fe(NOs); with a concentration of 0.5 M, the
same type of the PL intensity maximum dependences on
storage time is observed. After 150 days of storage, the
curves for the reference and working samples saturate at
different levels of intensity. The maximum PL intensity is
observed for a sample with 10 minutes of immersion, and
the minimum for a sample after 5 minutes of immersion.
For the reference and the sample, with an immersion time
of 20 minutes, a slight “blue” shift of the PL peak
maximum by 20-25 nm is observed, which corresponds to
the manifestation of active por-Si oxidation, a decrease in
the size of nanocrystals (NCs), and an increase in the
effective band gap in NCs. In the case of a working sample
(20 min), this corresponds to a decrease in protection

against oxidation due to the formation of iron islands on the
NCs surface. On the contrary, for 5 and 10 minute’s
immersions, such shifts were not noticed and indicate the
formation of a continuous layer of iron atoms, which
protects the PC from deep oxidation.

Registration of the MIR transmission spectra of the
reference and working samples showed that the peaks of Si-
H and Si-H, decrease rapidly, and the peaks of Si-O-Si, Si-
OH, 0Os-Si-H increase with the storage time. In the initial
storage period (0-10 days), the peak of the rocking bond Si-
O-Si (470 cm™) is absent in all samples. It appears only
after 14 days of storage for all samples, which corresponds
to the beginning of the oxidation stage of m/por-Si, which
is most pronounced appears after 53 days of storage in
accordance with the PL peak shift. The m/por-Si treatment
in an aqueous solution of Fe(NOs); somewhat delays
oxidation according to the Si—-O-Si peak (1170 cm™). The
intensities of the Si-H and Si-H, peaks almost
exponentially decrease due to H, desorption. The dangling
bonds are saturated with hydroxyl and oxygen ions: the Si-
OH (3400 cm™) bond intensity increases linearly, and the
Si-O-Si (1105 cm™) and O3-SiH bond intensities (880 and
2250 cm™) grow polynomially, which confirms the change
in the configuration of the bonds. In this case, the optimal
behavior according to the PL data is shown by a sample
with 10 minutes of immersion, which retains a higher
density of Si—H and Si—H, bonds. Iron ions do not enter into
a chemical bond with silicon and oxygen; therefore, the role
of adsorbed Fe lies in the formation of a passive diffusion
barrier, with an increase in the thickness of which the PL
intensity decreases.

The nature of the increase in the PL intensities and S-
O-Si and 0s-SiH bonds in the MIR spectra during long-
term storage for the working sample (10 minutes of
immersion) indicates the main contribution of
nonstoichiometric Si oxides with interstitial oxygen to the
PL signal. The 5 and 20 min immersions are not optimal.
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Barium disilicide (BaSi;) shows great promise as a new
material for thin film solar cells [1]. It has a suitable
bandgap of 1.3 eV, a large optical absorption coefficient ()
of 3x10* cm™ for a photon energy of 1.5 eV [2], and a large
minority-carrier diffusion length of about 10 pm [3].
Furthermore, it is composed of only earth abundant
elements and highly stable. Therefore, BaSi, can be used
for future terawatt-class power generation. We succeeded
to increase the minority carrier lifetime from 0.1 to 10 ps
by covering BaSi, with an amorphous Si (a-Si) passivation
layer [4]. And we have achieved the operation of BaSi,-pn
homojunction solar cell [5,6]. In this structure, an open-
circuit voltage (Voc) beyond 0.8 V and a conversion
efficiency (») beyond 25% are expected [7]. However, very
recently, 3D optical simulations showed that the parasitic
absorption in the n*-BaSi, electron transfer layer (ETL) is
too large because of large a [8]. To reduce such absorption,
the material of ETL must be wide-gap-semiconductor,
which transfers sun-light into a BaSi, absorber layer
efficiently. According to optical simulation, the
photocurrent increased from 18.0 to 30.2 mA/cm? by
changing ETL from n*-BaSi, to Al-doped ZnO (AZO).
However, no such device has been reported in operation. In
this study, we aimed to demonstrate the operation of n*-
AZOQ/p-BaSi; heterojunction solar cells.

We fabricated a 520-nm-thick BaSi; layer by molecular
beam epitaxy (MBE). After thermal cleaning at 900 °C, we
prepared a 5-nm-thick BaSi, template layer by reactive
deposition epitaxy on a Czochralski-p*-Si (111) substrate
(p < 0.01 Qcm), followed by co-deposition of Ba and Si,
and B to form a 20-nm-thick B-doped p*-BaSi, emitter with
p ~ 10%° cm3, and 500-nm-thick B-doped BaSi, absorber
layer with p ~ 10" cm™ by MBE. After the MBE growth,
the BaSi, films were passivated by plasma enhanced H
atoms [9]. Finally, a 3-nm-thick a-Si layer was deposited in
situ on the surface for surface passivation. 300-nm-thick
AZO and 50-nm-thick ZnO electrodes with a diameter of 1
mm were sputtered on the surface, and Al electrodes on the
back side. Furthermore, 100-nm-thick Ga,Os; was also
sputtered instead of ZnO, in order to reduce the conduction
band offset (CBO). The evaluation was carried out by the
current density versus voltage (J-V) characteristics under
standard AM 1.5 illumination and photoresponse properties
were measured. The band alignments were simulated by
automat for simulation of heterostructures (AFORS-HET).

J-V characteristics under AML1.5 illumination of n*-
AZO/p-BaSi, showed the rectifying property. It showed #
= 0.04%, a short circuit current density (Jsc) of 3.7
mA/cm?, and an Voc of 50 mV. The internal quantum
efficiency (IQE) exceeded 30% at 2 = 600 nm. This
efficiency is almost the same value as that obtained for
BaSi,-pn homojunction solar cells. Therefore, we can state
that we succeeded the demonstration of n*-AZO/p-BaSi;
heterojunction solar cells for the first time.

However, the values of IQE were much smaller than
simulation results, and leakage current was too large.
Maybe various factors are involved in this, but among
them, the interface defect at the heterojunction should be
considered. The electron affinity (EA) of BaSi, and ZnO
are 3.2 and 4.1 eV, respectively. So, it indicates a cliff
conformation with a negative CBO between ZnO and BaSi;
of 0.9 eV. The cliff conformation acts as a barrier against
the flow of injection electrons under the forward bias
condition, accumulates the electrons at the ZnO/BaSi;
interface and increases the probability of interfacial
recombination.

In order to reduce such CBO, we investigated a Ga,O3
buffer layer as a next step. EA of Ga,Os is between the
values of ZnO and BaSi;, and Ga;Os; shows n-type
conductivity natively. In this work, we formed n*-AZO/n-
Gay0s/p-BaSi, heterojunction solar cells. The J-V
characteristics were dramatically improved and the reverse
saturation current density (Jo) was reduced from 5.3x10° to
4.2x10° mA/cm? However, due to the high series
resistance (Rs) of Ga20s, the Rs increased from 340 to 6170
Q and the # was not achieved. In the future, the high #» will
be achieved by decreasing the thickness of Ga;0s.
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Semiconducting BaSi, has many advantages for solar
cell applications, such as a suitable band gap of 1.3 eV, a
large absorption coefficient of 3x 10*cm™ at 1.5 eV, and a
large minority-carrier diffusion length of ca. 10 um [1].
According to the first-principle calculation which was
performed by Dr. Kumar [2], the Si vacancies are most
likely to occur as point defects in BaSi. in both Si-rich and
Si-poor growth condition that lead to the degradation of the
optical properties of BaSi.. In our previous research [3], we
passivated these point defects by atomic H using the plasma
generator. The photoresponsivity of undoped BaSi. is
enhanced markedly by irradiation of H atoms onto BaSi;
thin films for 15 min thanks to the improvement of minority
carrier lifetime. The basic solar cell structure is a pn
junction. Thus, the next important step is the passivation of
impurity-doped p- or n-BasSi, thin films. In this study, we
investigate the effect of atomic H passivation on the optical
properties of B-doped p-BaSi.

First, Ba, Si, and B atoms were co-deposited at 600 °C
on the low-resistivity (p) Czochralski (Cz) n*-Si(111)
substrate (p = 0.01 Qcm) to form approximately 500 nm-
thick B-doped BaSi; for photoresponsivity measurement.
The crucible temperature of B (Tg) was set at 1100 °C,
wherein, the hole concentration (p) was 7 x 10 cm™
respectively at room temperature. Hereafter, we refer to
these as “lightly B-doped” sample. Second, we supplied the
atomic H by using the plasma generator with various H
supply duration (tu). Here, the power of plasma generator
and vacuum level was kept at 10 W and 103 Pa
respectively. Finally, 3 nm-thick amorphous Si (a-Si) layer
was formed to prevent oxidation. For photoresponsivity
measurement, 80 nm-thick indium-tin-oxide (ITO)
electrodes and 150 nm-thick Al were sputtered on the front
and back side of samples. This measurement was
performed at room temperature. To fully understand the
influence of B doping and H passivation on properties of
BaSi,, the first-principle calculation of total energy
projector-augmented wave method (VASP code) has been
used to calculated density of states (DOS) of H passivated
B-doped BaSi,. We used a 2 x 3 x 2 enlarged unit cell to
avoid strong defect-defect interactions. For the exchange
and correlation potentials, the generalized gradient
approximation of Perdew-Burke-Ernzerhof has been
implemented. The energy cutoff of 400 eV anda 5 x 5 x 5
mesh of Monkhorst-pack points for the Brillouin zone
integration were sufficient to ensure the total energy
convergence.

The photoresponsivity of all samples started to increase
at the wavelength of 1000 nm which corresponded to the

band gap of BaSi,. The smallest photoresponsivity was
obtained for the lightly B-doped BaSi, without H
passivation. The atomic H supply improved the
photoresponsivity of samples remarkedly, where
photoresponsivity reached a maximum value of ~4 A/W at
the wavelength of 800 nm of the lightly B-doped BaSi, with
ty of 5 min. This value is almost twice the highest value
previously reported for H-passivated undoped BaSi films.
The photoresponsivity of lightly B-doped BaSi, with ty of
15 min, exhibited further degradation, signifying that both
the bulk and surface regions acquired defects. In the bulk
region, the superabundant H atoms generated additional
defects, the same phenomenon has already observed in
crystalline Si [4]. Next, we studied the effect that B doping
with and without H incorporation had on the properties of
BaSi,. The B atoms sit in both substitutional site and
interstitial site which exist simultaneously. When a B atom
is a substitutional impurity, degenerated p-type
semiconducting properties occur. An H atom is directly
bonded to B atom, the Fermi level shifts to the band gap;
indicating semiconducting properties that are no longer
degenerated with no states in the band gap. In the case of B
atom acting as an interstitial impurity, we have found that
the localized states exist in the band gap and the Fermi level
is in the middle of these localized states. However, an H
atom is connected to B atom, the Fermi level shifts above
the localized states, meaning that these localized states are
inactive due to occupied by electrons.

Our investigation clearly shows that the
photoresponsivity of lightly B-doped BaSi; can be
significantly improved by the H passivation. These results
are in perfect agreement with the first-principle calculation.
The lightly B-doped BaSi, passivated by atomic H has a
great potential to be an absorber layer in BaSi;
homojunction solar cells in the future.
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Alkaline earth metals such as magnesium (Mg) and
calcium (Ca) are inexpensive due to their wide distribution
in the earth's crust, and their compounds with silicon -
semiconductor silicides are interesting for creating
thermoelectric converters [1]. According to theoretical
calculations [2—-4], semiconductors include calcium semi-
silicide (Ca.Si) with a band gap of 0.3-0.36 eV [2,3] to 1.02
eV [4]. The greatest difficulties for the growth of Ca,Si on
silicon substrates are poorly controlled diffusion of Ca into
the silicon substrate, the presence of a large amount of
silicides in the Si-Ca system, and their close heats of
formation [5]. In this regard, to date, experimental studies
of thick epitaxial Ca,Si films are lacking due to the lack of
a method for growing such films on a silicon substrate. For
the formation of bulk Ca,Si layers (100-300 pm), the
method of Ca diffusion through a sacrificial Mg,Si layer on
a Si substrate in low vacuum was proposed and optically
tested, but without determining the band gap [6]. As a result
of this approach, large-pore Ca,Si layers with poor
adhesion to the Si substrate were formed. We tested this
approach in ultrahigh vacuum (UHV) conditions using
reactive Ca deposition on a preformed thin (2.0 nm)
sacrificial Mg.Si layer on a Si (111) substrate to form a
Ca,Si film [7]. An ultrathin CazSi layer (2.0-7.0 nm) was
grown in this way on a Si(111) substrate under UHV
conditions.

In this work, for the first time, thick epitaxial
Ca,Si(100) films on a Si(111) substrate were grown by
molecular beam epitaxy (MBE) at low temperatures with a
preformed Mg,Si(111) sacrificial layer, and their atomic
and electronic structures, crystal structure, and optical
properties were studied.

The growth of Ca,Si films was carried out in the UHV
chamber of the OMICRON Compact unit with a basic
vacuum of 1-10™° Torr. The UHV chamber was equipped
with sublimation sources of Si and Knudsen cell for Ca and
Mg deposition, LEED, AES and EELS analyzers and
quartz thickness sensor. Rectangular FZ Si(111) strips
(4.6x12 mm?) of the n-type conductivity with a resistivity
of 1000 Q-cm were used as both substrates and/or
sublimation sources of silicon. The deposition rates for Ca
according to a quartz thickness sensor were 0.1 nm/min for
Mg substitution and 2.5 nm/min for MBE growth and for
Si it was 0.5 nm/min in all growth experiments. Three
samples with Ca,Si films were grown atop Ca,Si/Mg.Si
template with thicknesses of about 100 nm (2 samples) and
400 nm (1 sample) by MBE method at the substrate
temperatures 250 °C and 300 °C. The optical spectra of the
grown samples were measured on a Hitachi U-3010
spectrophotometer in the energy range 1.0-6.5eV and on a
Bruker Vertex 80v Fourier transform spectrophotometer in
the infrared wavelength range (1-25 microns). Raman
spectra emitted by light with a wavelength of 488 nm were

recorded at room temperature with a LabRam HR 800
spectrophotometer. The structure and phase composition of
the grown samples were determined by X-ray diffraction
(XRD) on a DRON-7 diffractometer using CuKa radiation
(A=1.54 A).

Thick epitaxial Ca,Si(100) films were first grown on
Si(111) substrates by forming a sacrificial Mg.Si(111)
template and converting it into the Ca,Si template. It was
found that a temperature of 250 °C is sufficient to transfer
it into the Ca,Si template with sufficient uniformity. During
Ca and Si co-deposition at 250°C, epitaxial Ca,Si(100)
domains with two orientations are formed in a thin (100
nm) film, and increasing the substrate temperature to 300°C
leads to a deterioration in the Ca,Si crystalline quality due
to a partial violation of its continuity and grain growth of
the CaSi phase from Si substrate. An increase in the film
thickness to 400 nm at 250°C led to the appearance, in
addition to the Ca,Si(100) epitaxial phase, of the second
Ca,Si(010) epitaxial phase with both contributing to the
LEED pattern. The calculations of the optical functions
from the transmittance and reflectance spectra in the
framework of the two-layer model showed the presence of
a first direct interband transition with an energy of Eiq =
1.095+0.015 eV for all grown Ca,Si films, but the nature of
the fundamental transition is not yet precisely established
due to strong defect absorption at 0.5-1.0 eV. The presence
of CaSi phase in thin CaSi epitaxial films (by XRD data)
leads to the appearance of absorption on free carriers at
photon energies below 0.5 eV. In the far infrared absorption
spectra of Ca,Si epitaxial films, 6 peaks were found (94.5,
163.7, 172.9, 197.8, 235.9, and 245.3 cm™), which are also
in good agreement with the theoretical calculations [8]. For
these peaks, absorption coefficients were determined by
which it will be possible to quickly and accurately (10% -
14%) determine the thickness of Ca,Si films grown on Si
substrates. According to Raman spectroscopy, 8 peaks
(108.7, 116.8, 132.8, 144.1, 188.3, 204.6, 241.2 and 252.7
cmt) were first established and identified in Ca,Si epitaxial
films, which are in good agreement with the theoretical
calculations [8].
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Synthesis and study of nanostructured materials is a
priority task for several sections of modern science. This
area of research is developing at an ever-increasing rate
because of its importance for understanding the properties
of matter on a nano-scale, on the one hand, and the need for
new functional materials for a wide variety of areas of
human activity. Nano-electronics, nano-photonics,
communications, energy, biotechnology, medicine - this is
not a complete list of applications of nano-materials. In this
connection, nickel nanoparticles (NPs) are of great interest
since surface plasmon resonance can be excited in them [1].
The use of a carbon shell protects metal NPs from oxidation
and various damage and also facilitates the creation of
samples in which interaction between particles is excluded.
The present work is devoted to the synthesis of the core-
shell Ni@C NPs by the electric explosion of the wire
(EEW) and their magneto-optical study. Magnetic circular
dichroism (MCD) was chosen for this study as one of the
most informative magneto-optical effects. MCD spectral
dependencies make it possible to evaluate the efficiency of
the plasmon excitations in dependence on the NPs
characteristics.

The synthesis of nickel NPs was carried out in the EEW
installation described in detail in [2]. To create carbon
shells on the surface of the particles during NPs synthesis,
gaseous butane was continuously fed into the apparatus,
where it was mixed with the working gas of the installation
immediately before entering the explosion chamber. The
amount of added butane determines the thickness of the C-
shell.

The energy introduced into the wire was determined by
the oscillograms of the current pulse passing through the
wire segment during EEW. The specific surface area of the
produced NPs was determined by low temperature nitrogen
adsorption using Micromeritics TriStar 3000 analyzer. The
BET data were used to estimate the NPs average size and
carbon shell thickness. Several characteristics of samples
are collected in Table 1.

X-ray phase analysis (XRD) and transmission electron
microscopy (TEM) were used for the fabricated NPs
characterization. To carry out the magneto-optical
measurements, NPs were embedded to transparent silicon-
based matrix. Magnetic circular dichrousm (MCD) was
measured in the normal geometry as the difference between
the photomultiplier voltages for two opposite directions of
an applied magnetic field in the spectral range 1.2-3.6 eV
in a magnetic field up to 12 kOe in the temperature range
95-300 K. The MCD dependencies on an external magnetic
field were measured at the light wave energy 3.25 eV.

Table 1. Parameters of several Ni@C powder samples and MCD
values in the spectral maxima at 1.52 and 3.3 eV measured for
NPs in silicon matrices.

- MCD value,
Specific Average Carbon 10
surface . shell -
Sample NPs size .
area, (nm) thickness, 15 3.3
(mZ/g) (nm) eV eV
1 8.8 82 4.3 -15 79
2 8.1 88 3.98 -1.7 8.2
3 9.36 79 5.46 21 117
4 13.2 57 4.48 -27 155

XRD patterns confirm the NPs good crystallinity, the
average NPs size determined with XRD and electron
microscope image corresponds to the BET data. The
spherical NPs shape and narrow carbon shell are seen well
in the electron microscope image.

Two wide maxima of the opposite signs are the
dominant features in the MCD spectrum for all samples:
negative maximum is centered at 1.5 eV and positive — at
3.3 eV. Distribution of the maxima intensities change from
sample to sample, at that the highest intensity is observed
for the smallest NPs size. The high energy maximum
corresponds to the surface plasmon resonance (SPR)
energy observed in the absorption spectrum of Ni NPs
fabricated in the SiO substrate with the Ni negative-ions
implantation [1]. In contrast to the diamagnetic shape of the
MCD spectrum in the region of SPR observed in noble
metals, for example, in gold [3], in our case, the MCD has
a paramagnetic line shape. This is not surprising since
nickel is a ferromagnetic metal. Thus, it is reasonable to
attribute the positive maximum in the MCD spectrum to the
SPR excitation in NPs. The negative maximum origin is not
clear now. However, this maximum can be useful for the
applications, since the energy of its gravity center
corresponds to the radiation energy of a semiconductor
diode laser (880 nm).
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Cobalt (Co)-tungsten (W) alloys have attracted much
interest of researchers because of their outstanding
mechanical, tribological, anti-corrosion properties and their
high wear resistance and potentially can be used in many
industries [1-2]. Nanowires (NWs) with high aspect ratio
are promising candidates as elements of computer logic,
magnetic memory and sensors [3]. In this study, we have
characterized magnetic properties of NWs according to W
content variations using the first order reversal curve
(FORC)-diagram method and micromagnetic simulations.

Nanowires  with  different composition  were
electrodeposited in porous alumina template with a
nominal pore diameter of 200 nm and pore length of 4 ym
under constant current density. The citrate electrolyte
contained cobalt sulfate heptahydrate (CoSO47H20),
sodium tungstate dihydrate (Na;WOQO.-2H,0), sodium
citrate tribasic dihydrate (CsH;Na3Os), boric acid (HsBO3),
citric acid (CsHsO7). Bath temperature was maintained at
30 °C. The concentration and applied current density were
adjusted to control the concentration of Co-W alloy NWs.
Finally, 8 samples with different atomic percentage of W
within range from 0 to 25.8 at. % were obtained.

Surface morphology and crystal structure of CoW NWs
was inspected by field-emission scanning electron
microscope and high-resolution transmission electron
microscopy. Microstructural modifications depending on
the tungsten content was studied by selected area electron
diffraction. The composition of NWs was determined by
inductively coupled plasma with mass spectrometer.

Magnetic properties of NWs were investigated by
vibrating sample magnetometer (LakeShore VSM 7410).
To determine the non-trivial magnetic behavior of
magnetic nanowires arrays the First Order Reversal Curves
(FORC) method have been used [4]. The FORC-diagram
method represents measurements of a number of minor
hysteresis loops, beginning at various starting fields Hr and
going to positive saturation with a fixed step. A FORC-
distribution is formed by hysterons with individual values
of Hr and H and can be calculated with a second order

mixed derivative of magnetization M in respect to applied

field H:
__ 10[M(Hg,H)—M(HR)]
p(Hg, H) = 2 dHROH @)

This method does not show the information about
reversible processes that makes it perfect for studying the
irreversible mechanisms of magnetization, such as
individual Barkhausen jumps. Resulting datasets were
processed with FORCinel and doFORC software to provide
the complete image of FORC-distribution.

To deeply investigate the magnetic structure of NWs,
micromagnetic simulations were performed with help of
MuMax® software package. An effective model, which
represents a magnetic CoW nanowire as a set of discs
located one on top of another with diameter equal to the
diameter of the nanowire and with the thickness equal to
the alloy grain size, was developed. Each disc had the same
constant of magnetic anisotropy, but random orientation of
crystallites in the disc’s plane. This model allowed us to
achieve the good agreement between the simulated and
expiremental data.

As a result, an evolution of magnetic properties based
on structural and morphologic properties of Co-W alloy
nanowires was described, values of interaction fields and
coercive force were determined, mechanisms of
magnetization and domain structure were studied using
simulations.
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Modern hard magnetic materials are multicomponent
systems with hysteresis properties provided by a careful
choice of chemical composition of alloy and methods of its
treatment [1]. The studies of relation between
microstructure and magnetic characteristics are in focus for
both known and new alloys. The rapidly growing field of
nano-technologies offers novel ways for creating nano-
materials. In present time the following methods exist:
powder metallurgy, melt spinning (MS), mechanical
alloying, severe plastic deformation (SPD) and others. SPD
has a number of useful properties such as production of
non-porous dense materials free of contamination. In the
present work we study the effect of multistage treatment
(including SPD) on the microstructure and magnetic
properties of (Nd,R)2(Fe,C0)14B (R = Pr and Ho) alloys.

Initial bulk samples of different composition [2-4]
NdzFe14B, (Nd,Pr).FeisB and (Nd,Ho)z(Fe,Co)1.B were
prepared in an induction or arc furnaces followed by re-
melting in quarts ampoules and injection through the
bottom orifice onto the surface of a quenching wheel
(centrifugal melt-spinning method). The obtained ribbon-
shaped flakes were about 10 mm long, 2-5 mm wide and
0.3 mm thick. Further SPD treatment was performed in
Bridgman anvils by torsion under high hydrostatic pressure
of 4 GPa at room temperature with the achieved true strain
of ~6 (5 revolutions). The samples after SPD were about 5
mm in diameter and 0.3 mm thick. The direction of pressure
application was perpendicular to the flakes plane. Samples
were also annealed (heat treatment (HT))at various
temperatures and different duration in vacuum.

The phase composition of samples was analyzed with
the X-ray diffraction technique at room temperature.
Surface morphology and chemical composition of the
samples were studied using scanning electron microscopy
(SEM) and atomic-force microscopy (ASM). The magnetic
measurements were performed with an SQUID
magnetometer and a PPMS installation (Quantum Design,
USA) in the temperature range 4.2 — 550 K. The
measurements were carried out for separate ribbons with
magnetic field oriented along the longest edge. For
comparison, bulk samples were also measured providing
similar M(H) results.

A highly anisotropic tetragonal Nd.Fe1.B-type phase
prevails in all compounds after MS procedure. Additional
phases of the RFe,-type and rare-earth oxides are also
detected. The analysis of X-ray patterns did not reveal a
presence of the o-Fe phase. The volume of amorphous
phase did not exceed 5%. Average grain size for the main
phase is 80-100 nm. It is worthwhile to mention that high
coercivity is usually obtained for the samples with grains
smaller than ~80 nm [5]. Nd.Fe1sB, (Nd,Pr),Fe1sB and

(Nd,Ho),(Fe,Co)1.B alloys have a strong uniaxial
anisotropy only at room temperature. Compounds exhibit a
spin-reorientation transition with the spontaneous magnetic
moment deviating from the c-axis as the temperature is
lowered (for example, below 73 K for Nd;PriFe14B). We
measured the magnetic hysteresis loops at 4.2, 150 and 300
K. The alloys have a high coercivity iHc = 20-22 kOe at
room temperature. However, the negative kink of
magnetization occurring in low demagnetizing field on the
descending part of the loop deteriorates the magnetic
energy product of the samples. Evidently, this
characteristic behavior is related to structural non-
uniformities of the material, such as coarse grains of
Nd;Fe14B-type phase and amorphous soft magnetic phases.

The structure, phase and chemical composition of melt-
spun alloys after SPD was also investigated by X-ray
analysis, SEM and ASM. X-ray analysis gave a
confirmation of a considerable increase of the amorphous
phase volume (about 65 vol%.). A cross-sectional SEM and
ASM images of a fracture of the sample show that SPD
favors the formation of a more uniform structure, but large
volume of amorphous phase prevents the formation of
high-coercive state. To crystallize the amorphous phase
into the 2-14-1 phase, the samples were further annealed.
Heat treatment regime consisting of an annealing at 750°C
for 15 minutes was found as optimal. This allowed us to
increase coercivity of samples (jHc = 23-25 kOe at 300 K).
A SEM and ASM images of MS+SPD+HT sample seen
that the quantity of highly anisotropic crystalline Nd,Fe14B-
type phase prevails in MS+SPD+HT sample with average
grain size of 70-80 nm for the main phase.

Summarizing, the described results provide a strategy
to multistage treatment of (Nd,R)-(Fe,Co)-B alloys in view
of their potential use as permanent magnets with improved
magnetic characteristics.
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Antiferroelectric (AFE) materials are important for a
number of applications, including their present large-scale
use in creating highly-piezoelectric solid solutions [1] and
prospective applications in future energy storage [2], non-
volatile memory technologies [3] and electrocaloric
devices [4]. In the scientific aspect, AFEs give difficult
questions on their theoretical description.

In the form of epitaxial films, AFEs offer additional
challenges such as not-yet-explained smearing of originally
very sharp (in crystals) double hysteresis (polarization --
electric field, P-E) loops [5], as well as smearing of
temperature-driven  phase  transitions  [6].  The
understanding of these effects in AFE films is much behind
the one for ferroelectric (FE) films, where the role of
effective internal bias field due to the asymmetry of the
interfaces has been rather rigorously identified as the origin
of smearing in many cases [7]. For AFEs this explanation
does not apply, since the homogeneous electric field is not
a conjugate field for the inhomogeneous AFE order
parameter. The missing explanation limits the practical
uses of AFE films that demand fine control over switching
processes.

We report on the direct characterization of the structural
changes in AFE films on approaching the critical field by
using in-situ x-ray diffraction. Instead of the anticipated
expansion of the volume, occupied by the near-interface FE
phase [5], an unusual ferrielectric structure is formed in
relatively large amount. Due to its non-zero net
polarization, it is expected to play the dominant role in
producing nonlinearity at low fields in the smeared P-E
double-hysteresis loops. The analysis of energetics of this
structure indicates that its formation is driven by a
competition of three trends -- towards short-period
modulations in defect-influenced sub-volumes in the film,
towards maximizing the polarization due to the interaction
with the field, and towards being commensurate with the
surrounding lattice still having the prototype AFE structure.

Epitaxial thin film PbZrOz; samples were grown using
pulsed laser deposition technique at UC Berkeley. The field
has been applied using Cr-Au top electrodes. The bottom
electrode was from SrRuOs;, which was the buffer layer
between PbZrQO; film and SrTiOs substrate. The in-situ x-
ray characterization was done using SuperNova single
crystal diffractometer.

An unusual new structure grows in volume
continuously on the increase of electric field, implying the
presence of two-phase state with moving boundary. We
manage reproducing this structure within the model
adapted from the analysis of magnetic modulated
structures, widely known as Anisotropic Next Nearest
Neighbor Ising Model [8].

Figure 1. Schematic the field-induced

representation of
ferrielectric phase unit cell. Arrows show displacements of Pb
ions.
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Iron sulphide FexSy and selenide Fe,Sey nanoparticles
(NPs) attract many attentions several last decades owing, in
particular, to wide range of their applications [1]. The
properties of these compounds depend strongly on the
technological conditions and can be changed noticeable at
the transition from the bulk to the nano-metric samples. The
present work is devoted to synthesis of the FexSy and FexSey
nanoparticles with the polyol mediated process using
different regimes of the heat treatment and to study of their
structure, magnetic and magneto-optical properties.

The nanoparticles were synthesized by the polyol
mediated process. It is a one-pot method involving the
reaction of stable precursors and solvent: iron (I1) acetate
(Fe(COOCH3)2) was used as the cation source, thiourea
(NH2CSNH2) —as the sulfur source in the case of sulphides
and selenium—oleylamin complex in the case of selinides,
diethylene glycol (DEG) — as solvent, and polyvinyl-
pyrrolidone powder (PVP) — as a capping agent. The
mixture of precursors was loaded into a three-neck round-
bottom flask equipped with a magnetic stirrer and an inlet
of argon gas and then heated with stirring to refluxing
temperature between 180 °C and 320 °C for 2-5 hrs. After
cooling to room temperature, a black colloid suspension
containing PVP-coated nanocrystals were formed. The x
and y values and, consequently, the particles phase
composition depended on the heating temperature. The
nanocrystals were separated from the suspension with a
magnetic field.

X-ray powder diffraction (XRD), high-resolution
transmission electron microscope (HRTEM) and selected-
area electron diffraction (SAED) were used to determine
the structure of the nanoparticles. Magnetization
dependences on an external magnetic field and temperature
were studied with the vibrating sample magnetometer at 80
— 300 K in the magnetic fieldupto 0.1 T.

To carry out the magneto-optical measurements, NPs
were embedded to transparent matrix. Magnetic circular
dichroism (MCD) was measured in the normal geometry as
it was described in [2]. As seen from Table 1 built on the
basis of the XRD and SAED data, the sulphide NPs phase
composition depended strongly on the heat treatment
temperature. HRTEM images show the sulphide NPs to be
irregular near-rectangular or hexagon plates with
dimensions of about 50 nm.

Magnetization curves of sulphide NPs with hysteresis
loops indicate their ferromagnetic behavior. The gradual
saturation magnetization (Ms) decrease from NPs 240 to
NPs 310 allows concluding that the FeS phase gives no
significant contribution to the measured Ms value. MCD
spectra are due to the FesS, phase also. It was shown that
the low energy maximum in the MCD spectrum can be

associated with the one-ion °T,(°D) —°E(°D) transition in
the Fe?* ions while higher energy maxima can be due the
interband electron transitions.

Table 1. Temperatures of the FexSy samples heat treatment, phase
concentrations and space group.

Phase
T (°C) Phase content Space group
(%)
240 Fe3s4 100 Fd-3m
250 Fe3s4 100 Fd-3m
260 Fe3s4 54(4) Fd-3m
FeS 46(4) P63/mmc
280 Fe3s4 40(5) Fd-3m
FeS 60(5) P63/mmc
300 Fe3s4 22(5) Fd-3m
FeS 78(5) P63/mmc
310 FeS 100 P63/mmc

In the case of the selenide NPs, the picture is more
complicated: for all regimes coexistence of several phases
was observed. It was difficult to single out any preferable
phase. The general features of the selenide MCD spectra
are a broad positive peak centered at about 1.65 eV and a
negative peak at about 2.75 eV. These spectra are similar in
shape to the MCD spectra for the polycrystalline a-FeSe
thin film presented in Ref. [3]. So, supposing is possible
that o-FeSe phase is the main magnetic phase in the
selenide NPs investigated.
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Spin configurations with topological stability promise
as a bit carriers for a new type of magnetic memories [1-3].
Well known topological states as meron [4], vortex [5] and
skyrmion [3,6] have already widely described theoretically
and studied on experiment. These states are characterized
by a fixed value of the topological charge (Nsk):

H (6_m x a—mjdx dy (@

wherem - unit vector of the local of magnetization [7] (for
meron and vortex Ng==0.5, for skyrmion Ng==1). Here we
show observation novel particle-like spin textures with
non-half-quantized topological charge. Easy cone
anisotropy (ECA) obtained experimentally in films
Cu(2.1)/Pd(12.6)/Pt(2)/CoFeSiB(1.5)/Ru(3)/Ta(5)
(thickness in nm) promaotes to stabilize non-trivial objects.
Micromagnetic structure of this objects was investigated by
simulation using Mumax? [8].

Perpendicular magnetic anisotropy (PMA) with
Dzyaloshinskii-Moriya interaction (DMI)[9,10] are
usually used for skyrmion stabilization in ferromagnetic
films. Since the value of Ns depends on the rotation angle
of the magnetization in domain wall, we proposed to
modulate the rotation angle by using easy cone anisotropy.
ECA occurs in films with strong second-order anisotropy
constant (Kz), the origin of high Kj is surface contribution.
In our films surface anisotropy was variates by surface
roughness of buffer layer. Easy cone anisotropy type in the
films was established from measurements of the
magnetization reversal process by VSM. The tilting angle
of the easy axis of magnetization (45°) was experimentally
determined from the polar diagram M,/M=f(#) with angle
6 to the film plane.

Bases on experimentally measured magnetic
parameters was performed micromagnetic simulations.
Detailed study revealed nucleation of meron-like state with
Ns=0.89 during out-of-plane magnetization process. After
relaxation in a zero field a meron-like spin configuration
has a mixed Bloch-Neel type domain wall structure.
Meron-like states have topological charge N<1 because
magnetization rotates less than 180 degrees from the center
to periphery. Moreover, we found that ECA allows stabilize

different chirality of topological states (left-handed and
right-handed) in comparison with DMI. Since the tilting
angle of the magnetization depends on the values of
perpendicular magnetic anisotropy constants (formula 2) it
possible to modulate the winding angle inside the domain
wall.

Opay = arcsin Kerr )
2K,

K1 u K> — the first and second order anisotropy constants.
We performed micromagnetic simulations of the film with
variable 6=am and found that topological charge of meron-
like states could be precisely control in range from 0.5 to
1.0. Also, the changing of anisotropy allows to control
diameter of the core in these states.
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At present, more and more spintronics devices are
already close to be manufactured by the semiconductor
industry, including MRAM based on STT and even SOT
effects [1,2]. Typically, such devices are built on vertical
MTJ [3]. While semiconductor spintronics usually works in
planar geometry. Vertically stacked ferromagnetic metal
(FM)/ semiconductor (SC)/ FM trilayer structures can
combine both methods and therefore can be prospective for
both vertical- and planar-type SC-based spintronic device
applications. Large scientific interest is paid to FM Heusler
alloys with high spin polarization, like FesSi, CozFeSi,
Fe2MnSi, CozFeAl, since they have cubic crystal structures
and can be epitaxially grown on various semiconducting
substrates [4]. In this work the epitaxial FesSi/Ge/FesSi
structure was synthesized. Structural, magnetic and
transport properties were studied. Also using lithography
process two simplest devices based on FesSi/Ge/FesSi
structure was fabricated.

The multilayer FesSi/Ge/FesSi structure on Si(111)7x7
was obtained using the modernized ultrahigh-vacuum
molecular beam epitaxy unit “Angara”. Epitaxial film
growth was controlled in situ by reflection high-energy
electron diffraction (RHEED). In addition, the structural
properties of the films were investigated by transmission
and scanning electron microscopy (TEM and SEM).
Transport properties measurements of trilayered structure
and prepared devices were performed at cryogenic probe
station Lakeshore EMPX-HF 2 and home built facility
equipped with a helium cryostat, an electromagnet and
KEITHLEY-2634 source meter in the temperature range
from 4.2 K to 300 K. Ferromagnetic resonance (FMR)
spectra were measured using Bruker Elexsys E580
spectrometer operating at the X-band (9.7 GHz).

Iron silicide layers were obtained by simultaneous
thermal evaporation in a ratio of Fe:Si = 3:1. The FesSi
deposition rate was about 0.33 nm/min, and Ge — 0.54
nm/min. The thickness of the first layer of iron silicide was
d; =62 nm, of the layer of germanium — d> = 39 nm, and of
the second layer of FesSi — d; = 20 nm. The base vacuum
in the process chamber was 1.3x10°8 Pa. Before synthesis,
the Si (111) silicon substrate was subjected to chemical
treatment in air followed by thermal annealing in ultrahigh
vacuum at 900 ° C. Annealing was performed until
additional reflections from the reconstructed Si (111) 7 x 7
surface appeared on the RHEED pattern. After that, the
temperature of the substrate was reduced to T =230 °C, and
was maintained for 60 minutes before sputtering. After
deposition of the first layer of iron silicide FesSi on
Si(111)7x7 reflections in the form of vertically elongated
strands appear on the diffraction pattern, forming an

ordered network. Such diffraction pattern geometry
corresponds to an island single crystal structure, and its
formation proceeded epitaxially. The analysis shows the
formation of FesSi silicide, the orientation ratio of the
silicide film is - FesSi (111) [1-21] || Si (111) [11-2]. Then
the germanium was deposited at the same temperature. Dot-
shaped reflections are present on the RHEED pattern,
which corresponds to an island monocrystalline structure.
From here we can conclude that the germanium layer on the
surface of single-crystal FesSi at T = 230 °C is also formed
epitaxially. When the upper layer of silicide is sputtered
onto a single-crystal Ge/FesSi/Si(111)7x7 structure at a
temperature of 230 °C, reflections in the form of points
forming a rectangular network are also present in the
diffraction pattern. Analysis of the pattern confirms the
formation of FesSi silicide. Using the RHEED pattern
analysis, we determined the orientation ratios of each layer
of the three-layer structure of FesSi/Ge/FesSi on Si(111):
FesSi(111)[1-21] | Si(111)[11-2]; Ge(111)[1-21] ||
FesSi(111)[1-21]; FesSi(-211)[01-1] || Ge(111)[0-11]. In
support of this, the angular dependences of FMR spectra
have a periodic shape, which is due to the magnetic
crystalline anisotropy of the films. The maxima of the
resonance field correspond to the crystalline directions of
the FesSi [111] film.

To study the magnetotransport properties, 1) three
samples were prepared: a three-layer structure with
electrical contacts on the upper film; 2) a planar device with
a gap in the upper film; 3) a vertical device with contacts
on the upper and lower FesSi films. The structure and the
devices demonstrate magnetoresistive effects, which are
most likely related to spin-dependent electron transport and
caused by spin injection in Ge and spin detection in FesSi.
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Crystals with a certain symmetry and magnetic films are
of particular interest from the practical point of view. Due
to the formation in these systems of stable spiral formations
- magnetic skyrmions. Individual skyrmions can be
stabilized using the Dzyaloshinskii—-Moriya (DM)
interaction. Recent demonstrations of control of individual
nanoscale skyrmions - including their creation, detection,
manipulation, and annihilation - have raised expectations
for their use in future spintronic devices.

In the simulation of spin systems, the Metropolis
algorithm, one of the numerical Monte Carlo methods, has
proven itself well. It allows to successfully study the critical
properties of systems with complex Hamiltonians in a wide
range of temperatures and other external parameters.

The relevance of studying of spin systems with DM
interaction using computer simulation lies in the possibility
of studying phase transitions, critical phenomena, and
thermodynamic and magnetic properties of such systems.
Understanding these properties is important because of the
development of data storage devices that use magnetic spin
systems to store information.

In this work, we developed a model and a software for
simulation of magnetic skyrmions taking into account the
DM interaction. The influence of the DM interaction on the
spin system in frame of the Heisenberg model was
analysed. We used the next Hamiltonian in our research:

Hi==1) 5 (St Seg+ S @

T
Howi = =D ) Sy XSpig 45, XS 9°9
T

+Sr+2°203)

B=-B,) S ®

T
A =AZZSE 5)
T

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

We studied skyrmions of various types, determined the
values of the external and internal simulation parameters,
which are necessary for the creation and stabilization of
skyrmions in magnetic two-dimensional ferromagnetic
films. We have demonstrated switching between different
stable skyrmionics states depends on various external and
internal parameters, e.g. a value of DMI or external
magnetic field. We have proposed a method for creating
and controlling the motion of magnetic skyrmions in 2D
films.
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This paper presents a theoretical study of the effect of
the magnetostatic interaction on the blocking temperature
of core/shell nanoparticles. It was shown that the blocking
temperature of nanoparticles increases with an increase in
the magnetostatic interaction between them, and the
influence of the interaction exerted is more pronounced for
larger nanoparticles.

In this work, we use the core/shell model of a
nanoparticle, which was described in detail in our earlier
articles [1, 2]. According to [1, 2], nanoparticles can be in
one of four magnetic states that differ in the mutual
orientation of the magnetic moments of both phases (core
and shell): (T7), (1), (4) and (IT). The magnetic states of
the studied nanoparticles are determined using the matrix
of the frequency of transitions from one state to another:

\ , Wiy
Wik= _ZWU_VV‘“" l=k, ’ V= W4_2
J#i W43

Wki - W4i! l ?‘: k,

where W;;, = fyexp(—E;,/kgT) are matrix elements of the
matrix of probabilities of transition from the i-th
equilibrium state to the k-th, f; is frequency factor, E;;, =

ES™ — ET™™ s the height of the potential barrier, and
ES™™ s the smallest of the maximum energies that
correspond to the transition of the magnetic moment from

the i-th equilibrium state with energy EC™™ to k-th state.

Using the transition matrix, it is possible to determine
the relaxation time t,, of the core/shell nanoparticle through
the eigenvalues w;, of the transition matrix W;,

Det |Wik - Wk6ik | = 0, (1)
which are the inverse times of the transition from one state
to another |w, | = 1/7,.

Using the maximum transition time T = Ty 4y, it iS
possible to exclude all transitions to the equilibrium state
with shorter relaxation times, since all such transitions will
be completed.

(Tp(@)) = Ty max(Tp(a),a,h) = Lexp- (2)

This relation is used to estimate the blocking
temperature of particles of size a located in the interaction
field h. In this case, all nanoparticles with relaxation times
equal to or greater than the measurement time t,,,, are
“blocked”.

However, in real systems, particles are distributed over
the sizes a and the fields of the magnetostatic interaction h.
In this case, the ratio averaged over a and h takes the
following form:

[ temes @) f@daWWAR = by, 3)

where f(a)da and W (h)dh are the distribution functions

over the sizes and fields of interaction [1], respectively.
The calculation of the dependence of the blocking

temperature T, on the concentration (magnetic interaction)

showed that an increase in the concentration of core/shell
nanoparticles leads to an increase in T, which is confirmed
by a number of experimental [3, 4] and theoretical works
[5, 6]. An increase in the blocking temperature occurs due
to an increase in the degree of randomization of the
magnetic moments of nanoparticles. The effect of
magnetostatic interaction on the blocking temperature is
more significant for larger particles. So, for example, at a
high concentration of nanoparticles (c =0,5), T, of
interacting particles with a size of a = 40 nm increased by
19% compared with the T, value of non-interacting
nanoparticles. For particles a = 10 nm in size, the increase
in the blocking temperature of interacting nanoparticles
compared to T;, of non-interacting nanoparticles was only
4%. This feature of the behavior of the blocking
temperature is due to the increased interaction of the
magnetic moments of the particles (m~a3).
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In paper [1] authors showed the possibility of
remagnetization of FePt L1y granular films by ultrashort
femtosecond laser pulses. The magnetization direction is
dependent on polarization helicity of laser beam. This
happens due to inverse Faraday effect. The physics of this
phenomenon and exact effect of laser pulse to
magnetization is not fully theoretically described.

Moreover, in detailed experimental review of the
material after the experiment it was showed that the
magnetisation is non-uniform and consists of uniformly
magnetized clusters with diameter 10-100nm.

In our work we treat the inverse Faraday effect as
external directed magnetic field Boy and simulate the
remagnetization process in frames of probabilistic
approach with using Metropolis method. We showed the
dependence of cluster size on time of laser impulse, its

strength. We proposed and checked the cluster-size-based
order parameter:
D= Z<i,j> é‘(Sisj +1)

(N2+N)/2
where s; defines the direction of granule along z-axis (+1 if
up -1 if down), N is total number of granules and
summation runs over all interacting pairs <i,j > of
granules.
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A complete understanding of the magnetic response of
an amorphous alloy requires comprehensive studies of
magnetic anisotropy at various scales. In this paper such a
study is carried out for the soft magnetic amorphous
FeCuNbSiB ribbons in as-quenched state, the ribbon
compositions are shown in Table I.

Table 1. Composition of ribbons.

Fe (at. %) Cu(at. %) Nb (at. %) Si(at. %) B (at. %)
70 1 3 13 13
71.5 1 5 16.5 6

73 15 3 16.5 6

74 1 3 16 6
74.3 0.2 3 16.5 6
745 1 3 13.5 8

75 1 3 13.5 7.5
77 1 0 16 6

77 1 3 13 6

77 1 3 14 5
775 0.5 3 8.5 10.5

The rapidly quenched FeCuNbSIB ribbons fabricated
by the spinning technology are amorphous alloys in which
a certain amount of the crystalline phase can form,
depending on the elemental composition, production
conditions, and external influence (temperature treatment)
[1,2]. These alloys have a number of advantages: excellent
magnetic properties, high strength and corrosion resistance.
Amorphous FeCuNbSiB alloy is known as precursor for the
soft magnetic nanocrystalline alloy prepared by the thermal
treatment of it, that have had found application in magnetic
cores for high-frequency transformers, sensors for weak
magnetic fields and deformations, magnetic screens [2]. In
a ferromagnetic amorphous alloy, any structural defect
generates a non-uniform magnetization, which can be
described using local magnetic anisotropy, characterized
by direction of its easy axis, the magnetic anisotropy
constant, and the scale within which the local easy axis is
uniform. Ultimately these features determine the magnetic
response of the alloy and, therefore, its applied potential.

The structure of the ribbons was controlled by x-ray
diffraction (Bruker D8 Advance) and transmission electron
microscopy (FEI TITAN 300). The domain structure was
studied using a magneto-optical Kerr microscope Evico
Magnetics GmbH; magnetic hysteresis and Curie
temperature of the alloys was measured using a
vibromagnetometer (heating rate 10 K/min).

Despite the fact that the magnetic anisotropy induced by
the rolling of the ribbon is not observed in hysteresis loops,
a fingerprint-like stress pattern in the domain structure of
the ribbon disappears in different fields when they are
oriented along and across the rolling axis [3]. The
fingerprint-like domains and planar domains of amorphous
FeCuNbSiB alloys are shown to be elongated along some
directions, indicating the existence of an effective easy axis
near the ribbon surface [3].

A correlation between the local magnetic anisotropy
constant and the value of the nanoscale within which the
local easy axis is ordered was found [4]. The correlation of
these parameters is established and can be described using
the Eq.1:

a
Kiocar = Ky + R_g 1)

A similar dependence with an exponent equal to one
was previously observed for nanoparticles, nanogranules,
and nanocrystalline substances [5]. The formation of an
internal surface separating regions with an ordered local
easy axis as the cause of this correlation is discussed.
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Antiferromagnets are inherently promising for active
elements as they have net zero magnetization, making them
robust to external magnetic fields. These qualities
combined with the rich physics of their spin dynamics have
inspired new theoretical investigations and experimental
techniques, including fundamental studies of spin-orbit
interaction, new electrical and optical methods of
controlling antiferromagnetic order, and the creation of
hybrid structures with novel switching characteristics and
to energize the field of antiferromagnetic spintronics,
which aims to understand and control the dynamics of
antiferromagnetic moments or spin transport for use in
new-concept solid-state devices.

In this work, we developed an antiferromagnetic model
and a software for simulation of magnetic skyrmions taking
into account the DM interaction in frame of classical
Heisenberg model. The Hamiltonian was:

H=]) S (Sree+ Seeg+ Se2)@
r

Howmi = =D ) Sy XSpig 45, XS 9°9
T

+Sr+2'2(3)

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

In this work, we demonstrate that a skyrmion-
antiskyrmion pairs can be nucleated in antiferromagnets,
based on Monte-Carlo simulations in frame of Heisenderg
model with Dzyaloshinskii—-Moriya (DM) interaction.

In our work, we plan to develop a method for
controllable generation of skyrmions and antiskyrmions in
2D antiferromagnet films. To study methods for stabilizing
skyrmions in antiferromagnets.
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To search for new magnetic materials, we suggest to use
a traditional crystal chemistry sequence composition —
structure — property — function in a reverse order. In this
case, first, we choose a functional material — a prototype for
prediction, and, thereafter, the structural-magnetic model
of this compound is calculated based on the crystal
chemistry method we developed [1, 2]. Such a structural—
magnetic model is based on crystal chemistry parameters
(crystal structure and ions sign and strength). This model is
characterized with (1) sign and strength of magnetic
couplings; (2) dimensions of the magnetic structure, which
not always coincide with those of the crystal structure; (3)
presence of magnetic frustrations on specific geometric
configurations; and (4) possibility of reorientation of
magnetic moments (transition of the antiferromagnetic —
ferromagnetic type) at shifts of intermediate ions localized
in critical positions.

The structural-magnetic models enable one to reveal
main correlation relationships between the compounds
structures and magnetic properties and to determine, on
their basis, the crystal chemistry criteria for targeted search
of new functional magnetics in the Inorganic Crystal
Structure Data (ICSD) database.

Below are presented the examples of out method
application:

- We have built structural-magnetic models of well-
known multiferroics TbMn,Os, BiMn,Os [3], and BiFeOs
[4], formulated the crystal chemistry criteria for the search
of multiferroics, and revealed four potential ones in the
ICSD database: Pb,Cu(OH)4Cly, PbsCrsF1g,
Mn(SeO3)-H20, and BiPbSr.MnOs [5].

- We have determined the crystal chemistry criteria of
the formation of chiral magnetic soliton lattice in CrisNbS;
and six isostructural compounds: CrysTaS;, VysTaSy,
V1/3Nb52, Ti1/3Nb82, CI’1/3NbSEz, and CI’1/3T¢':1382 [6] We
have demonstrated the possibility of emergence of chiral
magnetic  solitons in  hexagonal metal formates
[NH*[M(HCOO);], with M?* = Mn, Fe, Co, Ni, and
KCo(HCOO)s, in which these criteria are valid [7].

The search for potential materials characterized with
realization of quantum spin liquids (QSL) comprises an

important task in the physics of condensed matter. At the
present stage of study, the frustration of magnetic
interactions is considered as the main parameter, which
must characterize possible candidates for QSL.

- We have determined the structural-magnetic models
of frustration of volcanic minerals of Kamchatka based on
copper oxocentric tetrahedra (OCus). We have also
identified quasi-one-dimensional frustrated
antiferromagnets piypite (K4Cu40,(S04)sMeCl),
klyuchevskite (K3Cus(Feo.s2Alo.18)02(S04)4) [8], and
kamchatkite (KCusOCI(SO4)2) [9] and quasi-two-
dimensional frustrated AFM averievite
(Cus02(VO4)2(Cu*Cl)), ilinskite (NaCus02(Se0s).Cls), and
avdoninite (K2CusClg(OH)4-2H20) built from layers of
corner-sharing Cus tetrahedra located on the kagome [10].

- We have built the structural-magnetic model of
herbertsmithite (ZnCus(OH)sClz) — the most well-known
spin liquid — and performed, on its basis, the search and
study of potential spin liquids in the ICSD database.
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Today, there is a question about the need to modernize
technologies in various fields of life and production. One
solution to this problem is to use and introduce new types
of magnetic nanoparticles into some of them.

Small sizes of particles and their compounds and the
possibility of varying their shape are often useful when
exposed to an electromagnetic field, especially, if the
particles in one way or another react to its change (heating,
change of magnetization orientation, etc.) But depending
on the modification of ion compounds, the synthesis
method, and coatings, the nanoparticles can have chemical,
optical, and magneto-optical properties are different from
each other.

Tomsk State University provided samples of iron
nanoparticles obtained by laser ablation in air at different
temperatures to the Institute of Physics named after L.V.
Kirensky SB RAS.

Synthesis of the materials

NPs were obtained using the focused radiation of an
Nd:YAG laser LS-2131M-20 (LOTIS TII, Belarus). The
PLA was carried out at the wavelength of 1064 nm. The
pulse duration was 7 ns and the repetition frequency was
maintained at 20 Hz. In this work, the total energy of the
laser pulse from the nanosecond laser (150 mJ) was used.
Changing the focusing allows one to change the pulse
density of the radiation power (energy) on the target
surface. In this case, a power density of 400 MW/cm2 was
chosen.

The obtained sample was annealed in a muffle furnace
SNOL 6.7/1300 (Lithuania) in the temperature range of
100-600 °C. The heating rate was 10 °C/min, and the
holding time at a given temperature was 4 h. Next, the
initial sample was marked as Fe_initial. The Fe_T was used
to mark the samples after annealing, where T is the
annealing temperature.[1]

Nanoparticle’s morfology were studied with a Hitachi
TM 5500 trasmission electron microscope equipped with
an EDS attachment.

Magneto-optical received at

spectra were room

temperature in range 350-620 nm with an apparatus for
spectrometric studies developed at the IPH SB RAS based
on the MDR-2 monochromator. Field up to 15 kQOe, spectral
resolution was 1 nm.

The average particle size obtained at room temperature
is 20 nm. Particle size of Fe_600 (average) is 65 nm. This
shows that with an increase in the firing temperature, the
particles begin to unite into groups/ ensembles.

The spectra of all samples have several common
features and a rather complex structure, which is due to
interband electronic transitions in the iron ion. A
comparative analysis of the graphs of MCD makes it clear
that the “FeAir initial” sample has magneto-optical
properties corresponding to magnetite (FesQs), the “FeAir
600°C” sample rather exhibits characteristics close to
hematite (a-Fe2Os). The sample “Fe Air 300°C” is
superposition of this states. It is also noticeable that the
transition to maghemite (y-Fe,Og) is not observed.

Conclusion

A number of magnetic NPs with varying characteristics
were obtained as a result of synthesis via hanosecond PLA
of the iron target in air and the subsequent annealing
treatment. The powder initially obtained by PLA contains
spherical NPs of iron oxide with the magnetite (FesOa).
Annealing led to the enlargement of the particles and to
transmition to hematite(a-Fe.Os) with increasing firing
temperature.
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Fe-, Co-containing ferromagnetic oxide coatings on
different valve metals have been formed by Plasma
electrolytic oxidation (PEO) technique under the same
conditions. It has been established that the value of the
coercive force decreases in the series Zr> Nb> Ti> Al, and
the value of the saturation magnetization of the
ferromagnetic component decreases in the series Al> Zr>
Nb> Ti. Differences in the ferromagnetic properties of Al-
samples and Ti-, Zr- and Nb-samples correlate with
differences in the elemental composition of the pores of the
coatings.

PEO is the formation of oxide coatings on vavle metals
in electrolytes under electric spark and / or microarc electric
discharges. During PEO, electrolyte components can be
introduced into a growing coating. To impart ferromagnetic
properties to PEO layers, the iron triad metals, including
disperse particles, oxides and complex salts can be added
to electrolyte formula before PEO treatment [1-3]. Our
approach is related with using the electrolytes with
colloidal hydroxides of these metals [4].

Fe-, Co-containing PEO coatings have been formed
galvanostatically at an effective current density of
0.1 A/lcm? for 10 min in PBWFeCo electrolyte-sol,
containing (mol/L): 0.066 NasPO, + 0.034 Na.B,O; +
0.006 N3.2WO4 +0.02 FEZ(C204)3 +0.04 CO(CHsCOO)z.

Table I gives the elemental compositions and magnetic
characteristics of PEO-coated samples. As can be seen from
the data obtained, the use of electrolytes-sols with dispersed
particles of iron and cobalt hydroxides allows obtaining the
coatings with a ferromagnetic component on all the studied
paramagnetic valve metals (Al, Zr, Nb, Ti).

Table 1. Calculated values of the coercive force Hc, magnetic
susceptibility u of the samples and saturation magnetization Ms of
the ferromagnetic component at 300 K and element composition
of the coatings (as to X-ray spectrum analysis)

Element composition, He, 6 Ms,
Metal (at. %) ©e) M1 (emuig)
2.1Fe, 24 Co,0.2W, 2
Al 0.6P. 27.8 Al. 7320 113 0.9 3.2x10
41Fe 42Co,1.1W,
Ti 7.1P,2.4Na, 75Ti, 144 3.02 3.8x103
73.6 0
3.8 Fe, 3.0Co, 1.6 W,
Nb 6.3 P, 1.4 Na, 7.7 Nb, 308 1.39  6.5x10%
7260
5.4Fe, 3.6 Co, 1.4 W,
Zr 5.2 P, 1.2 Na, 10.5 Zr, 364 1.26  7.3x103

73.20
As to the values of the coercive force Hc at room
temperature (Table 1), the samples with ferromagnetic PEO
coatings are arranged in a row: Zr> Nb> Ti> Al. At the
same time, the series Al > Zr > Nb > Ti is obtained from

the values of the saturation magnetization of the
ferromagnetic component of the samples. Ms for aluminum
samples is 5-10 times higher than that for Ti-, Zr- and Nb-
samples. This may be because the total concentration of
iron and cobalt in the pores of the coatings is higher for Al-
sample than for other studied samples (Table II).

Table I1. Elemental composition of the pores (at. %)

Metal (0] Na P Fe Co W M

Al 121 - - 256 456 - 22.1Al
Ti 357 29 102 128 129 13 242Ti
Zr 483 10 038 7.5 5.6 6.4 304 zr
Nb 503 04 50 105 94 11.0 134Nb

Elevated concentration of iron triad metals and a lack of
oxygen for the formation of their stoichiometric oxides may
indicate the presence of reduced and even metallic iron and
cobalt in the pores of the coatings. The presence of reduced
iron in PEO coatings on aluminum and titanium was
previously shown by XRD and XPS methods [5, 6].

As to the fraction of iron in the total atomic
concentration of iron and cobalt [Fe]/([Fe] + [Co], the
series Zr (0.57) > Nb (0.53) > Ti (0.5) > Al (0.36) is
obtained for the pores of the coatings on Zr, Nb, Ti and Al,
respectively. This series of decreasing iron fractions
correlates with a series of decreasing coercive forces of the
samples.
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A comprehensive study of the structure and phase
composition, magnetostrictive and magnetic properties of
the compounds (SmosRos)Fez (R = Gd, Th) was performed.
Using atomic force and magnetic force microscopy, the
surface topology at the micro and nanoscale has been
established, and information on the magnetic domain
structure at room temperature has been obtained. The effect
of partial replacement of samarium with gadolinium and
terbium on the surface microstructure and domain
structure, the temperature of phase transitions, the
magnitude of magnetostrictive  deformations and
magnetization is studied.

The high magnetostrictive Laves phases of the RFe;
type are of great interest from both the applied and
fundamental points of view. SmFe2 and ThFe2 compounds
have the highest saturation magnetostriction values at room
temperature (—1.5+103 and + 1.7+10°3, respectively), while
they are opposite in sign. GdFe2 at room temperature
shows an insignificant positive value of magnetostriction.
When samarium is partially replaced with terbium, with a
terbium content of 0.4-0.5 at/fu., the sign of
magnetostriction changes [1]. In addition, when replacing
the light rare-earth ion Sm®" with heavy Tb3* and Gd®*, a
composition with magnetic compensation of magnetization
can be obtained. The contents of Th*" and Gd** in this case,
according to calculations, are also close to 0.5 at./f.u.

The aim of this work was a comprehensive study of the
structural, magnetic, and magnetostrictive characteristics
of SmgsGdosFe; and SmosThosFe; compounds and their
comparison with similar SmFe, characteristics obtained by
us earlier [2,3].

As the initial components, metals of a high degree of
purity were used: (99.99%). SmosGdosFe; alloy was
obtained by high-frequency induction melting in an
atmosphere of highly pure argon, while SmosThgsFe; was
obtained by the arc melting method. In order to equalize the
composition of the obtained alloys, homogenizing
annealing was performed. As shown by x-ray studies, the
content of the main phase with the MgCus structure in the
compound with gadolinium reaches 97%, while in the
compound with Tb - 88%. No significant distortions of the
cubic crystal structure at room temperature were detected,
the unit cell parameters are 0.7397 and 0.7375 nm,
respectively (decreased compared to SmFey).

The morphology of the surface of the alloys was studied
by atomic force microscopy (AFM) using a SMENA-A
scanning probe microscope (Solver, NT - MDT
Zelenograd, Russia) in the semi-contact mode at room
temperature. The obtained AFM images of the surfaces of

the chips were processed by the software for visualization
and analysis of Nova_873. Studies of the domain structure
of the samples were performed on polished thin sections by
magnetic force microscopy (MFM) using a two-pass
technique. Unlike SmFe; [3], the studied alloys have a
nonuniform and inhomogeneous surface microstructure
with large (diameter 5-7 um, height up to 500 pum)
agglomerates in the form of a radially-cellular
crystallization front of small particles (50-70 nm). Regions
of the cell-like surface, similar to SmFe,, but with large
sizes (from 1.2 to 1.4 pm), are unevenly distributed
between the agglomerates. The domain structure of the
samples is irregular; strip domains with a strip width of 10—
20 pm of a cellular shape are observed.

The magnetization of the alloys was measured using
induction and vibration magnetometers in the temperature
range of 80 - 800 K in magnetic fields up to 1.8 T. Studies
have shown that the Curie temperatures of SmosGdosFe:
and Smg s Tho sFe; compounds have close values (~ 645 K),
lower than the initial SmFe;. The magnetization of
compounds at room temperature decreased by about 3
times, i.e., partial compensation of magnetization is
observed.

Magnetostriction was measured by a strain gage method
in magnetic fields up to 1.2 T along the direction of the
magnetic  field (longitudinal magnetostriction) and
perpendicular to it (transverse magnetostriction) in the
temperature range from 80 to 360 K. The significant
decrease in the anisotropic (difference between
longitudinal and transverse magnetostriction)
magnetostrictions was established. The peak in the
temperature region of the spin reorientation expands
significantly, compared with the initial SmFe, composition,
and shifts to the region of low temperatures
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Effects related with strong spin-orbit interaction attract
much attention in magnetism. One of such effects is
Dzyaloshinskii-Moriya interaction (DMI). Interface DMI
reveals in the thin film systems consisting of adjacent heavy
metal and ferromagnetic layers. It was considered that
solely DMI is responsible for asymmetric growth of the
domains in combination of lateral and perpendicular
magnetic fields [1]. A method of DMI evaluation based on
the measurements of the velocities of domain walls was
proposed [1, 2]. However, recently it was shown that there
is another spin-orbit effect which may lead to asymmetrical
domain walls propagation, so-called chiral damping effect
[2]. Since these effects act together, it is challenge to divide
the contributions from them to the domain wall motion. In
the present paper the Pd/Co/Pd (111) system with strong
chiral damping effect was investigated. In spite of
symmetric composition of the system, Co layers are
asymmetrically strained. Asymmetry of the strains may be
origin of non-zero DMI and chiral damping in this system.
The aim of the paper was investigation of the DMI and
chiral damping effect as functions of the thickness of
bottom Pd layer. We found a strong increase of the chiral
damping effect with increasing of the thickness of Pd
bottom layer which is related with increasing roughness of
Pd/Co/Pd trilayers.

Pd(1-10 nm)/Co(1 nm)/Pd(3 nm) trilayers were
epitaxially grown on Si(111) substrates with Cu(2 nm)
buffer layers. Dependencies of the lattice parameters of the
layers on the thickness of the layers were determined by
means of reflection high energy electron diffraction. Lattice
parameter of Pd bottom layer depended on the Pd thickness
and increased from 0.383 nm to the value of bulk Pd lattice
parameter, 0.389 nm, if the thickness of Pd bottom layer
increased from 1 to 3 nm. Hence Co layers grown on
thicker Pd layers were more strained than Co layers
deposited on thinner Pd layers. However, asymmetry of the
strains, the relative difference between the lattice
parameters of the Co bottom and top interface layers,
weakly depended on the Pd bottom layer thickness.
Distribution of the strains in the Co layers was constant if
the thickness of Pd underlayer was larger than 3 nm.

Contrary the roughness of the Pd bottom layer was
almost the same in the Pd thickness interval from 1 to 3 nm
and strongly increased with increase of Pd thickness larger
than 3 nm [3]. We used this fact to analyse the influence of
different strains and roughness on the magnetic properties
of the samples. We found an increase of energy of
perpendicular magnetic anisotropy with increase of the
thickness of Pd underlayer. We relate this fact with increase
of magnetoelastic anisotropy in the bottom Pd thickness
interval from 1 to 3 nm and increase of magnetostatic
contribution due to increase of Co roughness in the bottom
Pd thickness interval from 3 to 10 nm.

DMI was measured by methodic proposed by Je et al.
[1]. The method is based on the measurement of the
velocities of the domain walls in combination of lateral and
perpendicular magnetic fields. Existence of DMI may be
considered as occurrence of chiral magnetic field inside
domain walls. This DMI-field set the specific chirality of
the domain walls (left-handed or right-handed). DMI-field
is summarized with lateral external magnetic field in one
domain wall and is substracted from external magnetic field
in opposite domain wall. Therefore one, for example left,
domain wall propagates faster than right domain wall in the
perpendicular magnetic field and domain grows
asymmetrically. DMI-field and DMI energy may be
evaluated by minimum of the velocity in the V(Hy) curve,
where V is the velocity of domain wall, Hy is lateral
magnetic field.

We found that V(Hy) curves were similar in the Pd(1-3
nm)/Co(1 nm)/Pd(3 nm) samples. In spite of increasing
strains in the Co layers with increase of Pd underlayer
thickness asymmetry of the strains remained the same and
DMI was constant. However, V(Hy) curves of the samples
with thicker Pd underlayers (drq = 3-10 nm) changed.
Minima of the V(Hy) curves shifted to the larger Hy fileds
which indicated increase of DMI energy. Moreover, V(Hy)
curves became asymmetric relative to the DMI field, which
is the sign of strong chiral damping effect. In these samples
a position of the minima in V(Hy) curves depended on the
magnitude of perpendicular magnetic field. It prevented us
from exact determination of DMI-field in the samples with
thick Pd underlayers. The strength of chiral damping effect
was evaluated by the measurement of the ratio of the
velocities of fast and slow domain walls Ve / Vs in lateral
magnetic fields of 40 mT. The largest value of the ratio Ve
/ Vs was equal to 700 and observed in the Pd(10 nm)/Co(1
nm)/Pd(3 nm) sample. We relate increase of chiral damping
effect in the samples with thick Pd underlayers with
increase of the roughness of the samples.
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Dzyaloshinskii-Moriya interaction (DMI) is the
antisymmetric exchange interaction which favors chiral
structures like skyrmions, homochiral Neel domain walls,
spin spirals in thin magnetic films with perpendicular
magnetic anisotropy. These magnetic structures are very
interesting since they may be used in new types of magnetic
memories and logic devices. DMI of interfacial type may
be stabilized in thin ferromagnetic (FM) films enclosed
between heavy metal (HM) layers with strong spin-orbit
coupling. An appropriate choice of materials of HM layers
leads to amplification of the net DMI in the structure. A
possible way of increasing the stability of skyrmions is
using superlattices consisting of HM1/FM/HM2 structures
repeating N times. In these structures dipolar interlayer
coupling facilitates skyrmions formation. Precise
measurement of the DMI energy is needed for magnetic
devices construction. A method of determination of
effective DMI energy by periodicity of labyrinth domains
was proposed [1]. We tested this method on [Pd(0.5 — 4
nm)/Co(1 nm)]5 superlattices with different thickness of Pd
interlayers and obtained effective DMI energies in
investigated system.

Superlattices [Pd(0.5 — 4 nm)/Co(1 nm)]5 were
epitaxially grown on Si(111) substrates with Cu(2 nm)
buffer layers. Dependencies of the lattice parameters of the
layers on the thickness of the layers were determined by
means of reflection high energy electron diffraction. Lattice
parameter on the top of the Pd interlayers depended on the
Pd thickness and increased from 0.385 nm to the value of
bulk Pd lattice parameter, 0.389 nm, if the thickness of the
Pd interlayers increased from 0.5 to 4 nm. Hence Co layers
grown on thicker Pd layers were more strained than Co
layers deposited on thinner Pd layers. We suppose that
asymmetry of the strains, the relative difference between
the lattice parameters of the Co bottom and top interface
layers, is origin of existence of DMI in this symmetric
system.

Magnetic anisotropy was calculated by magnetic
hysteresis loops analysis. All the samples demonstrated
perpendicular magnetic anisotropy. The energy of effective
perpendicular magnetic anisotropy increased from 0.14 to
0.64 MJ/m?® with increasing of the Pd interlayers thickness
due to increasing of the magnetoelastic magnetic
anisotropy.

The energy of effective DMI was evaluated by
comparison of periodicities of demagnetized domain
structures and magnetic  structures obtained by
micromagnetic simulations. Magnetic parameters used in
the simulations were following: the saturation
magnetization, M = 1.544 MA/m3, exchange constant, A =
25 pJ/m. Micromagnetic simualations were carried out
using MuMax3 software. Periods of labyrinth structures
obtained by micromagnetic simulations were compared

with the values calculated by means of analytical model [2].
We found good correlation of the results.

The superlattices were demagnetized by alternating in-
plane (IP) and out-of-plane (OP) magnetic fields with a
decaying amplitude. The magnetic structures in
demagnetized state were measured by a magnetic force
microscopy. Periodicities of labyrinth structures depended
on the direction of the demagnetizing magnetic field. IP
demagnetized structures had lower periodicity than OP
ones. We used both of them and hence obtained two types
of effective DMI energies: IP and OP DMI energies, if one
compares simulated magnetic structures with experimental
IP and OP demagnetized structures, respectively.

Both IP and OP effective DMI energies increased with
an increase of Pd interlayers thickness in a similar way.
Rapid increase of DMI energies was observed when the
thickness of Pd interlayers was 1.5 nm. This observation
may be explained by two processes. The first one is a
formation of Pd/Co interfaces with a good quality. Several
atomic layers is needed to cover all Co atoms. The second
process is an increase of asymmetry of the strains between
the bottom Pd/Co and top Co/Pd interfaces with increasing
of Pd interlayers thickness. We believe that asymmetry of
the strains between the bottom and top interfaces is the
origin of strong DMI in this system. Therefore, relationship
between DMI energy and the thickness of Pd interlayers
become reasonable. These results correlate well with the
literature data [3].

Despite IP effective DMI energies are basically used in
the papers concerning the method of measurement of DMI
energies by domain periodicity analysis [4], we suppose
that OP DMI energies are more reasonable. At first, they
are smaller by magnitude than IP DMI energies. In the
[Pd(4 nm)/Co(1 nm)]5 superlattices IP and OP DMI
energies are 3 and 2 mJ/m?, respectively. Since the
investigated system is symmetric by composition large
DMI energies raise doubts. Secondly, micromagnetic
simulations demonstrate isotropic labyrinth structures as
OP demagnetized experimentally obtained ones.

Acknowledgements

The reported study was funded by RFBR under the
research project 18-32-20057.

References

[1] S.Woo, et.al. Nat. Mat. 15 (2016) 501.

[2] 1. Lemesh, G.S.D. Beach. Phys. Rev. B 98 (2018) 104402.

[3] S. Tacchi, et.al. Phys. Rev. Lett. 118 (2017) 147201.

[4] P. Agrawal, F. Buttner, I. Lemesh, S. Schlotter, G.S.D.
Beach. Phys. Rev. B 100 (2019) 104430.

118



Fifth Asian School-Conference on Physics and
Technology of Nanostructured Materials
Vladivostok, Russia, July 30 — August 03, 2020

IV.31.10p

Structure, crystallization and magnetic properties of new
glasses in the MNNbOFs-BaF,-FeF3z system

L.N. Ignatieva, N.N. Savchenko, Yu.V. Marchenko’, V.A. Mashchenko, I.A. Tkachenko
Institute of Chemistry of FEB RAS, 159 100-letya Vladivostoka Prosp., Vladivostok, 690022, Russia

*e-mail: gor_dvo@mail.ru

Among the representatives of optically active
oxyfluoride materials, systems based on niobium
oxyfluoride occupy a prominent place [1]. The idea of
introducing fluoride components, such as BiFs, InFs, REE
fluorides, into these glasses resulted in fabrication of the
new systems with specific crystallization properties, since
these systems appeared to be a suitable base for creation of
glass ceramics. Earlier [2, 3] compositions of the glasses
based on MnNbOFs containing BiFs, InFs; and REE
fluorides with specific transport and luminescence
properties were revealed by us. Taking into account the
revealed features of the structure and crystallization, optical
and electrophysical properties of oxyfluoroniobate glasses
containing fluoride components (BiFs, InFs3), it was of
interest to consider the option of fabricating similar systems
with iron trifluoride. For this purpose, new glasses were
fabricated in the system of MnNbOFs-BaF;-FeFs, and
results of their study are described in the present work.

Glasses in the system of MnNbOFs-BaF-FeFs have
been fabricated for the first time. The specially synthesized
compound of MnNbOFs*4H,O was used to fabricate the
glasses. The glasses structure, thermal characteristics,
crystallization and magnetic properties have been
investigated using the IR and Raman spectroscopy, DSC,
XRD and SQUID magnetometry.

Table I. Thermal characteristics of MNnNbOFs-BaF2-FeFs

within the range 335-316 °C. The region is characteristic
of oxyfluorobiobates. The thermal stability interval (At) of
the glasses substantially depends on the ratio of the
components, showing a tendency to increase with an
increase of the MnNbOFs component in the glass
composition. At devitrification of most of the glasses, the
BaFeFs phase was found in the crystallization products. For
all the investigated compositions, even after the emergence
of crystalline phases in the glass, the sample as a whole
remained amorphous, which suggests the possibility of
fabricating transparent glass-crystal composites in the
glasses of the MnNbOFs-BaF»-FeF3 system by the thermal
treatment.

Based on analysis of IR and Raman spectra we showed
that glasses in the MNnNbOFs-BaF,-FeF; system are built of
NbO,F, polyhedra linked by oxygen bridges, and the
introduction of the fluoride component (FeFs) into the
system leads to the formation of glass-like FeF, polyhedra.
FeF, groups are not built into oxyfluoroniobate chains, but
are presumably linked to the oxyfluoroniobate polyhedron
via axial or basal fluorine and the iron-containing
polyhedra are interconnected by bridges of Fe-F-Fe. So
glass network consists of two subsystems: the network
formed by oxyfluoroniobate polyhedra linked by oxygen
bridges and the subsystem which is formed by iron
trifluoride. Crystallization could be initiated in one of the
subsystems, while the second subsystem remained

amorphous.
The emergence of some specific magnetic properties

glasses and crystalline phases under heating at 500 °C
Composition of tg At S,K Crystalline
the batch mixture Phases (500 °C)
20MnNbOFs- 327 58 0,28 Amorph. BaMnO4

50BaF, -30FeFs BaFeFs FeO(OH)

20MnNbOFs- 342 64 1.61 Amorph. BaFeFs;
40BaF2-40FeFs BaFeF
30MnNbOFs- 323 85 158 Amorph. BazFeFs
40BaF-30FeFs BasFe20s BaMnOg;
30MnNbOFs- 316 81 1.31 Amorph. BaFeFs

50BaF2-20FeF3 BaNbOFs;

30MnNbOFs-
60BaF2-10FeF3

Amorph. BaFeFs

40MnNbOFs-
40BaF2-20FeFs

Amorph. BaMnO4
BasFe20s

was expected. For this purpose, magnetic characteristics of
a number of the samples were investigated. From analysis
of the temperature and field dependencies of the
magnetization for the samples of some compositions
concluded the paramagnetic behavior of the system but
upon the thermal treatment, a transition to a magnetically
ordered state has been observed in some samples
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Studies of magnetic transport in multilayered MIS
structures have revealed the potential for integrating MIS
based devices into modern electronics and significantly
expanding its capabilities. This is achieved by the
interaction of electronic and magnetic subsystems, which
can be illustrated by the giant magnetoimpedance (GMI)
effect, spin injection, etc. In addition, the optical irradiation
can affect electronic transport. Previously we established
the optically induced giant DC magnetoresistance effect in
Fe/SiO2/p-Si structure [1]. The current work is devoted to
the study of AC magnetoimpedance (M) in Fe/Al,Os/p-Si
structure under optical irradiation.

The sample was prepared on single-crystal boron-doped
p-Si substrate. The substrate surface was precleaned by the
Shiraki method (chemical etching and long-term annealing
of 400-600°C) [2]. The 50nm-thick Al,O3 layer was formed
by atomic layer deposition (ALD) using a
trimethylaluminum precursor (TMA), deionized water, and
a nitrogen carrier gas of 99,9999 purity at a growth
temperature of 250°C on a PICOSUN R-200 facility. To
obtain the thickness of =~ 50nm, 50 ALD cycles were
performed (0,95 nm per cycle). Fe film with thicknesses of
15 nm was deposited by thermal evaporation under
ultrahigh vacuum conditions at a sputtering rate of 0,25
nm/min. The base pressure in the Angara chamber [3] was
8,6 x 1076 Pa. The fabricated structure was characterized by
cross-sectional transmission electron microscopy (TEM).
The magnetic properties were examined by the magneto-
optical Kerr effect (MOKE) on a NanoMOKE 2 setup. The
impedance measurements were performed by a two-probe
method. Ohmic contacts were formed on the metallic film
using silver epoxy and at the bottom of the Si substrate by
indium alloying.

We studied temperature dependences of the impedance
at various conditions by changing frequency, magnetic
field, bias voltage and optical irradiation power. The
dependences have a pronounced peak at helium
temperatures, which is explained by the recharging process

of the interface states that are localized at the Al,Os/p-Si
interface [4]. Magnetic field slightly shifts the peak (by
~1K) and does not significantly affect the impedance in the
absence of optical irradiation (the MI value ~1.5%).
However, when the optical radiation of wavelength A =
665nm and power P = 1mW is applied, the GMI effect is
observed, the MI value reaches = 300% at T=10K and
decreases with the increasing of temperature. It is also
established that applying of bias voltage can affect the
shape of the R(T) peak, and shift the MI(T) peak from 10
K towards higher temperatures.

In this work we demonstrated the possibility to control
the magnetoimpedance in Fe/Al,Os/p-Si structure, using
bias voltage and optical irradiation. We believe that
obtained results can serve as a basis for the manufacture of
magneto-optical sensors and spintronic devices.
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High sensitive weak magnetic fields sensors are widely
used in science and technology: in the search and
exploration of minerals, in near-field magnetic
communication systems, in magnetic location systems and
navigation-measuring systems, medicine etc. Improving
the characteristics of these devices will allow more
accurately  determine  the measured  parameters.
Ferromagnetic thin films based on Fe-Si have wide
prospects in this area, since they have better magnetic
properties than the materials currently used such as
permolium [1].

In our work we studied the magnetic anisotropy of FesSi
films obtained on five types of substrates. Si(001), (111)
with and without a SiO, oxide layer, as well as amorphous
quartz substrates were used. Samples were synthesized at
an external magnetic field equals 290 and 480 Oe and
without one.

The experiment was carried out with ultrahigh vacuum
molecular-beam epitaxy (MBE) "Angara" set-up [2],
equipped with a system of reflection high-energy electron
diffraction (RHEED). The base pressure in the growth
chamber was about 6.5x108 Pa. The Si(111)7x7 and
Si(100)2x1 substrates were prepared by special treatment
[2]; SiO2/Si(111), SiO2/Si(100) and amorphous quartz were
cleaned with almost same treatment but heated only up to
450 °C. The component materials were evaporated from
Knudsen effusion cells.

The FesSi films were prepared by molecular-beam
epitaxy technique with simultaneous deposition of Si and
Fe with Fe:Si=3:1 atoms rates on substrates at room
temperature. The structures were deposited at 290, 480 Oe
magnetic field and without one. The thickness of the films
was about 50 nm. The structure formation was monitored
in situ by RHEED. The magnetic properties of the films
were investigated with a scanning spectrometer of
ferromagnetic resonance at 1.2 - 3.3 GHz pump frequency
range [3]. In the film plane an angular dependence of the
resonance field Hr(p) at 5 or 10° step was measured. To
investigate the magnetic anisotropy for films from the
angular dependence of FMR field phenomenological model

calculation [4] was used.

RHEED investigation shows polycrystalline almost
amorphous structure of FesSi films on Si covered SiO; and
amorphous quartz, as well as epitaxial monocristalline
silicide on Si(111)7x7 and Si(100)2x1.

Magnetic anisotropy for silicide deposited on
Si0/Si(111), SiO,/Si(100) increases on external magnetic
field according to FMR measurements and an uniaxial
magnetic anisotropy for FesSi/SiO,/Si(100) equals 9.17 and
14.85 Oe at 290 and 480 Oe corresponding. But it does not
dependent on substrate plane and equals 14.60 Oe for
FesSi/SiO»/Si(111) at 480 Oe. Magnetic properties for
silicide on quartz have a similar character and uniaxial
magnetic anisotropy is 3.43 Oe at 290 Oe and 12.68 Oe at
480 Oe.

The external magnetic field attached during FesSi
deposition on Si(111)7x7 and Si(100)2x1 has almost no
effect on magnetic anisotropy.

It is found that uniaxial magnetic anisotropy for
polycrystalline (almost amorphous) FesSi increases with
external magnetic field almost 3.5 times for amorphous
quartz substrate.

Acknowledgements

The work was supported by the President Program of
the RF SP- 375.2019.3 and Krasnoyarsk Regional Fund of
Science according to the participation in the
event/internship: Fifth Asian School-Conference on
Physics and Technology of Nanostructured Materials
(ASCO-NANOMAT 2020).

References

[1] A. N. Babitskii, B. A. Belyaev, G. V. Skomorokhov et al.
Technical Physics Letters 41 (2015) 324.

[2] LA. Yakovlev, S.N. Varnakov, B.A. Belyaev et al. JETP
letters 99 (2014) 527.

[3] B.A. Belyaev, AV. Izotov, A.A. Leksikov. IEEE Sens. J. 5
(2005) 260.

[4] B.A. Belyaev, A.V. Izotov JETP Letters 103 (2016) 41.

121



Fifth Asian School-Conference on Physics and
Technology of Nanostructured Materials
Vladivostok, Russia, July 30 — August 03, 2020

IV.31.13p

Possibility of using analytical method to calculate
magneto-optical parameter from magneto-ellipsometry

measurements data

0.A. Maximova"*?, S.G. Ovchinnikov*?

L Kirensky Institute of Physics, Akademgorodok 50, bld. 38, Krasnoyarsk 660036, Russia
2 Siberian Federal University, 79 Svobodny pr., Krasnoyarsk 660041, Russia

*e-mail: maximo.a@mail.ru

Magneto-ellipsometry combines ellipsometry and
magneto-optical Kerr effect measurements. The main
difficulty usually is in data processing as a number of
parameters should be extracted from measured
ellipsometric angles wo, 40, oy and d4.

However, the introduction of small parameters can
facilitate this process when if we consider the situation
when the contribution from magnetism is small. Below we
provide expressions necessary for finding the dependences
of the real and imaginary parts of the magneto-optical
parameter Q=Q:-iQ on dy and o4 [1].

The basic ellipsometry equation is
M )

Rso

where 0 is a subindex for measurements without external
magnetic field, 1 — for applying external magnetic field.

From the basic ellipsometry equation written for a
nonmagnetic state in terms of real () and imaginary (")
parts we get

Vo v oor \2 " o Y
\/(RpORSO+RpORSO) +(RsoRpo ~RpoRso)

i(8g+ah) _

gy, +oy)e

gy = (2)
(Rs0)” + (Rgg)”
" ! _ R! R”
Ay =arctg B ®
RpORSO + RpORSO
Then, in the case of applying a magnetic field:
R,=R+R; = R;)O - iRgo + R;u - iRgl (4)

and taking into account the above expressions (2, 3) for the
nonmagnetic case, we have

Rgo(R;)o + R;u) - Réo(Rﬂo + R"l) _

p p
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- 2 2
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We expand the obtained expressions for dy u d4 in
small parameters in the Maclaurin series and restrict
ourselves to the first order of smallness because a hysteresis
loop oy (H ) is observed in the experiment [2], i.e. the effect

is proportional to the first degree of the magneto-optical
parameter.

o=t g R ®
R;O Rgo
Thus, we have
1 \2 " \2
5(// ~ tgl/lo a(Rpo) +ﬁ(Rp0) (9)

2 r\2 " \2
1+t9%,  (Ry)™+(Ry)
A~ (a-p) R;)OR;;O
r\2 " \2
(Rpo) +(Rp0)

The contribution made by the magnetic field to the
reflection coefficients is denoted by R;1and R"x R, and in
expressions (5-7) small parameters a and S are responsible
for magnetism. Therefore, it is necessary to express « and

£ from (5-7) in terms of Jy and 4 measured in the
experiment

2 R
o~ oy (1+tg Wo)+

(10)

b0 OA

; 11
tgl//o RpO
2 R’
[~ Sy (1+19°y,) _ 30 SA (12)
tgl//o RpO

Then we need to obtain the expressions for Ry and
"»1, Which will lead to the desired Qiand Q.. So after that,
it is necessary just to set the complex refractive index of the
external medium Ny, the angle of incidence of light on the
sample ¢, the data of spectral ellipsometry (o and A) and
magneto-ellipsometry (0w and d4). As a result, we get the
analytically calculated real and imaginary parts of
magneto-optical parameter Q from the data of ellipsometric
and magneto-ellipsometric measurements. The expressions
above can be used for thick ferromagnetic films or samples
that are typically fit by the model of a semi-infinite
medium.
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Fabrication and investigation of antiferromagnetic
materials (AFM) in combination with ferromagnets (FM)
and heavy metals (HM) is a promising direction in the
development of spintronics. The exchange bias field (Ben)
enables the inversion symmetry breaking of magnetic
properties, which makes possible to switch magnetization
direction of a FM layer using the current induced spin-orbit
torque (SOT) effect [1]. On the other hand, a AFM layer
itself can be an object of switching [2-3], and its spin
ordering can change the magnitude and direction of the Bey
field.

In this work the method of changing the magnitude and
direction of the exchange bias field in the
Pt(5)/Co(0.5)/NiO(15 nm) structure was investigated.
Polycrystalline films were prepared by magnetron
sputtering at room temperature on substrates of naturally
oxidized silicon SiO,. Using optical photolithography and
ion-plasma etching methods, Hall bars with a current guide
width of 10 um were fabricated. While films sputtering, we
used a sample holder allowing to set the permanent magnets
for generating the in-plane (60 mT) or perpendicular-to-
plane (120 mT) magnetic fields. The parameters of the NiO
layer were selected in such a way that the antiferromagnetic
ordering was realized by partitioning into layers with a
multidirectional orientation of the magnetization. In this
case, as a result of the exchange interaction at the FM/AFM
interface, the effect of exchange bias arises, which makes
the magnetization reversal process of the FM layer
asymmetric. This asymmetry can be numerically estimated
by the effective field - Bep.

The contact of Pt and Co makes it possible to use the
SOT effect for current induced magnetization reversal in
the FM layer. Propagation of current leads to the generation
of the pure spin current in the Pt layer, as a result of the spin
Hall effect, which is injected into the Co layer. The current
transmission is also accompanied by heating of the
structure, up to 200°C. As a result of the current
propagation, in addition to the magnetization orientation
switching, a change in the magnitude and orientation of the
Beb field occurs in the range of + 10 mT. Our study showed
that the magnitude of this field does not depend on the
direction and magnitude of external magnetic fields, nor on
the duration and amplitude of the current pulse. The

decisive role is played by the magnetic configuration in the
FM layer and by temperature. To confirm this fact, the
experiment was repeated with heating by an external
source. Thus, it was found that the spin current does not
affect the spin ordering in the AFM layer, and the observed
effect is associated with annealing in the field of the FM
layer.

Our investigation of the magnetization reversal process
at the micromagnetic level using a magneto-optical Kerr
microscope made it possible to conclude that the current-
induced change in the orientation of the By, field leads to a
change in the magnetization reversal mechanism. If the
exchange bias field has a value of +10 mT, then the
transition from the + M state to -M proceeds gradually, over
a wide range of fields; the reverse transition is spasmodic.
In the first case, the domains nucleate at the edges and
gradually grow towards the center, and in the second, the
domains that originate at the edges begin to grow uniformly
across the Hall bar area.

As a result, it was shown that the properties of the AFM
layer can be controlled independently of the SOT
magnetization switching mechanism. It was also
demonstrated that using an inhomogeneous magnetic
configuration in the FM layer, it is possible to create
regions with different Bey field orientations, which can be
used to control the origin of domains during magnetization
reversal.

Acknowledgements

This work is supported in part by the Russian Ministry
of Science and Higher Education under the state task (0657-
2020-0013), the Grant Council of the President of the
Russian Federation (Grant No. MK-2281.2019.2), by the
Russian Foundation for Basic Research (Grants No. 18-32-
00867 and 18-52-53038).

References

[1] Seyed Armin Razavi, Di Wu, L. Wang. Phys. Rev. App. 7
(2017) 024023.

[2] Z.P.Zhou, X.H. Liu, K.Y. Wang, Appl. Phys. Lett. 116
(2020) 062403.

[3] X. H. Liu, K. W. Edmonds, Z. P. Zhou, K. Y. Wang. Phys.
Rev. App. 13 (2020) 014059.

123



Fifth Asian School-Conference on Physics and
Technology of Nanostructured Materials
Vladivostok, Russia, July 30 — August 03, 2020

IV.31.15p

Study of gamma-ray scattering on Fez04/SiO2/Au and Ta,O0s

nanoparticles

Yu.M. Borodaenko™?!, K.S. Lukyanenko!, Thomas Myeongseok Koo?, Min Jun Ko?, Yu Jin Kim?,
A.V. Ognev!, A.S. Samardak! L.L. Afremov?, Young Keun Kim?
1 Far Eastern Federal University, 8 Sukhanova St., Vladivostok 690950, Russia

2 Department of Materials Science & Engineering, Korea University, Seoul 02841, Republic of Korea
3 Institute for High Technology Materials and Devices, Korea University, Seoul 02841, Republic of Korea

*e-mail: borodaenko.ium@students.dvfu.ru

Inasmuch as the treatment of aggressive radioresistant
tumors is extremely difficult with the established methods
of cancer treatment being almost ineffective in the delivery
of local tumor control.

Radiotherapy is a common form of cancer treatment
with over 50% of cancer patients receiving some form of
radiotherapy as part of their cancer management plan.
Nanoparticles have played a key role in the enhancement of
the radiation therapy.

Scientific research on magnetic nanoparticles is intense,
inasmuch as a particle that can be manipulated and
accumulated in desired regions via magnetically guided
delivery. This allows for better targeting nanoparticles
within the tumor tissues allowing for more localized and
consolidated damage.

This strategy is using for targeted drug delivery or for
the delivery of magnetic particles to cancer tumors [1,2] for
the purpose of the subsequent hyperthermia, to enhance the
effect of radiation therapy due to scattering radiation by
injected particles [3].

The main objective of this research is to explore the
energy spectrum of photons when passing through layers of
magnetic Fe304/SiO-/Au nanoparticles and nonmagnetic
Ta20s nanoparticles.

It was assumed that presence of tantalum or gold in the
particles, will allow a more percentage of gamma quanta to
be reflected, which makes possible to increase the
effectiveness of radiation therapy.

The relevance of the tantalum oxide and gold for use in
cancer research based on radiopaque and low toxicity to
healthy human's cells. Tantalum as well as gold being a
high-Z material and very inert to tissue interactions is ideal

for photosensitization reactions.

In an in vitro experiment, we used a gamma
spectrometer with a semiconductor detector GEM-15P4
and two sources of gamma radiation °Co with a total
activity of ~2-10° Bg. The measured spectra were
processed by the methods of mathematical statistics and
smoothing.

In the spectra, we analyzed the energy regions of the
peaks of the total absorption of ®°Co radiation, the
annihilation peak of 511 keV (the 511-keV region, which
is associated with the formation of electron-positron pairs
[4]; electron and positron are absorbed in the irradiated
tissues, with the positron annihilating, giving rise to two
secondary photons, each with an energy of 511 keV), and
the low energy region of 20-200 keV (low-energy quanta
will promote apoptosis of the infected cells) [5].
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Particles of iron oxides magnetite (FesOs) are a
promising material for using as magnetic storage media,
contrast enhancers for magnetic resonance imaging, agent
for magnetic hyperthermia therapy of tumors and targeted
drug delivery [1-4]. One of the most relevant areas of
application of nanoparticles based on iron oxides, for
example, coated with gold, is oncology [1]. Interest in gold-
coated particles in the treatment of cancer is related to the
radiopacity, biocompatibility and non-toxicity of these
particles in relation to healthy cells. In addition, the
presence of a magnetic moment in the
“core/shell/satellites” nanoparticles such as Fe3O4/SiO2/Au
allows them to be concentrated in the tumor area using an
inhomogeneous magnetic field, which leads to an increase
in the radiation dose and enhancement of the efficiency of
the technology for destroying malignant cells.

In this paper, we conducted a study of the magnetic
properties of Fe;04/SiO, particles with and without Au
nanoparticle satellites. Nanoparticles were synthesized by
the polyol process. For Au nanoparticles satellites two
cases were studied: satellites were formed by Au
nanoparticles with low density (sample 1) and high density
(sample 2).

The magnetic hysteresis loop and the hysteresis
characteristics of the Fe3O4 and Fe;O./Au nanoparticle
system were determined by the Lake Shore VSM 7400
magnetometer.

Table 1. The coercive force (H.) and remanent magnetization
(M,-/ M) for nanoparticles FesO4/SiOz and FesO4/SiO2/Au

Sample Composition H,, Oe M, /M
1 Fes04/SiOz/Au 12.0 0.01
2 Fes04/SiOz/Au 2.9 0.01
3 Fe304/SiO; 7.7 0.003

The coercive force H. and the ratio of the residual
magnetic moment to the magnetic moment of saturation
M, /M, were determined from the hysteresis loops. The
experimental results are shown in Table I.

The presented values of the hysteresis characteristics
turned out to be significantly lower than magnetite
(H, ~100 Oe, M,./M; ~0.2 + 0.5).

From the experimental data it is visible that the surface
density of Au nanoparticles leads to the significant change
of the coercive force. The main reason is the possible
agglomeration of Fe;04/SiO/Au nanoparticles, which
level depends on the ability to form nanoparticle clusters.
This fact defines the magnetostatic interaction between
nanoparticles and magnetization reversal mechanism.

The experimental results for temperature dependence of
the magnetic properties were obtained. The blocking
temperature was calculated. As further expected, these
results can help to increase the efficiency of radiation
therapy.
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The magnetic properties of nanoparticles are
determined by many factors, including the chemical
composition, type of crystal lattice, particle size and shape,
and the interaction of particles with neighbors. By changing
the size, shape, composition and structure of nanoparticles,
it is possible, within certain limits, to control the magnetic
characteristics of materials based on them. Among the
magnetic materials that have found wide technological
application, various ferromagnets like Fe3O4, Co, Fe, Ni
should be noted.

The spontaneous magnetization of ferromagnets is due
to the interaction between neighboring atoms, which tends
to order their spins (magnetic moments) in one preferred
direction. The thermal vibrations of atoms tend to disrupt
the spin ordering. Therefore, the ferromagnetic properties
in a substance are preserved only up to a certain
temperature. If a ferromagnet is heated, its magnetization
ability decreases saturation magnetization, residual
induction, coercive force and other magnetic characteristics
decrease. Above a certain temperature, which is called the
Curie temperature (Tc), spontaneous magnetization
disappears, the material becomes paramagnetic [1].

In the abstract, we present the results of modeling the
magnetic properties of core-shell FesO4/SiO nanoparticles
without and with the satellite made of Au nanoparticles.
Particular attention is paid to the temperature dependence
of the magnetic property’s behavior of nanoparticles.

For the model, we used data for the structure and
morphology of particles obtained by scanning electron and
transmission microscopy. Nanoparticles were synthesized
by the polyol process [2]. The diameter of the Fe;O4 core is
220 nm, and the SiO; shell has the thickness of 16 nm. We
found that the satellite is formed by Au nanoparticles with
the diameter of about 15 nm. We will demonstrate an effect

of the Au nanoparticles density on the magnetic properties
of the core-shell-satellite magnetite nanoparticles.

The behavior of the magnetic properties of materials
can be predicted using micromagnetic simulation with a
thermally dependent parameter. Modeling the magnetic
characteristics was carried out in two software packages:
OOMMF [3] and MuMax® [4]. We investigated the
behavior of the ground state of magnetization on the size of
magnetite nanoparticles.

We showed that with the increasing size the single-
domain structure transforms to the magnetic vortex state.
This magnetic structure has the lower total energy with
closed magnetic flux.

A further goal of the study is micromagnetic simulation
of the temperature dependence of the magnetic properties
of FesO4 nanoparticles, and then the effect of Au satellite
on the magnetic properties of Fes04 depending on the size
and temperature.

The results can be used for optimization of parameters
of nanoparticles for anticancer therapy.
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This work is devoted to the hardware part of a device
being developed and its interaction with a computer (game
engine). Parallel reading and processing of data from six
sensors was implemented, each of which contains an
accelerometer, gyroscope, and magnetometer. The
processed data is transmitted to the user's computer via the
TCP protocol. The Unity game engine is installed on a
computer where a VR environment is created that the user
must interact with using the device being developed.

Currently, the device is a microcontroller with sensors
connected to it via the SPI bus. The microcontroller itself
is connected to a Raspberry Pi microcomputer. Sensors
register accelerometer readings (acceleration vector in the
sensor coordinate system), gyroscope readings (angular
velocities in the sensor coordinate system), and
magnetometer readings (projections of the magnetic field
induction vector in the sensor coordinate system). The
microcontroller reads these readings and transmits them via
the COM port to the Raspberry Pi microcomputer. The
microcomputer uses 2 threads/cores to work with the
microcontroller [1]. The first thread reads data from the
COM port, and the second thread processes this data and
sends it over TCP to a specific port for further transmission
to the user's computer in the Unity game engine. Unity also
uses two threads, the first thread works with the engine
interface [2] (visual component and calculations for
rendering frames) and its speed depends directly on the
number of frames per second, and the second thread reads
the processed data from the specified port over the TCP
Protocol and prepares it for the first thread that uses it in
the game environment.

Data processing on the microcomputer is performed as
follows:

1. Calibration;

2. Filtration [3];

3.  Apply the Madgwick’s filter to obtain the
quaternion [4];

4. Application of an algorithm for calculating
coordinates in a magnetic field.

Parallelism is necessary for the device to work
correctly. The raspberry Pi microcomputer reads data from
sensors at a speed of 5-7 milliseconds and processes 3-5
milliseconds.  Sequential reading and processing
accumulates data that was not read in time, resulting in a

delay between the time when the data was applied in the
unit and the time when the data was read by the
microcomputer.

In Unity, parallelism is necessary, because the standard
“Update” method that runs in a loop depends on the frame
rate: one update execution is one frame. The standard
“FixedUpdate” method, which does not depend on the
frame rate, is strictly dependent on the static “deltaTime”
parameter. Because the time for reading and processing
data is unstable, using this method also results in delays.

The end device should only be a microcontroller with
sensors, without using the Raspberry Pi. The
microcontroller must not only read data from sensors, but
also process them, as well as output data about orientation
and position in the magnetic field for use in a virtual
environment. Currently, the Raspberry Pi is used for
developing and testing algorithms, since it is easier to do
this on the Raspberry Pi than to reprogram the
microcontroller.

At the moment, there are no delays, except for the time
spent reading and processing a single data packet. Each of
the six game objects corresponding to the six sensors is
updated at least 20 times per second,which is minimally
convenient for a human eye.

The increase in this frequency of updates is planned due
to the use of multithreading when reading data from
Sensors.
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In this paper, a mathematical model about the motion of
the sensor in a magnetic field induced by one or several
dipoles is developed. We used sensor data for calculations
of three projections of the acceleration vector and magnetic
field in the sensor coordinate system, as well as the sensor
rotation angles in a fixed coordinate system. The position
of the sensor in a fixed coordinate system is calculated at
real-time (coordinates of its center and tilt angles to the
axes of the fixed coordinate system). The movement of the
sensor is visualized.

For this model the various methods for finding the
orientation of the sensor in space were independently
verified. They would be assembled into a software package
using complex Madgwick-type filters [2]. On the other
hand, the evaluation of the effectiveness of each method
will allow build the faster algorithms based on one of the
methods that are most suitable for a particular situation. At
first, the coordinates of the sensor center are located just
with the three projections of acceleration in the case when
the sensor does not deviate from its position, i.e. the
projections of the acceleration vector in the sensor system
coincided with its projections in a fixed coordinate system
in which it was required to find its position. The
corresponding  algorithm  was  develepmend and
implemented, and the errors and possibility of using this
method were estimated.

Next, the plane motion of the sensor in the magnetic
field of the dipole was simulated. The dipole was located at
the beginning of the fixed coordinate system, while the
magnetic moment vector was directed strictly along the Y-
axis of the fixed system. With the help of the well-known
formulas for the induction of a magnetic field induced by a
dipole at a point in space with a radius vector r [1], the
inverse problem of finding the coordinates of the sensor
center from the magnetic field measured by it was

solved analytically. Also, the magnetic field was used to
check the readings of the gyro sensor. A comparative
analysis of the “kinematic” and “magnetic”’ methods of the
sensor trajectory recovery was conducted. Finally, in the
field of one dipole, the Madgwick filter was tested,
specifying the corners of the gyroscope on a set of
indicators. The constructed model is generalized to the case
of several dipoles.

The developed algorithm for determining spatial
position and orientation was tested using the inverse
kinematics FABRIK method [3], which is used to solve the
problem of manipulating segments of the manipulator or
for tracking human movements.

The algorithm developed in the course of working on a
mathematical model can be used in various kinds of activity
where high accuracy in determining position and
orientation is important, including medicine. For example,
carrying out remote operations using high-precision
manipulators, tracking the dynamics of patient movements
that are at the stage of medical rehabilitation.
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It is known that the concentration of magnetic atoms
significantly affects the various characteristics of magnetic
materials. Among these characteristics are spontaneous
magnetization, magnetic susceptibility, thermal capacity,
critical temperature of the phase transition, as well as the
behavior of the above characteristics near the critical point
[1-4]. Despite the importance of studying the
characteristics of critical phenomena in diluted magnetics,
the concentration phase transition is considered much less
frequently than the temperature transition. In the best case,
the effect of dilution on the temperature phase transition is
studied [3,4], but the direct problem of the concentration
phase transition is ignored or mathematically solved within
the framework of percolation theory as a formal problem of
the geometric phase transition [5, 6].

In this paper, we consider the influence of nonmagnetic
atoms on the critical characteristics of the concentration
phase transition of a «ferromagnetic - paramagnetic» in a
two-dimensional magnetic.

The problem was solved by computer modeling Monte
Carlo using the Wolf cluster algorithm [7]. Calculations
were carried out within the Ising model, in the approach of
the nearest neighbors. You have selected an initial, ordered
state. In the phase transition region, the concentration of
magnetic atoms changed in steps of 0.001, averaging was
carried out in 10° Monte Carlo stages and 10* different
lattice configurations.

The critical characteristics were calculated using three
order parameters: magnetic M, (1), cluster M (2) and
percolation M,, (3). The order parameters were
determined as the average magnetization of the system, the
average magnetization of a random cluster and the
magnetization of a percolation cluster, referred to
saturation magnetization.

Mpa = [ s)/N, 1)
My = [(Zs)]/N, 2

My = (2,75} /N. ©)

Here s; = +1 — is the spin of the magnetic node; N,
Ny, N, — number of atoms in the lattice, in a randomly
selected cluster and percolation cluster; the brackets (), [ ]
denote averaging over Monte Carlo steps and averaging
over all possible configurations, respectively. The magnetic
susceptibility was calculated using the known relation (4),

where K zj/kBT'
x = NK[(M?) — (M)?]. (4)
The calculation results were generalized by universal
values - critical indicators. Critical indicators of the
concentration  phase transition  "ferromagnetic -

paramagnetic" in a two-dimensional magnetic are
presented in Table I.

Table 1. Calculated critical indices based on various order
parameters (OP)

Critical  Magnetic ~ Cluster ~ Percolation Ci:]i;i:)?l
index OP,M,,, OP, M, OP, My, [2,6]
0.139,
p 0.152 0.080 0.108 0.125
241,
. 1.751 1.948 2.030 o
0.963 1.039 1.030 L
’ ' ' ' 1.33
d 2.055 2,109 2.247 2
dt 1.897 2.032 2.142 1.896

Table | indicates that the magnetic order parameter
gives the most reliable values of the critical indices. This
fact is determined by the fact that the dimensional index d
coincides with the dimension of the flat lattice. In this case,
the fractal dimension d, of the structures formed during
the phase transition indicates that the resulting system,
consisting of magnetic clusters, behaves like a two-
dimensional magnetic. Thus, it should be assumed that
individual clusters can retain magnetic properties, and the
absence of interaction between such clusters makes
ferromagnetic ordering impossible, which leads to a phase
transition. Moreover, this situation does not exclude the
existence of spin glass at a concentration below critical,
which is of interest for future studies.
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Growing interest in recent years in nanomaterials with
magnetic ordering is due to significant prospects for their
practical applications. The development of nanotechnology
involves the development and production of new
nanostructured systems with a unique set of functional
properties used to implement instruments and devices.
Among a wide range of barcode nanostructures, nanowires
of type “ferromagnet / non-magnetic metal”, named
barcode nanowires (BNWSs) attract the attention of
researchers because of their unique physical properties.
These nanowires can consist of many alternating layers that
can be identified by an electron microscope, which is why
they are called a “barcode” of nanowires.

In this work, we studied the “barcode” nanowires
consisting of the sequence of magnetic (Fe) and non-
magnetic (Au) nanosized segments. Considerable attention
is paid to a review of the achievements and prospects of
synthesis, the properties and applications of metal
"barcode™ nanowires, the dependence of their magnetic,
optical and mechanical properties on the material,
composition, shape and microstructure. The aim of this
work is to study the effect of structural composition on the
magnetic characteristics of both arrays and individual
Fe/Au BNWs [1, 2].

To study magnetization reversal using conventional
induction magnetometry, the First Order Reversal Curve
(FORC) method was used [3]. The FORC-diagram method
involves measuring a series (several tens) of minor
hysteresis curves, called FORC-curves. The measurement
step size is small enough to produce a highly detailed
FORC diagram. The FORC diagrams in our study were
used to obtain not only qualitative information, but
quantitative one about the distribution of the coercive force
and magnetostatic interaction fields. Based on the results of
studies and micromagnetic modeling of the magnetic
characteristics of Fe/Au BNWs, data were obtained on the
behavior of the saturation fields and the interaction, the
reduced remanent magnetization M,/Ms, as well as the
coercive force measured in two different ways - using the
FORC-diagram method and from magnetic hysteresis
loops.

Values of the coercive force defined from the main
hysteresis loop and from the FORC diagram for some
samples are very different. This effect can be explained as
a consequence of the fact that the coercive force extracted
from the FORC diagram reflects the coercive force of
individual nanostructures, while the information obtained
from magnetic hysteresis loops is integral and characterizes
the collective magnetic behavior of the entire array of
nanowires. Therefore, the difference between the coercive
forces can be due to the magnetostatic interaction of Fe
segments of nanowires. We have done a series of
micromagnetic simulations that fit the experimental data
and show that the application of an external magnetic field
along the long axis of the nanowires helps to generate non-
trivial spin configurations — vortices or even skyrmions - in
each Fe segment along the entire length of the nanowires.
The type of spin configuration is defined by the cylindrical
shape of Fe segments and the magnetostatic interaction
between neighboring magnetic segments separated by Au
spacers.

Our results broaden the understanding of shape- and
magnetostatic  interaction-dependent  formation  of
topological magnetic quasi-particles in complex systems
such as BNWSs, which can be used to create innovative
storage and information processing systems, as well as for
biomedical applications.
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Nowadays pulsed laser ablation of solid-state targets in
different liquids and gases is a powerful tool to produce a
variety of nanoparticles with desirable size, physical and
chemical properties [1]. Silicon nanoparticles (Si-NPs)
produced by this technique have potential in different
biomedical applications [2, 3] due to high biocompatibility
and biodegradability of this material [4].

In this work we present a novel two-stage technique of
Si-NPs fabrication. At the first stage silicon nanowires (Si-
NWs) arrays or porous silicon (por-Si) films are fabricated
by the metal-assisted chemical etching [5] or
electrochemical etching [3] technique, respectively. At the
second stage the Si-NPs are produced by pulsed laser
ablation of these targets in liquids (PLAL). The ablation
was performed in distilled water, ethanol and liquid
nitrogen under picosecond (1064 nm, 34 ps, 10Hz) and
femtosecond (1250 nm, 125 fs, 10 Hz) laser irradiation.

Measurement of ablation thresholds for Si-NWs and
por-Si samples in liquids revealed that they are several
times less in comparison to the corresponding values for the
crystalline silicon (Table I).

Table 1. Picosecond laser ablation thresholds of SiNWs, por-Si
and crystalline Si in water and ethanol.

Ablation threshold in water, Ablation threshold in

sample Jlem? ethanol, J/cm?
Si-NWs 0.32+0.01 0.10+0.02
por-Si 0.660.04 0.57+0.04
Si 1.26+0.11 1.18+0.09

The lower values are explained by a lower thermal
conductivity of the porous matrix in contrast to bulk
material and partial destruction of Si—Si bonds in the crystal
lattice during chemical etching. As a result, in the process
of subsequent laser irradiation of the Si-NW arrays or por-
Si layers, the yield of ablation products and, respectively,
the efficiency of agglomeration of the latter in the Si-NPs
is several times higher in comparison to the case of using
crystalline silicon [3].

Scanning electron and atomic-force microscopy
techniques revealed polydisperse size distributions of the
formed Si-NPs. The average size varies from 16 to 120 nm
depending on the used buffer liquid and duration of laser
pulses. Such sizes are substantially smaller than ones for
Si-NPs prepared by traditional mechanical grinding of Si-
NWs, por-Si and crystalline silicon, thus facilitating more
effective administration of the Si-NPs into biological
tissues. Therefore, PLAL technique has an additional
advantage for biomedical applications.

Raman spectroscopy analysis of the Si-NPs fabricated
via PLAL showed that the volume fraction of crystalline Si
in them is higher than 87% for all types of the studied
samples. The remainder is amorphous Si. This indicates
that the optical properties of the Si-NPs are close to those
for silicon nanocrystals with similar sizes.

Photoluminescence  studies revealed a  high
fluorescence of all Si-NPs fabricated in ethanol and liquid
nitrogen with fluorescence peaks in the range 600 — 900 nm
for excitation wavelength of 532 nm. The initial Si-NWs
arrays and por-Si films exhibit similar fluorescence.
However, the lifetime for this process changes significantly
before and after ablation at the microsecond scale.
Fluorescence emission for the Si-NPs produced in water
was not detected. We assume that the observed
fluorescence efficiency depends on numerous defects in the
studied nanocrystalline structures.

Spectrophotometry measurements of the ablated Si-NPs
suspensions revealed that scattering coefficient reaches
value ~ 1 mm in the spectral range of 400 — 1000 nm
indicating their potential as contrast agents in biomedical
imaging. Optical coherence tomography imaging of the
suspensions drops administered on agar gel surfaces
confirmed this by providing the contrast of up to 30 dB.

Thus, PLAL of Si-NWs arrays and por-Si layers
provide high vyield fabrication of Si-NPs with relatively
small size and high level of crystallinity, that are promising
as fluorescence markers and scattering contrast agents in
bioimaging.
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Fiber lasers and sensing systems are the applications
where the use of multicore optical fibers is actively studied
[1]. In the first case, MCFs can be used for a coherent
spatial division multiplexing to increase the effective area
of the mode field in order to reduce the influence of
nonlinear effects, while keeping the total radiation power
constant [2]. In the second case, fiber-optic sensors based
on a MCF for 3D shape sensing [3], as well as multi-
parameter sensors, can be created. In both cases, the key
element of laser and sensor systems based on a MCF is the
fiber Bragg grating (FBG) — a periodic modulation of the
refractive index in the core of the fiber, which reflects light
at a specific resonant wavelength [4]. For this reason,
development of methods for the selective inscription of
FBGs in a MCF is relevant. The traditional method of FBG
inscription using an UV radiation interference scheme has
several disadvantages associated with the need to remove
protective coating before inscription and use photosensitive
materials.

The technology of femtosecond laser modification of
the refractive index in non-photosensitive materials with a
localization of the modification region of less than 1 um
offers new opportunities for FBG inscription [5]. That is
why this technology allows point-by-point FBG inscription
in selected MCF cores with precise localization in both
longitudinal and transverse directions.

Using this technology, elements of an erbium-doped
fiber laser were created based on homogeneous and chirped
FBGs inscribed in a MCF for smooth tuning of the central
wavelength. In the first configuration, output coupling
(OC) FBG array was inscribed in a central core, and an
array of highly reflective (HR) FBG in side cores (one per
core) with different resonant wavelengths corresponding to
the OC FBGs. The wavelength tuning by 17 nm due to the
compression/extension of the MCF region with a FBG pair
at the selected wavelength is demonstrated. By combining
the corresponding pairs of FBGs with other wavelengths, it
is possible to obtain tuning in a larger spectral range. In the
second configuration, chirped FBG with a wide reflection
spectrum of 30 nm was inscribed in the central core, while
FBGs with narrow spectrum were inscribed in side cores.
The tuning scheme was similar to the first configuration. In
this case, tuning by more than 30 nm was achieved.

Moreover, this FBG inscription technology allows
creation of fiber-optic sensors to reconstruct the 3D shape
of an object. In this case, FBG arrays were inscribed in the
MCF in several sections along the fiber. In each individual
section, FBGs are located in the central and various side
cores. By measuring the wavelength shift of each of the
FBGs, the magnitude and direction of the bending-induced
strain can be determined. In addition, by subtracting the
wavelength shift of the central core from the corresponding
values of the side cores, it is possible to carry out
measurements at various temperatures, so the sensor is
athermal in this case. The results of reconstructing various
2- and 3-dimensional curves were obtained using the
proposed shape sensor with a reconstruction error of less
than 2% for a total length of ~10 cm. Experiments were also
carried out to reconstruct different shapes based on the
analysis of reflectograms obtained using a high resolution
OFDR reflectometer OBR 4600 (Luna Inc.). In this case,
the reconstruction error of the curves was less than 1% over
a total length of 45 cm.
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Metal-halide hybrid perovskites (MAPbX3, where X =
[1, Br, CI] and MA=CH3NHj3) represent a promising class
of materials for advanced optoelectronic applications.
Particularly, both perovskite solar cells and light-emitting
devices based on such materials exceeded 20% efficiency
level, the value that keeps growing rapidly [1]. Very
recently, the progress achieved on perovskite
nanophotonics brought novel approaches to this field [2].
The refractive index (n>2) of lead halide perovskite is large
enough to support the Mie resonances in a single
nanoparticle [3], which can thus enhance local
electromagnetic field and provide various spectral changes
in scattering and absorption of incident light [4]. At the
same time, large-scale and low-cost methods for fabrication
of nano- and microstructures from halide perovskite films
would enable neutral- and multi-colored semitransparency
for building-integrated photovoltaics [5], tandem solar cells
[6], light-emitting devices [7], and lasers [8]. In this regard,
development of high-throughput methods for perovskite
patterning and processing without irreversible reduction of
luminescent and charge-carriers transport properties of the
material is still challenging.

Individual perovskite-based nano- and microstructures
can be fabricated through inexpensive approaches such as
chemical vapor deposition or chemical synthesis. Yet, these
methods do not permit such individual structures to be
placed at desired locations on the substrate unless the latter
is preliminary treated by additional multi-step lithography.
In turn, lithography-based techniques used for perovskites
nanostructuring are still far from large-scale processing
performance, which is crucial for industrial applications.
Common fabrication approaches, such as e-beam
lithography, also have limited applicability for perovskite
processing as liquid-based post-processing steps are
harmful for the material quality in many cases [2]. Standard
direct laser processing was mainly implemented for rough
scribing of perovskite-based solar cells with a typical
feature size on the order of tens of micrometers [9]. On the
other hand, ultrafast material removal from a perovskite
film via femtosecond (fs) pulsed laser ablation could
potentially combine a technological simplicity and
scalability of the fabrication process with the flexibility of
producing various separated and properly arranged
microstructures, while preserving properties of the pristine

material and providing precision high enough to create
compact microlasers [10]. However, in order to push
advanced laser technology toward more precise non-
destructive patterning at nanoscale lateral and vertical
resolution, one has to develop novel approaches and carry
out more systematic studies providing better understanding
how tightly focused ultrashort laser pulses of high
intensities interact with metal-halide perovskites.

Here, we demonstrate novel approach for 3D
micropatterning of perovskite films via direct femtosecond
laser projection lithography. Whereas majority of previous
works used laser processing only for rough cutting/scribing
of perovskite materials at microscale level, here by using
advanced laser beam engineering and delicate multi-pulse
processing we showed capability of flexible non-
destructive 3D processing of perovskites at sub-diffraction
resolution down to 250 nm. Additionally, for the first time
in literature, we provide valuable theoretical insight into
ablation mechanism of halide-perovskite material with
ultrashort laser radiation. The elaborated optimized laser
processing regime allowed to control 3D surface
morphology preserving optoelectronic properties of the
irradiated perovskite material, thus opening pathway for
high-performing inexpensive and large-scale fabrication of
nanostructures and surface textures suitable for advanced
light-emitting, surface coloring and information encryption
applications.
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Pulsed laser ablation in a liquid is a flexible method for
the synthesis of colloidal solutions and precise surface
nanostructuring. In particular it was shown recently that
laser synthesis of colloidal solutions is not inferior
traditional chemical synthesis in cost-effectiveness [1].
Although PLAL is simple in realization and does not
require expensive equipment like vacuum chambers, the
PLAL process itself is still poorly understood in spite of
recent extensive studies and optimization of the method

The presence of liquid makes the process much more
complicated as compared to conventional laser ablation in
vacuum or an ambient gas. Apart. Firstly, the liquid
medium can participate in the removal of material from the
irradiated surface, and secondly, many traditional research
methods (mass spectrometry, spectroscopy, etc.) are
limitedly applicable. As a result of a the mechanisms of
laser ablation in liquid are poorly understood. Moreover,
many experimental results are controversial. In particular,
data on the ratio of damage threshold fluence of materials
in air and in water differ in different paper. The most
common point of view is the damage thresholds in a liquid
are higher than in air [2,3], which is associated either with
heat removal into the liquid or with the action of high-
pressure water vapor on the target surface. On the other
hand, in a number of studies, a decrease in damage
thresholds ina liquid is explained by an increase in the light
absorption of the material in a liquid, as well as by surface
modification under the influence of a shock wave [4].

We systematically measure the damage thresholds of
tin, silver, gold, and their alloys in distilled water and in air
under nanosecond IR laser irradiation. It was found that the
damage thresholds of refractory metals in a liquid is ~ 1.5
times higher than in air [5]. At the same time, the damage
thresholds of tin in a liquid is several percent lower than in
air [6]. To analyze the obtained results, a numerical
simulation was carried out based on the solution of the non-
stationary heat conduction equation taking into account
heat removal to the liquid, as well as its homogeneous
boiling near the target surface.

Good agreement was reached between the experimental
values of damage threshold and the calculated values of
laser fluence at which materials reach their melting points
in air. The calculated value of damage threshold of
refractory metals immersed into liquid were significantly
lower than the experimental ones despite of taking into
account heat removal from the target and increasing the
melting temperature under the influence of water vapor
pressure. However, we obtained the good agreement
between experimental and calculation result for tin. The
observed decrease in the threshold for refused metal in
comparison with the case of irradiation in air was explained

by the decrease in the reflection coefficient of immersed in
the optical denser medium.

We underline the main difference between tin and noble
metals (gold, silver and their alloys) in respect of the ns-
PLAL process. The melting temperature of noble metals is
higher 1000 K those higher than a water vaporization
temperature (~ 600 K) obtained in calculation of ns laser
heating of the metal targets immersed in water. So, the
refractory metal melting follows after water vaporization
which occurs at an early heating stage. Formation liquid-
vapor interface near the target surface leads to scattering of
a fraction of the incident laser pulse. This assumption are
confirmed by a comparison of results probe-beam
measurements and calculation data of boiling moment. This
results in higher metal damage thresholds than the
corresponding values in air. In contrast, the Sn melting
temperature is well below 600 K so the laser-induced tin
melting occurs before water vapor nucleation and thus
before the scattering process starts and leads to energy
losses. As a result, the tin damage thresholds in water and
air (and in vacuum) are identical. On the other hand, this
indicates that, since the water-explosive vaporization under
tin ns-PLA usually also occurs early target heating stages,
the laser light scattering processes also take place in this
case. According to calculation, the energy losses due to the
scattering effects can reach up to 30% of the total pulse
energy that has to be taken into account when analyzing the
PLAL process even for low-melt targets.
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Irradiation of amorphous hydrogenated silicon (a-Si:H)
by femtosecond laser pulses provides uniform
nanocrystallization of near surface layer [1] and allows to
fabricate laser-induced periodic surface structures (LIPSS).
The latter effect can be explained by excitation of surface
plasmon-polaritons under high-power laser radiation [2].
Such anisotropic one-dimensional gratings on a-Si:H film
surface demonstrate birefringence and dichroism, and can
be used in polarization-sensitive optoelectronic devices [3].
Also, LIPSS formation by femtosecond laser pulses is
perspective for thin-film photovoltaics, as such periodic
gratings on the surface of a-Si:H heterojunction solar cells
can improve their efficiency due to grating-induced
interference effects [4].

However, to show the possibility of a-Si:H LIPSS
practical application it is necessary to theoretically describe
formation of such gratings depending on irradiation
conditions, and investigate influence of structural
anisotropy on the modified film electrical and
photoelectrical properties.

In this work a-Si:H films were irradiated by
femtosecond laser pulses (4 = 1250 nm, = 125 fs, f = 10
Hz) in raster mode. Laser spot diameter varied from 150 to
300 um and laser fluence — from 0.15 to 0.5 J/cm? during
irradiation. Scanning speed V was changing from 2 to 60
um/s. 4 samples were produced in total (Table I).

Table 1. Sample modification parameters and LIPSS periods.

s | Fluence, Scanning Laser spot  LIPSS period,
ample ~ 3/cm2 speed, um/s diameter, um um
1 60 1.19+0.02
0.15 300
2 3 1.21+0.02
3 50 0.88+0.03
0.5 150
4 2 1.124+0.02

Various LIPSS types with periods close to laser
wavelength were revealed by scanning electron microscopy
on the irradiated a-Si:H surfaces. When scanning speed V
was from 50 to 60 um/s, LIPSS with ridges orientation
orthogonal to laser polarization were formed (samples 1
and 3). These LIPSS periods were from 0.88 to 1.19 um
and decreased with increasing of the laser fluence (Table
1). Irradiation at lower scanning speed V from 2 to 3 um/s
resulted into formation of LIPSS with ridges oriented along
the laser polarization (samples 2 and 4). The period of these

LIPSS varied in range 1.12-1.21 ym and also decreased for
higher laser fluence (Table ).

Formation of such structures is caused by
nonequilibrium carriers photoexcitation and subsequent
surface plasmon-polaritons generation [2].

The observed change of structure orientation with
decreasing of laser beam scanning speed can be explained
by the feedback between the optical properties of irradiated
surface and the mode of plasmon-polaritons excited.
According to theoretical modeling using so-called
«efficacy factor» [5], LIPSS change their direction
depending on the sign of instant (during laser irradiation)
dielectric permittivity real part Ree of a-Si:H film.
Namely, LIPSS ridges direction varies from orthogonal to
parallel relatively to laser polarization, when the Re ¢ sign
changes from negative to positive in the near-surface region
of the film.

Dark conductivity of modified films increased by 3
orders of magnitude according to electrical measurements,
due to formation of nanocrystalline silicon phase after
femtosecond laser treatment. According to Raman spectra,
nanocrystalline phase volume fraction was from 17 to 45%
depending on modification conditions. Also, dark
conductivity and charge carriers mobility demonstrated
artificial anisotropy in the irradiated a-Si:H films. Observed
anisotropy can be explained both by LIPSS depolarizing
effect and non-uniform film crystallization within raster
lines and LIPSS.
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The design and fabrication of chemical sensors with
high sensitivity and selectivity have attracted considerable
attention for several decades due to their great role in such
fields like environmental monitoring, medical diagnosis or
forensic analysis [1-5]. Detection of nitroaromatic
compounds (NACs) is of particular interest since they, on
the one hand, are the primary constituents of many
explosives and, on the other hand, are highly toxic
pollutants, which can cause many chronic diseases [6-7].
Therefore, fast, reliable and selective detection of NACs is
an applied relevant task for the social, workplace and
environmental safety [8-11].

Currently, a wide range of instrumental techniques on
the basis of various transduction methods (absorption,
fluorescence, conductivity, etc.) are being employed to
detect NACs [12-15]. Among others, popularity of the
fluorescence (FL) quenching based detection has grown
rapidly due to its high sensitivity, fast response combined
with easy handling and readout. The chemical principle of
this method is based on analytes ability to form stable pi-
complexes with polycyclic aromatic molecules. The planar
structure and the presence of electron-withdrawing nitro
groups in the aromatic ring make NACs capable of
accepting electrons during donor-acceptor interactions with
electron donors. The detection principle is based on FL
quenching of chemosensor (donor molecule) upon
complete or partial electron or energy transfer after the
contact with a nitroaromatic analyte (acceptor molecule).
Typically, NACs vapor detectors consist of a substrate-
supported sensitive material, either a polymer or a low
molecular weight fluorophore impregnated into a polymer
matrix, and the general strategy aimed at boosting their
performance revolves around the search for more efficient
sensitive materials.

This work presents a fluorescent chemosensor for
highly sensitive and selective detection of nitroaromatic
vapors (detection limit ~ ppt). The developed sensor is a
nanotextured silicon substrate (optical resonator that

enhances the luminescent response) with covalently bound
carbazole functional groups (sensor phosphor), which
demonstrates  excellent sensory  characteristics -
reversibility, shot response and regeneration times, which
makes the developed chemosensor a promising candidate
for creating effective sensory systems for public and
environmental safet applications.
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“Ultra-black” surfaces with extremely low reflectance
in a broad wavelength range are expected in high
performance optical instruments. Traditional black
coatings consisting of carbon and binders hardly achieve
reflectivity lower than 2% for their relatively high density
and flat surface.[1, 2] In recent years, extremely low
reflectivity has been reported in low density carbon
materials such like aligned carbon nanotube array (1 x 10
") [3] or carbon aerogels (<0.24%)[4, 5]. However, low
mechanical property is highly possibly resulted from
fragile subwavelength structure, restricting the application
of these coatings. Furthermore, complicated equipment and
processes such like chemical vapor deposition[3] or
supercritical drying[5] are needed to fabricate these
coatings, which are not suitable for large area surface too.

Herein, an ultra-black coating (reflectivity < 2%)
employing hollow carbon spheres (HCSs) is proposed.
HCSs can bring non-open sub-wavelength pores into the
coating without breaking the continuity of the film and
decreasing mechanical property. The sub-wavelength pores
can reduce overall density of the coating, leading to a low
equivalent refractive index and then a low reflectivity
subsequently. Besides, HCS can work as matting agent,
helping to form large nodules and pits which increase
absorption too.

The HCSs are synthesized through a four-step process:
synthesizing SiO, nanoshperes, coating SiO, nanoshperes
with RF resin, carbonizing RF resin by calcination and
removing SiO, cores.[6] The HCSs are mixed with
fluororesin as binder and are sprayed on subtrates. A solar

absorptance as high as 98.3% is achieved after the
optimization of the binder ratio. The existence of the sub-
wavelength pores is confirmed by TEM and SEM for both
HCSs and coatings. The molecules of the binder do not
enter the hollow portion of the HCS. The key effect of the
pores on the high solar absorptance is demonstrated by
comparison between coatings contained HCSs and solid
carbon spheres. Moreover, the agglomerated HSC particles
form a micro-scale light-trapping structure, which further
improves the solar absorptance. The adhesion of the ultra-
black coating is tested and is good enough for real
application.
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This work is related to the investigation of the
interaction of optical radiation with dielectric particles,
leading to the spatial field localization on the shadow
surface of a structure. This phenomenon is characterized by
a high intensity, a considerable length (up to several
wavelengths) and a small half-width (several tenths of
wavelengths), and is called the "photonic nanojet" [1].
Despite a rather detailed theoretical description of the
process and conditions of photonic nanojet formation in
various media, as well as the prospect application of this
effect in optics and photonics, studying practical methods
for photonic jet application is currently limited within the
areas of science associated with amplification of Raman
signal and superresolution optical microscopy [2].

At the same time, the possibilities of using the photonic
nanojet effect to enhance the luminescence have been
studied to a much lesser extent and mainly theoretically.
The single experimental works connected with the use of
photonic jets for multiphoton excitation of luminescence
and fluorescence microscopy are known. Here, we expand
the field of practical application of photonic nanojets for
local excitation of a sensitive layer of luminescent sensors
of chemical compounds in liquid and gas media.

In general, the sensor system under discussion is a film
of a matrix material (polymer or sol-gel) several
micrometers thick doped with a chemosensitive receptor
which luminescence parameters change upon contact with
the analyte. Sensor response studies of such systems,
including those conducted by the project leader, indicate
that the detection limit of the analyte directly depends on
the ability to register the sensor response from a single
chemosensitive receptor. This fact is confirmed by an
increasing number of publications devoted to the
development of sensor systems based on the plasmon
resonance effect [3]. However, the exciting radiation is
localized only in the immediate vicinity of the plasmon
structure, limiting the thickness of the sensitive layer and,
correspondingly, the specific number of molecules of the
chemosensitive receptor.

Overcoming this problem is associated with the
formation of a preconcentrator that provides for the
"targeted delivery" of the analyte molecule to the
chemosensitive receptor, significantly complicating the
design of the sensor. In turn, the localization of the exciting
radiation to the photonic nanojet makes it possible to extend
the localization region by several wavelengths and increase
its intensity, leading to an enhancement of the
luminescence of the chemosensitive receptor.

To create such structures, it is necessary to conduct
complex studies of the conditions for the appearance of
photonic nanojets, which ensure the highest efficiency of
luminescence excitation throughout the thickness of the
sensitive layer. The task is complicated by the fact that
during sensor response measurements, primarily in the

water environment, significant changes in the refractive
index of the sensitive layer can occur, affecting the length,
half-width, and intensity of the photonic nanojet. Current
theoretical descriptions of photonic nanojets formed by
various microstructures do not take this fact into account,
which causes difficulties for the practical application of the
calculation result. In this connection, we numerically
simulate the appearance process of a photonic nanojet
under the conditions of a changing refraction index of the
environment in order to determine the optical and
geometric parameters that provide an optimal correlation
between its half-width, length, and intensity. Based on the
simulation results we develop a technique for creation the
microstructures that are suitable for the formation of a
photonic nanojet in a real experiment in transmission and
reflection modes. Direct observations of the photonic
nanojets were conducted by means of the fluorescence
microscope experimental setup. The main advantage of the
setup is the image of the working region is constructed and
the luminescence spectrum is recorded in both the
"transmission" and "reflection™ modes.

The sensor response under the excitation of a sensitive
layer by the PNJ generated by microstructures of various
types in aqueous and gaseous media was studied. It was
shown that the PNJ excitation in transmission mode extend
the analyte detection limit from 2 to 0.5 pM when
registering metal ions in the aquatic environment and from
0.5 to 0.05 ppm when registering gaseous ammonia in the
air. The observed enhancement of the detection limit is
associated both with large PNJ length (16A) and a
sufficiently long region of high-intensity (=5\) ensuring
high excitation efficiency throughout the sensitive layer
volume. Inturn, the PNJ excitation in reflection mode leads
to an increase in the value of the sensor response inits linear
region (*10-50 pM for gold ions and 1-30 ppm for
ammonia), but does not affect significantly the detection
limit due to the relatively low intensity and short length
(102) of the PNJ.
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Raman spectroscopy became nanoscale with the
development of tip-enhanced Raman spectroscopy (TERS).
This approach uses a plasmonic nanoantenna mounted on a
scanning probe microscopy tip. Due to the plasmon
resonance it locally enhances electromagnetic field creating
a nanoscale light source. By scanning a tip across a sample
under the laser illumination and analyzing inelastically
scattered light, it is possible to obtain spectral maps with
the spatial resolution of this optical technique below 50 nm,
well beyond the diffraction limit [1].

The TERS spectra provide information about the
chemical composition just like Raman spectroscopy.
However, it is well-known that the polarization of the local
electric field is changed around a plasmonic antenna
leading to the scrambling of the selection rules [2,3]. To be
able to extract key information about the molecular and
crystalline structure and orientation, the Raman tensor
needs to be completed with the tip-amplification tensor T
as proposed by Ossikovsky et al. [4,5].

In this work we consider a dipole over a substrate where
the image dipole pin can be described using the following
expression

P, =tKp
K = 8.5‘ _Em
£S+£m

where & is the dielectric function of the substrate and &, is
the dielectric function of the medium surrounding the
dipole. Here two models are created using a simple image
dipole model and three-dimensional finite element method
model of a 10 nm sphere above the surface in COMSOL
Multiphysics. By studying the three field components (Ex,
Ey, E;) and their distribution as a function of the substrate
dielectric function and the sphere-substrate distance, the
dependence of the dipole-substrate coupling and its effect
on the tip-amplification tensor is described.
The resulting tip-amplification tensor
- has off-diagonal components that result in the
change of the spectral shape when the selection rules
are applied;
- in specific cases for the X polarization of the electric
field and strong dipole-substrate coupling (negative
dielectric function of the substrate and small dipole-

substrate distance), the off-diagonal components
can be comparable or even exceed the diagonal
ones.

Knowing the tip-amplification tensor would allow to
extract the Raman tensor and distinguish depolarization
from the other effects such as the break of the selection
rules due to the large electric field gradient or chemical
effects [6-9].
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Actually, surface enhanced Raman spectroscopy
(SERS) represents one of the more sensitive and reliable
methods for various compounds detection [1]. The main
advantages of SERS are based on the light energy
concentration near the plasmon-active surface, where the
typically weak Raman response of targeted molecules can
be enhanced by many orders of magnitude [2]. In fact, the
SERS allows reaching the absolute detection limit —
discriminating single molecule [3]. However, the real
utilization of SERS is significantly restricted be the fact that
most of the relevant molecules should be detected in
complex media, where the Raman bands from various
chemical groups interfered and produce “unreadable”
spectral pattern.

To overcome this drawback our group propose the
surface functionalization of plasmonic materials with
various organic moieties, able to selectively entrap the
targeted molecules from complex medium [4]. We started
from the optimization and construction of SERS substrate,
favoured by a homogeneous distribution of plasmon
evanescent wave [5]. Unlike the common approaches
(based on localized plasmon excitation) we utilized the
periodical plasmonic substrate, where the so-called surface
plasmon-polariton wave is excited, providing the
homogeneous distribution of SERS intensity across the full
“active” area [6,7]. In the next step, we introduced the
plasmonic surface functionalization with the aim to
increase the surface affinity to targeted molecules and
restrict the potential surface sorption of undesired
compounds. Next, we demonstrated the advantages of our
approaches in the various relevant fields of sensorics:
detection and recognition of environmental contaminants,
drugs, tumour markers, forbidden compounds etc [8-11].

Especial interest deserves the recently proposed by us
enantioselective detection. It should be noted that common
routes, used for enantiomers discrimination are
complicated by time and equipment demands [12]. Our
functional SERS substrate allows to performed chiral
detection with high accuracy and limit of detection

never demonstrated before. In this case, we used two based
principles: a combination of chiral plasmonic structures
and enantio-selective entrapping of the targeted analyte
[13, 14].

Finally, we also recently introduced the utilization of
functional plasmonic material for SERS in the combination
with deep machine learning. The proposed approach allows
complicated SERS spectra, with high (closed to absolute)
degree of accuracy and reliability and us to evaluate
interfering. Such method is especially useful for analysis of
(bio) samples, including the different bacterial strains
normal, tumour or tumour-associated cells and large
biomolecules [15, 16].
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The optical tweezer is a unique non-contact technique
for manipulation of nano- and micro-objects in different
media [1-3]. The optical trapping and guiding of different
types of microscopic objects is possible due to the actions
of different forces: the gradient force from a single strongly
focused laser beam in the case of transparent particles
suspended in liquids [2] and the photophoretic (PP) forces
in the case of light-absorbing particles in gaseous media [4,
5]. PP forces arise when the surface of a particle in a
gaseous medium is nonuniformly heated by an incident
light beam and can lead to the movement of the particle
away from the light source (the phenomenon of positive
photophoresis) or toward the light source (the phenomenon
of negative photophoresis).

Despite the fact that a single focused Gaussian beam
can be used as an optical tweezer for various particles in
various media [2, 3], the use of so-called structured laser
beams with different profiles of amplitude, phase, and even
polarization state distribution [6] provides much greater
opportunities for advanced laser manipulation. Here, we
demonstrate using structured laser beams for realization of
trapping and manipulation of different particles -
transparent polystyrene microparticles in water and light-
absorbing agglomeration of carbon nanoparticles in air.
Different types of manipulations - laser trapping of a set of
particles, laser guiding of the trapped particles and their
controllable rotation are presented.

The most popular example of the structured laser beam
that can be used for laser manipulation is the so-called
optical bottle beams — intensity minima bounded in three
dimensions by regions of higher intensity [7] is the most
convenient way for three-dimensional stable trapping of
different particles both in liquid [8] and gaseous media [9].
The specially designed diffractive optical elements (DOES)
and different elements can be used for the generation of
such laser beams.

The structured laser beams can be used for optical
rotation of the trapped particles too. There are two main
types of optical rotation: the rotation around the axis of the
optically trapped object and the orbital rotation around the
optical axis of the laser beam used for trapping. In the case
of transparent micro-objects in liquid media, these two
types of rotation are easily realized by the transfer of either
spin angular momentum (SAM) or orbital angular
momentum (OAM) from the illuminating laser beam to the
trapped object [10, 11]. However, such laser rotation
techniques are not universal; for example, for airborne
light-absorbing particles, the magnitude of the so-called
photophoretic forces can exceed the radiation pressure by
several orders [5], so SAM and OAM transfer effects
become neglectable in comparison with the thermal effects

arising from the anisotropic heating of the surface of the
trapped particles. We propose to use linear optical bottle
beams generated with the help of a combination of a
circular aperture and a rotating cylindrical lens for the
realization of controllable orbital rotation of light-
absorbing agglomerations of carbon nanoparticles.
Previously, we have used an optical light sheet trap
generated by a cylindrical lens for the realization of an
“optical mill”, a tool for the massive transfer of light-
absorbing particles in air [12]. The modification of the light
sheet trap allowed us to generate an elongated optical BB
that can be used for trapping and holding the trapped
particle inside the dark area during the rotation of the
generated beam.

The considered examples demonstrate only a small part
of possibilities in the field of laser trapping with the help of
structured laser beams. The structured laser beams have a
great potential in high-performance laser trapping of nano-
and microparticles and can be used for realization of
different all-optical tools for massive transfer and analysis
of such particles, including bacteria, fungal spores, plant
pollen and small fragments of plants and fungi that are
potential carriers of various human or plant diseases [13].
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The optical properties of silicon dioxide hollow
particles with different size were investigated in
UV/visible/near-IR region, as well as X-ray photoelectron
spectra were analyzed. It was established that hollow
particle reflectance lower than bulk microparticles.
Absorptance in the red and near infrared spectral ranges
increases with decreasing size of hollow particles, but in the
UV-region conversely. This is due to different absorption
centers.

Experimental

Synthesis of SiO; hollow particles was carried out using
a template method. Polystyrene balls (PS) were used as a
template. A similar method was used to obtain hollow
spheres of silicon dioxide. Tetraethylorthosilicate (TEOS
(C2Hs0)4Si) was applied to the surface of the templates. It
forms a layer around the polystyrene in the form of dioxide,
and C;Hs binds to the external environment. Then the
polystyrene template is dissolved with ammonia and
annealed.

Results

The silicon dioxide hollow particles with different sizes
were obtained: nano-, submicro-, micro-, submacrospheres.
Based on the obtained X-ray spectra, it was found that all
of silicon dioxide spheres of various sizes and nano-,
microparticles have an amorphous structure, which is
determined by a diffuse peak near 21 degrees. BET analysis
showed that an increase in mean particle size, specific
surface area decreases. The largest specific surface area of
nanoparticles is 244.2 + 20.1 m?/g.

In the diffuse reflectance spectra of SiO; hollow nano-,
submicro, micro-, submacrospheres in the region up to 500
nm, as well as for micro- and nanoparticles, two
characteristic “dips” are recorded - a decrease in the
reflectance to 70-80 %, and for submicroparticles, a
decrease up to 45 % is registered.

In the region above 500 nm, the reflectance of hollow
particles gradually decreases and in the near infrared region
is 30-45 %, depending on the type of particles. For
micropowders and submacropowders, it is equal to 80-85
% in the entire interval. Absorption bands characteristic of
chemisorbed on the surface of gas powders (CO, CO, and
OH groups) are also recorded in this spectral region.

In the absorption spectra of hollow particles are
observed identical absorption bands at 5.75, 4.9, 4.1-4.2 eV
and bands of chemisorbed gases at 0.86, 0.76, 0.64 and 0.55
eV. The characteristic absorption band for silicon dioxide,
5.75 eV, may be due to the absorption of the E', center, the
band at 4.9 eV due to defects on non-bridging oxygen
atoms (=Si-Oe), the nature of the band at 4.1 eV is not
known.

XPS analysis is a good tool for detecting defects
associated with bridging oxygen (Si—O-Si), non-bridging
oxygen (—O-Si), and free oxygen (O2-) [1]. The binding
energies of SiO; and SiO have values near 103.3 and 101.9
eV. When choosing a half-height at half-width equal to 1.5
eV near the values for pure silicon equal to 99.7 eV [2]. It
should be noted that the silicon suboxide components,
described here as SiO, are not well defined, but correspond
to the superposition of various suboxide states of Si,Os.
From the obtained decompositions, it was found that for
hollow particles the absence of bridging oxygen prevails,
while for particles of the nano-sized range including
nanospheres, stoichiometry corresponds to the SiO;
compound.

The XPS line Ols is characterized by three peaks with
centers at 530.52, 532.22, and 528.06 eV [3, 4]. The shift
of the O1s binding energy of nano- and hollow particles
from microparticles indicates a change in the type of
oxygen bond, which is associated with the formation of
Sid*,

Summary

The optical properties of silicon dioxide hollow
particles with different size were investigated in
UV/visible/near-IR region. It was established that hollow
particle reflectance lower than bulk microparticles.
Absorptance in the red and near infrared spectral ranges
increases with decreasing size of hollow particles, but in the
UV-region conversely. This is due to different absorption
centers: absorption in UV region cause by the E', center and
on non-bridging oxygen atoms; absorption in NIR region
cause by chemisorbed gases CO, CO,, and OH-groups.
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Magnetoplasmonic nanostructures combine
ferromagnetic and plasmonic materials to exploit field
enhancement in order to create active optical devices,
which are tunable by an external magnetic field [1,2]. One
of the approaches to utilize this fruitful combination of the
ferromagnetic and plasmonic nanostructure is to alter the
polarization state of light through magneto-optical (MO)
Kerr effect. Presence of plasmonic excitation, localized
surface plasmons and propagating surface plasmon
polaritons, may drastically enhance polar or transversal
Kerr effect.

Nowadays, hybrid noble metal/ferromagnetic metal
nanostructures being investigated are FM-Au bi- and
trilayers (FM — Co, Fe, Ni, YiG), and patterned thin films
with a dot and antidot structures. The further investigations
spread on other plasmonic materials as Ag, Cu or Al.

In this work, we aim to examine the MO activity of
ferromagnetic iron silicide thin films coupled with gold
layers. The patterned dot and antidot nanostructures are
also under investigation (Fig. 1).

J

Figure 1. Scanning electron microscopy image of polystyrene
nanospheres used for preparation of dot and antidote FesSi-Au
nanostructures (a) 320 nm and (b) 272 nm in diameter, (c)
covered with gold layer, (d) on FesSi surface treated in HNOs
acid.

The utilization of FesSi instead of pure ferromagnetic
metals gives us an opportunity to alter intrinsic optical and
MO properties of ferromagnetic metal through the
chemical composition and chemical order [3].

The optical and magneto-optical properties of highly
textured hybrid nanostructures of four types with different
layer thicknesses were studied: | - FesSi, Il - FesSi/ Au, 111
- Au/ FesSi/ Au, IV - Au/ FesSi. Some samples were used
to create a monolayer of polystyrene microspheres on their
surface with the help of microsphere lithography.
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Figure 2. (a) Measured spectral reflectivity and (b) transversal
Kerr effect spectra for the heterostructure samples with the
nanosphere monolayer on the surface.

A positive result was achieved using a weakly
concentrated solution of ethyl alcohol and a surfactant (1:
200), with an aqueous suspension of microspheres 300 nm
in size. On structures with a surface modified by a
monolayer of polystyrene nanospheres, a significant
increase in the magneto-optical response was shown. The
maximum position of the magneto-optical effect can vary
in the wavelength range from 270 to 413 nm for samples
with an initial nominal size of 320 nm by changing their
size to 276 nm (Fig. 2).

As a result of the studies, a wide variability of changes
in the magneto-optical properties of nanostructures based
on thin epitaxial films of ferromagnetic iron silicide by
modifying the surface through the creating of a monolayer
of polystyrene microspheres, changing their size, and also
applying a plasmon metal to their surface was
demonstrated.
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Nanocomposites doped with semiconductor quantum
dots (QDs) are of great interest in modern physics and
material science as effective LEDs, gain media for laser
generation, elements for photovoltaic devices and
nanoelectronics. Developing of new QD-based materials
requires the fundamental study of dynamical processes in
QDs and their interaction with a solid matrix, in particular,
electron-phonon interaction. One of the most effective
methods for studying the dynamic properties of solid state
composites with QDs is photon echo spectroscopy [1, 2],
however, standard luminescent techiques, supplemented by
temperature measurements, can also be useful for such
studies [3, 4].

In this paper, we studied polymers and frozen glasses
doped with double-coated colloidal CdSe/CdS/zZnS QDs.
QDs were spread on glass plate and embedded in
polyisobutylene (PIB), polymethylmethacrylate (PMMA),
frozen toluene, porous polyethylene terephthalate (PETP)
and polypropylene (PP).

The exciton luminescence spectra of the samples were
measured at different temperatures in the range from 4.5 to
300 K, and the temperature dependencies of the spectra
maximum, i.e. of the exciton energy, and the spectral width
were plotted. The temperature dependence of the exciton
energy was approximated using the model developed in [5],
obtaining the following parameters: E4(0) — the bandgap at
zero temperature, the Huang—Rhys factor and the average
energy of local optical (LO) phonons associated with
relaxation of electronic excitation Eo.

The obtained values of the band gap E4(0) are the same
for all samples. Other parameters for different samples are
different. Close values of the Huang-Rhys factor were
obtained for polymer (PIB, PMMA, PETP) composites,
which indicates similar parameters of the electron-phonon
interaction. The S value is different for the sample, which
is a thin layer of QDs on a glass substrate, and for porous
polypropylene. A significant difference in the value can be
caused in one case by the interaction of QDs with a glass
substrate, and in the other, with the peculiarities of QDs
incorporation into the pores of the polymer matrix. Eio
values for polymer composites differ from each other,
which may indicate a noticeable effect of the interaction of
the emitting quantum dot core not only with QD local
phonons, but also with phonons of the matrix. In this case,
the influence of the phonons of the matrix is small, which,
together with close values of the strength of the electron-
phonon interaction, leads to a slight change in the E.o
value.

Finally, the value of factor S, which is very different
from the rest of the samples, was obtained for a frozen
solution of QDs in toluene. Differences in the parameters
of the electron-phonon interaction lead to a noticeable
change in the effective frequency of the local phonon,
which indicates a strong influence of the matrix dynamics
on the spectral and luminescent properties of QDs. The last
conclusion is supported by the behavior of the temperature
dependence for frozen toluene near the glass transition
temperature. The nature of the temperature dependence
changes radically, i.e. the anomalous dynamics of the
matrix under phase transition conditions begins to play the
main role.

Table 1. Photophysical Parameters of Nanocomposites
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The average ELo values of QDs on glass and in PIB
were also obtained by Raman spectroscopy at room
temperature as high as 25 meV (206 cm™), that is almost
the same as obtained from photoluminescence study.
Additional information about relaxation processes in QDs
has been obtained by the photon echo technique and
luminescence kinetics studies.
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The nanoporous oxide of this metal (Al,O3) formed by
the electrolysis of aluminum (Al) is currently the subject of
a comprehensive study, which is associated with the
possibility of creating various multifunctional products and
systems of nano-, micro- and optoelectronics on its basis
[1-4]. Since 1962, the possibility of electrolysis of the
formation of an oxide film in chemically pure water was
demonstrated by the authors on the example of Si n- and p-
types [5], and in 2019 under the same anodizing conditions
on the example of Ti, W, In, Ga, Nb, Al , Ta, including Si,
we detected their electrogenerated luminescence (EL) [6,
7]. Further studies on the anodic Al203 formed in distilled
water (DW) showed that in nonelectrolysis electrolytes,
such as ketones and related compounds containing a
carbonyl group (CNG) [8], a transformation of the
nanoporous oxide structure is possible, accompanied by a
very bright EL with stationary luminosity (1) [9]. The

highest oxidized Al anode was found in acetylacetone
(Acac) and methylpyrrolidone (Mp) compared with the
simplest representative of ketones, acetone (Ac) [9].
However, the relationship of such a conversion with the
brightness characteristics of the EL is not fully understood.
The present work is devoted to its clarification.

For 5 pm thick formed in DW AlLOs, |,
recorded in the above compounds, and geometric
inhomogeneities of its structure were estimated from
10000-fold SEM images of the oxide film [9, 10],
determining the coefficient (K ') of the electric field gain (
E. ., ) relative to its average value ( E ) by the formula [9]:

E.x =K-E. The table presents the results of the
assessment of the values averaged over three replicates of
measurements K, E u E_, (the error did not exceed

15%) at an external voltage of 1.2 kV with values of the
dielectric constant (&) of ketones and DW.

From the data in the table, a clearly traced regularity is
clearly visible: with increasing field strength E_,

EL was

increases | . Atconstant voltage and other external factors,

the growth of is determined not only by the morphological
features of the structure of the oxide film, but also the
electrical properties of the liquid dielectric, in particular, its
dielectric constant permeability.

The revealed regularity sheds light on the reason for the
lack of high brightness of Al,O3 EL in Ac in comparison
with DW and other CNG-containing compounds. As can be
seen from the table, in this ketone the smallest values are

K, E and E_,, which indicates the absence of
conversion of the nanoporous structure of the oxide film,

therefore, only the electrical characteristics of the liquid
dielectric have a decisive influence on the generation of EL.

Table. Averaged results of measurements of stationary EL and
estimates of the electric field strength on inhomogeneities of the
nanoporous structure of Al20z in DW and ketones

Dielectric DwW Ac Mp Acac
€ 78.2 20.7 34.9 25.7
K 54 52 6.6 9.8
E 10°V/m 55 4.4 5.0 4.7
E e 110°V/m 3.0 2.3 3.3 4.6
I, 107 Im/m2 12 2.6 19.1 88
Thus, with the constant external voltage,

thermodynamic parameters, and the absence of electrolysis,
the brightness characteristics of the EL of the anodic Al;O3
of constant thickness are influenced by its structural
organization and the electrophysical characteristics of the
nonelectrolysis electrolyte surrounding the oxide film.
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Recently, in the field of molecular cell surgery of
malignant tumors is increasingly common term
theranostics, it combined diagnosis and therapy. For these
purposes it is widely used bionanoconjugates consisting of
magnetic nanoparticles and DNA- aptamers. For the
development of targeted drugs a vital role plays research of
properties used bionanoconjugates.

A review of study of magnetic, optical and magneto-
optical properties of some Kkinds bionanoconjugates
consisting of different shapes metals nanoparticles
immobilized DNA-aptamers for Ehrlich ascites carcinoma
cell is given.

The magnetic core bionanoconjugates provides
required magnetic properties for the provision of physical
exposure to a low frequency alternating magnetic field.
Magnetomechanical cell disruption using nano and
microsized structures is a promising biomedical technology
using for noninvasive elimination of diseased cells. It
applies alternating magnetic field for ferromagnetic
microdiscs making them oscillate and causing cell
membrane disruption with following cell death by
apoptosis [1,2]. It is shown that it is possible to replace
microdisks with spherical nanoparticles decorated with
gold.

One of such nanoparticles is the Fe and Ni nanoparticles
decorated with Au studied in this work. Nanoparticles were
obtained by pulsed laser ablation of a bulk gold target in a
solution of 3-d electroplating nanoparticles produced by
Advanced Powder Technologies LLC with an average
particle size of 50-110 nm (TU 1791-003-36280340-2008).

The morphology of the obtained nanoparticles was
studied using a Hitachi TM 5500 transmission electron
microscope. The images show that the samples are coated
with gold particles with an average size of 16-18 nm (for a

Fe-Au sample, an average Fe size of about 70 nm), 7-8 nm
(for Ni -Au, the average size of Ni is about 65-75 nm).

Measurements of the magnetization of the samples were
carried out at room temperature using a vibration
magnetometer, developed at the IP SB RAS. The presence
of a hysteresis loop indicates that the samples are
ferrimagnetic.

The absorption spectra of nanoparticles in the range of
200750 nm were recorded on a SKD-2 MUF dichrograph,
with a spectral resolution of 3 nm. In the spectra obtained,
peaks characteristic of Fe and Ni nanoparticles are
observed, the absorption peak characteristic of Au
nanoparticles is absent in the 520 nm region.

Small sizes of particles and their compounds and the
possibility of varying their shape are often useful when
exposed to an electromagnetic field, especially, if the
particles in one way or another react to its change (heating,
change of magnetization orientation, etc.) But depending
on the modification of ion compounds, the synthesis
method, and coatings, the nanoparticles can have chemical,
optical, and magneto-optical properties are different from
each other.

Nanoparticle’s morfology were studied with a Hitachi
TM 5500 trasmission electron microscope equipped with
an EDS attachment.

The relationship of shape, size, magnetic properties of
bionanoconjugates and the possibility of their use in
theranostics is discussed.
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The development of sensitive and selective gas sensor
systems for detecting chemical and biological agents is a
priority of many research groups of scientists since they
involve issues of safety of industrial objects. In this field of
research, a special televised pay sensor systems based on
carbon nanotubes. The analysis of the works in this
direction has shown that the functionalization of nanotubes
has become a classic approach in creating sensor materials
based on carbon nanotubes and hybrid systems
polymer/carbon nanotubes become effective and selective
materials for gas sensing with a wide range of detected
gases [1]. The most promising in our opinion is the
functionalization of carbon nanotubes photochromic
polymeric materials with thermal stability [2, 3]. This
approach to functionalization allows obtaining optically
active and thermally stable material, which expands its
range of application and functions of the sensor based on it.

It is known that the decomposition of protein
compounds of meat, fish and other marine animals in the
environment is highlighted in the breakdown products of
volatile amines. So check the concentration of free amines
in the product can serve as a marker of their quality and
freshness. Previous our studies have shown [4] that the
interaction of a complex material based on functionalized
single-walled carbon nanotubes (poly-SWCNTSs) with
gaseous amines leads to a change in the optical
characteristics in the UV and visible wavelength range,
which makes it applicable and compatible with continuous
monitoring of biological processes and events [5]. This
paper presents the latest advances in luminescent
chemosensors for medicine and food safety. The contents
consist of the optical and sensory characteristics of a
complex material based on functionally single-wall carbon
nanotubes, using the poly-SWCNTSs system as a sensitive
marker of the quality of protein products during storage
under different conditions. In addition, some latest field
deployment case studies and data analysis are introduced.

Studies of the sensor response of films of poly-
SWCNTSs to determine the freshness of the protein products
(fish, crab meat) in the store, with standard conditions
(+20C), as well as the conditions of refrigeration (+4C) and
freezer storage (-24C). The test systems under study
showed a good correlation of the luminescent response with
the storage time and storage conditions and can be used to
study the quality and suitability of food protein products
during their storage. So for samples freezer storage (-24C),
which implies preservation of quality products for a long
time, did not observe changes in the spectrum of the
luminescence of poly-SWCNTSs. The correlation between
the quality of the test object and touch response: there is no
breakdown of proteins, no free amines in the environment,

not recorded changes in the intensity of the private band of
the luminescence of poly-SWCNTs. Processes of
refrigeration temperatures (+4C) slow down the speed of
the decay products of protein origin but are not the
optimum way to store them. Therefore, a slow increase of
intensity in his own band luminescence poly-SWCNTSs, as
touch responsiveness on the presence of free amines in the
test system corresponds to the slow decay of the protein
products. Moreover, these test systems have allowed
identifying another marker of the "freshness" of the
product, namely, a slowly growing, additional maximum
luminescence at wavelengths A=550-552 nm, due to the
peroxidation process of the lipids and phospholipids that
are also present in protein foods. The results of the last
block of experiments perfectly correlated with the real
picture of the spoilage of food protein products. In terms of
storage at +20C meat fish and seafood spoils in less than a
day. This block of the experiment, we recorded a rapid
increase of the intensity maximum of the private band of
the luminescence of poly-SWCNTs (A=432 nm) as a
sensory response to the rapid increase in the concentration
of free amines, as well as a sharp increase in the intensity
of luminescence in blue-green region of the spectrum
characteristic of an intensive process of lipid peroxidation.
Thus, this dynamic process is applicable to study the
process of spoilage of protein foods and can be a marker of
their quality and freshnessit. It was possible to single out
one more marker of freshness, “blue-green glow”, caused
by the process of peroxidation of lipids and phospholipids,
which are also present in protein products, that is very
relevant because allows you to track the beginning of the
process of spoiling meat and fish with other negative
markers. In addition, the materials have application
prospects in such areas as medicine and food safety.
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To date, the concept of “structured” light was directly
associated with optical vortex (OV) beams carrying orbital
angular (OAM) and spin angular momenta (SAM). Owing
to specific character of OV interaction with matter, such
beams are widely employed for pulsed laser processing of
various materials to form chiral nanostructures [1].

Laser pulses with nanosecond duration were mainly
explored for formation of chiral nanostructures, while
much shorter femtosecond (fs) radiation was believed to be
not capable of producing helical morphology as one can
expect in the case of explanation of this phenomenon by
either OAM transfer formalism [2] or helical surface
tension gradient [3]. Noteworthy, Rahimian et al. recently
demonstrated chiral-shaped Si nanocones using fs donut-
shape OV pulses [4], although authors did not highlight the
helical shape of their structure evident from the presented
electron microscopy images.

Here, we provide clear explanation unraveling
formation of recently reported chiral Si nanostructures as a
consequence of uneven helical flow of laser-melted Si
material caused by asymmetry of initial intensity and
temperature pattern on laser-irradiated Si surface.
Specifically, breaking circular symmetry of the irradiating
donut-shaped fs-pulse beam was demonstrated to switch
the geometry of formed surface nanoprotrusions from
regular to chiral, while the chirality of the obtained Si
nanostructures was found to promote with a degree of
asymmetry of the laser beam.

The experiments on chiral Si nanostructures formation
were started from conversion of Gaussian-shaped laser
pulse, generated by Yh:KGW-based fs laser system, to the
donut-shaped laser beam. To do this, the as-generated laser
beam was passed through commercial polarization
converter (S-waveplate). This element was mounted on a
precise 2D motorized translation stage to provide calibrated
radial displacement with respect to the center of the laser
beam. Such gradual displacement resulted in tailoring
symmetry of the generated focal-plane spot intensity
distribution. Then, donut-shaped laser pulses were focused
onto polished bulk crystalline (100) silicon by microscope
objective (Mitutoyo, numerical aperture = 0.14). Every
structure was produced under single laser shot.

In our previous demonstrations of chiral nanostructures
formation via nanosecond laser ablation we used common
noble-metal (Au, Ag) films of variable thickness covering
silica glass substrates [3]. Fs “structured” pulse ablation of
such metal films, however, doesn’t lead to the formation of
chiral structures owing to much stronger acoustic effects
initiated by fs-pulse irradiation and resulted in thermo-
mechanical spallation of the transiently molten surface
layer. In a sharp contrast, single-pulse fs-laser irradiation of

bulk Si target creates a pool of molten material. The surface
tension gradient laterally pulls the molten Si towards colder
areas, resulting in material accumulation in the area which
corresponds to the center of the donut-shaped beam with
zero intensity as well as to the periphery of the molten pool
producing a circular rim of resolidified material.

This indicates that the “dark™ spot at the center of the
generated donut-shaped beam governs the formation of the
Si nanoprotrusion there. To get more insight into formation
of this protrusion, we gradually break the ideal circular
symmetry of the irradiating donut-shaped fs-pulse. More
specifically, the stepwise radial displacement of the S-
waveplate center with respect to the center of the Gaussian-
shaped laser beam produced corresponding lateral shift of
the “dark” spot as well as redistribution of the intensity
between beam shoulders. Remarkably, the Si
nanoprotrusions formed via fs-laser ablation with
asymmetric beams acquire chiral shape, while the chirality
of the obtained Si nanostructures was found to promote
with a degree of asymmetry of the laser beam. Chirality of
laser-induced nanoprotrusions increases as relative position
of the formed protrusion is becoming more distant from the
donut center, which correlates with the shift of the “dark”
spot with S-waveplate displacement.

Here, we showed formation of chiral nanoprotrusions
upon direct laser ablation of bulk crystalline silicon wafer
with single fs pulses having asymmetric donut-shaped
intensity profile. Breaking circular symmetry of the
irradiating donut-shaped fs-pulse beam was demonstrated
to switch the geometry of formed surface nanoprotrusions
from regular to chiral, while the chirality of the obtained Si
nanostructures was found to promote with a degree of
asymmetry of the laser beam. The obtained experimental
results explain the formation of previously reported chiral
Si nanostructures in terms of uneven helical flow of laser-
melted Si material caused by asymmetry of initial intensity
and temperature pattern on laser-irradiated Si surface.
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This paper presents the results of comparative studies of
photoluminescence in a nominally pure congruent crystal
(LiNbOscong), as well as in crystals whose composition is
close to stoichiometric, obtained by two technologies: from
a melt with 58.60 mol. % Li,O (LiNbOgzsticn) and HTTSSG
(High temperature technology top speed solution growth)
from congruent melt with the addition of flux 6 wt. % K,O
(LiNbOsstoich (6 Wt. % K20)) [1, 2].

In the photoluminescence spectra of LiNbOsswich,
LiNbOsswich (6 wt. % Ky0) and LiNbOscng crystals
obtained from the sample volume, a halo is observed in the
range from 380.0 to 650.0 nm, as well as a general increase
in the luminescence intensity in the long-wavelength region
(> 700.0 nm). The halo is complex and contains a broad
band with a main maximum at 527.0 nm (LiNbOgzsicn),
613.0 nm (LiNbOscong) and 612.0 nm LiNbOsstich (6 Wt. %
K>0) and several incidental maxima. Table 1 shows the
quantitative characteristics of the photoluminescence
spectra of the studied LiNbOs single crystals.
Luminescence centers in the form of Nby defects in
LiNbO; crystals correspond to the maxima of the
luminescence bands at 510.0-520.0 nm [3]. The intensity
of luminescence bands with maxima at 510.0-527.0 nm
increases in the series of LiINbOsstich, LINDOsstoich (6 Wt. %
K20), and LiNbOgzcong Crystals, which indicates a sequential
increase in the number of point defects in Nby; in this series
of crystals. However, the calculation of the number of Nby;
defects showed their minimum content in the LiNbOsstoicn(6
wt. % K;0) crystal.

The maximum luminescence intensity at 611.0-613.0
nm is associated with the presence of a complex defect in
the form of a bipolaron Nbny**-Nbii**. One of the
theoretically calculated values of the optical transitions for
the bipolaron (Nbny**-Nbii**) is 2.0 eV (620.0 nm) [4]. If
we assume that the radiation intensity of an individual
luminescence center in the first approximation depends
only on the concentration of a particular type of defect, then
the number of luminescence centers of this and other
defects increases as the ratio Li/Nb decreases. However,
this result is not consistent with the calculated Li/Nb ratio
in the studied crystals. Therefore, it can be assumed that the
transfer of absorbed energy between the centers of
luminescence is observed in the crystals under study, which
causes differences with the experimental data obtained by
studying the IR spectra and the fundamental absorption
edge.

In addition, the optical and electrical properties of
lithium niobate crystals are strongly affected by the
presence of OH groups in the structure, which occupy
oxygen ion sites. The calculation results show that the
concentration of OH groups in the LiNbOscong crystal is

maximum, and the number of OH groups in the LiNbOgstoich
crystal (6 wt. % K;0) is intermediate between their number
in LiNDbOszcong and LiNbOssich Crystals.

Studies of the photoluminescence spectra of
LiNbOscong, LINDOssioich (6 wt. % K,0) and LiNbOssoich
crystals obtained upon excitation by the 325.0 nm line from
the crystal volume show that photoluminescence is not
unambiguously dependent on stoichiometry and crystal
production technology. In the LiNbOszcng crystal, the
dominant luminescence centers are the centers in the form
of Nby; defects, which are the deepest electron traps. In
LiNbOsswicn crystals (6 wt. % K,0) and LiNbOgzstich, point
defects of Nby;are practically absent, but the luminescence
of the corresponding luminescence centers is quite intense.
According to the calculations, an increased content of OH
groups is observed in the structure of these crystals. This
fact allows us to make the assumption that the contribution
to luminescence can be made not only by the main types of
luminescence centers in the form of point defects (when the
main and impurity cations are not in their positions), but by
the luminescence centers in the form of complex defects
with the participation of hydrogen atoms.
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At present, LiNbOs crystals that are near stoichiometric
composition are grown in air in two main ways: from a
N20s-Li,0 melt with 58.60 mol. % Li>O (LiNbOsstwich) and
from a congruent melt with ~ 6 wt. % alkaline solvent (flux)
KO (HTTSG method - High temperature top speed
solution growth) - LiNbOs: (6 wt. % K;0). The method of
growing from a melt with 58.60 mol. % Li»O is currently
practically not used in industry due to the high
heterogeneity of the composition and refractive index of the
grown crystal along the growth axis. The HTTSSG method
allows single crystals of a high degree of compositional
homogeneity to be obtained from a congruent melt.
However, this method of obtaining stoichiometric single
crystals is much more complicated.

In recent years, we have been developing a method for
growing LiNbOs; crystals close to the stoichiometric
composition from a congruent melt using boron
compounds. In this work, we studied the nominally pure
LiNbOs crystals obtained by us with different Li/Nb ratios,
grown from a congruent melt doped with boron, using a
charge of different genesis. The research results were
compared with the results obtained for LiNbOsswicn and
LiNbOgzcong Crystals.

The boron element does not enter the structure of the
lithium niobate crystal, since the LiNbO3 phase does not
have a solubility region of boron in the solid state. But
boron compounds can be used as a flux. The only
crystallizing phase from the boron-containing melt is
LiNbO;. At the same time, during crystallization of
LiNbQOs, an increase in the concentration of boron in the
melt will occur, leading to an increase in the viscosity of
the melt and a decrease in the crystallization temperature.
A calculation based on the Curie temperature of the Li/Nb
ratio and the concentration of Nby; defects in the studied
LiNbOs crystals shows that with an increase in the boron
concentration in the charge, an increase in the Li/Nb ratio
in the grown crystals is observed with a simultaneous
decrease in the number of Nby; defects. It can be assumed
that boron-containing polyanions in the melt form stable
covalent bonds with niobium-containing polyanions,
thereby binding an excess of niobium.

The stoichiometric approximation of the LiNbO3:B%*
crystal structure is confirmed by Raman data, which
indicate an increase in the alternation order of the main,
doping cations and vacancies along the polar axis, as well
as the data of IR absorption spectra in the region of valence
vibrations of OH groups, Table I. Compared with a
congruent crystal, the widths of the components of the
absorption band of the IR spectrum of LiNbOsswich and
LiNbO3:B** crystals (0.12 and 0.18 wt. %) are narrower,

Table. I, which indicates a greater ordering of the proton
sublattice in a stoichiometric crystal and crystals grown
from a melt containing boron, in comparison with a
congruent crystal.

Table 1.Quantitative characteristics (frequency v, cm, width S,
cm’?, intensity I, arb. units) of Raman spectra in the scattering
geometry Y (ZX) Y E (TO) in the region of cation vibrations in
oxygen octahedra and in IR absorption spectra in the region of
stretching vibrations of OH groups in LiNbOastoich, LiNBOscong,
LiNbO3:B%* crystals (0.12 and 0.18 wt. %)
LiNbO3smich LiNb03cong Lle03B LleO3B
(0.12 wt. %) (0.18 wt. %)
The parameters of the lines in the Raman spectra

v S v S v S v S
152 7 152 12 152 9 152 10
240 9 240 11 240 10 240 11
268 10 268 14 270 13 270 13
324 10 324 13 324 14 323 16

Line parameters in IR absorption spectra

v | S v | S v | S v | S
3 01 4 3 01 1 3 0100 1 3 014 1
4 4 . 4 2 6 4 0 6. 4 2 2.
6 2 7 . 6 2 6 5
5 8 0 4 6 7

3 01 5 3 04 2 3 013 2 3 011 1
4 1 . 4 9 4 4 0 0. 4 9 9.
8 3 8 . 8 1 8 9
0 7 3 8 1 0

3 00 8 3 03 2 3 0100 2 3 028 2
4 7 . 4 3 7 4 4 2. 4 8 7.
8 1 8 . 8 6 8 2
8 8 6 1 5 5

It was shown that by structuring the congruent melt with
a nonmetallic element by boron, the number of point
defects in the Nby; cationic sublattice can be effectively
controlled in a nominally pure LiNbO; crystal, thereby
controlling the Li/Nb ratio and bringing the crystal
structure closer to a stoichiometric structure with a constant
refractive index along the growth axis. In addition, it was
shown that boron compounds reduce the content of
uncontrolled metallic impurities in the crystal, including
multiply charged transition metal impurities, which
significantly affect the photorefraction effect.
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The extreme wettability (superhydrophobicity and
superhydrophilicity) of surface is very promising
phenomena for different application [1-3]. Much attention
is paid to biphilic materials combined such wettability
properties on small spatial scales. It is very important to
find the flexible method to local obtain the stable
superhydrophobic and superhydrophilic patterns. In present
work we propose three-stage approach for local variation
of the wetting properties of silicon in a wide range of
parameters. The first stage is gentle laser treatment of
silicon surface [4]. It was found that the self-organized
microstructure on single crystal silicon may be obtained by
multipulse nanosecond IR irradiation in very narrow range
of condition: laser fluence 3-5 J/cm2, number of pulses 25-
75. In this case the morphology of central part of laser spot
is mesh of orthogonal cracks (the step is 40-50 mkm) and
the micrkohillocks form on its cross. Formation of cracks
weakly depended on laser treatment conditions and
surrounding. However, the microhillocks forms only in
oxygen content background with pressure around the
atmospheric. It was analyzed the dependence of silicon
ablated mass on background pressure. It was found that at
pressures above 60 Pa the mass of the irradiated target
remains unchanged. The increase of oxygen partial
pressure lead to formation lager hillocks. The processing of
some area at founded regimes for microhillock formation
lead to contact angle transition of silicon from 55° to 0°. It
is found that such bright properties are not achieved when
the surface is treated by a green laser or in a inert
background.

The second stage is deposition of flouropolymer films
on silicon surface by hot wire chemical deposition. The
deposition parameters (temperature of wire and substrate,
pressure of gas and so on) determine the film morphology
and structure [5] on which the resistance of the coating and
its hydrophobicity strongly depend. As a rule, the
developed morphology of fluoropolymer provides the
hydrophobic properties up to superhydrophobicity however
the increase of contact angle lead to loss of durability. The
most durable coating has a smooth and continuum
morphology. It was found that gradual deposition of
fluoropoymer on single crystal silicon in condition
providing high stability of coating lead to gradual change
of the contact angle from 55° to 120°. The finished contact
angle closed to value for bulk fluoropolymer are achieved
at 35 nm of coating thickness. We suggest that this
saturation effect is due to the limitation of the action of the
van der Waals forces between the water molecules and the
substrate. Preliminary laser processing of silicon to achieve
the superhydrophilicity of surface allowed us to expand the
range of water contact angles for our samples to ~ 0° - 170°.

A plateau is reached with a twice longer deposition time of
a fluoropolymer of ~ 300 s. This is due to the thinning of
the film deposited on a rough surface (roughness r = 1.96)
for the sample after laser treatment. Scanning electron
microscopy of the surface showed that the selected
deposition modes are characterized by identity of
fluoropolymer and treated silicon morphology at the nano-
and microscale both. It was found that the expansion of
contact angles range are in a good agreement with the
Wenzel theory [6], taking into account that the thickness of
the fluoropolymer coating decreases in proportion to the
roughness of the material for a given deposition time.

The third step is local laser removal of the
fluoropolymer from the obtaining samples which have the
superhydrophilic sublayer with superhydrophobic coating.
This allows us to give to material the properties of
contrasting wettability with a sharp spatial transition from
superhydrophaobicity to superhydrophilicity The conditions
for laser ablation of a fluoropolymer without influence on
the superhydrophilic characteristics of the sublayer were
found. The possibility of suggested three-stage approach
demosrated by design of superhydrophobic sampels with
local high adhesive force for reliable fixation of water
droplet with spherical form.
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One of the fundamental parts of nanophotonics is the
problem of localizing light in sub-wavelength volumes.
Conventional methods for solving this problem are to use
the unique properties of surface plasmon polaritons (SPPs).
A wide range of plasmonic applications was found for
many materials and objects that can support such
excitations [1,2]. In addition to the capabilities of detecting,
modulating and directing light, the substantial boost in field
intensity by extreme light concentration can lead to
facilitation of non-linear effects such as second harmonic
(SH) generation. SH intensity at metal interfaces can be
enhanced by more than an order of magnitude through
coupling of the pump light to SPPs. Random and ordered
nanostructures made of plasmon-active materials were
shown to provide reliable way for SPP excitation thus
giving rise to SHG effect [3,4].

However, mentioned periodically arranged
nanostructures are typically fabricated using expensive and
time-consuming lithography-based techniques limiting
their applicability for realistic devices. Here, we present a
novel plasmonic platform representing periodically
arranged Au nanobumps produced by cheap and high-
performing direct laser printing. Arrangement of such
unique nanostructures supports lattice-type plasmon
resonances tailored by either array period p or nanobump
diameter d. By optimizing both parameters we achieved at
least 35-fold more enhanced SH yield being compared to
smooth Au film.

We used the following procedure to fabricate Au
nanobump arrays. First, using electron beam evaporation
100-nm thick Au film was deposited on pre-cleaned smooth
glass substrate. Then using direct laser printing method [5]
fabricated films were irradiated with the second harmonic
(A =515 nm) femtosecond (=200 fs) pulses generated by a
solid state laser system. Lens with numerical aperture (NA)
0.42, 20x was used for focusing of laser pulses in air. To
achieve a high-speed patterning the samples were arranged
on PC-controlled micropositioning platform and scanned
by a laser beam at 200 kHz pulse repetition rate. The
morphology of the produced nanostructures was
characterized by high-resolution scanning electron
microscopy.

We used a Yb:YVO4 pulsed (150 fs) laser with center
wavelength at 1049 nm to pump SH vyield. A lens with
NA=0.33 was used to focus the laser pulses onto the Au
nanobump array under normal incidence. The reflected
beam was collected through the same lens and after being

passed through two filters to reduce intensity of the pump
radiation was analyzed with Horiba LabRAM HR
spectrometer.

Results show strong dependents of SHG yield versus
main geometric parameter: nanobump period p and
diameter d. More specifically, the strongest SH yield was
observed at d=600 nm and p=800 nm providing 35 times
more enhanced signal being compared to the smooth Au
film, when the pump wavelength is close to the main
lattice-type resonance of the nanobump array. Such
enhancement correlates also with our theoretical simulation
carried out in COMSOL multiphysics software. Dispersion
diagram calculated for optimal geometry of nanobump
array shows presence of characteristic zone-folded modes
close to the SH wavelength. These modes are expected to
facilitate SH vyield via efficient outcoupling of the
generated radiation by plasmonic grating. We also
measured the pump-power dependence of the SHG signal
giving a slope of 1.87 on log-log plot, that correlates well
with expected value of 2 from SH signal.

To summarize, we have observed substantial
enhancement of SH yield by laser-printed plasmonic bump
array. We found a strong dependence of the magnitude of
the SHG to the geometric parameters of the nanobumps.
The enhanced SH vyield is attributed to the coupling
between localized SPPs eigenmodes and zone-folded
modes, which was confirmed by electromagnetic
simulations of dispersion curves in COMSOL multiphysics
software. The proposed plasmonic platform holds for
realization of novel nanophotonic devices for efficient
control over nonlinear optical response.
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The development of optical chemical sensors for the
determination of metal cations in aqueous media is a
dynamically developing area of modern chemistry. At the
same time, more and more attention is paid to the synthesis,
the study of physicochemical properties and the use of
compounds of the dendrimeric structure, due to the unique
properties that such compounds possess. Of particular
interest are the photochemical and photophysical properties
of dendrimers [1].

In this work, synthesis methods were developed, a
number of new photoactive compounds of the dendrimer
structure containing 2, 4, 6, 8, 12, 16 and 24 chromophore
functional groups were obtained and characterized by
physicochemical methods (fig. 1).

Figure 1. Optimized structure of dendrimer with 4 chromophore
functional groups.

It was shown that the interaction of cysteamine
hydrochloride with vinyl-functionalized organosilicon
compounds, including dendrimer nature, proceeds with
practically quantitative yields even in the case of an
equimolar ratio of vinyl and thiol groups, which will allow
avoiding difficulties at the stage of isolating the target
products. It was also shown that the interaction of the
obtained cysteamine-functionalized compounds with
rhodamine 6G in high yields is possible only in dimethyl
sulfoxide in the form of free amines.

It was shown that in this series, there is a strong
electronic interaction of peripheral chromophore groups,
which determines the change in the optical properties of
compounds with an increase in their functionalization.

A nonlinear dependence of the maximum value of the
molar absorption coefficient (with excess of hydrochloric
acid) on the degree of functionalization of the molecule was
established, which indicates the presence of an
intramolecular interaction between chromophores (fig. 2).
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Figure 2. Dependence of absorption on the number of
chromophore groups in a molecule.

It was shown that the fluorescence intensity of all
compounds, starting from the 4 functionalized derivatives,
is approximately at the same level, despite the fact that the
amount of light that they absorb differs significantly. The
obtained results also indicate the appearance of a new

nonradiative relaxation process in the system of
chromophores (fig. 3).
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Figure 3. Quantum yield of fluorescence at various degrees of
protonation.

The performed guantum mechanical calculations for a
molecule with four functional groups confirm effective
energy absorption and rapid transfer to the acceptor group.

Acknowledgements

Financial support from Russian Foundation for Basic
Research is gratefully acknowledged. The work on the
synthesis was performed as a part of the project No. 18-33-
00459, the studies of optical and sensing properties were
performed as a part of the project No. 18-33-20159.

References

[1] M.V. Tutov, A A. Sergeev, P.A. Zadorozhny, S.Yu.
Bratskaya, A.Yu. Mironenko. Sensors and Actuators B:
Chemical 273 (2018) 916.

154



Fifth Asian School-Conference on Physics and
Technology of Nanostructured Materials
Vladivostok, Russia, July 30 — August 03, 2020

V.31.07p

Visualization of the optical uniformity of rare-earth doped

lithium niobate single crystals

0.Y. Pikoul!, N.V. Sidorov?, N.A. Teplyakova?, M.N. Palatnikov?

1 Far Eastern State Transport University, 47 Seryshev str., Khabarovsk 680021, Russia
2 Institute of Chemistry and Technology of Rare Elements and Mineral Raw Materials of RUS, 26a Akademgorodok,Apatity

184209, Russia

*e-mail: pikoul2008@gmail.com

Ferroelectric single crystal of lithium niobate is one of
the most important and sought-after photorefractive
nonlinear optical materials. Lithium niobate is a phase of
variable composition with a wide homogeneity region of
the phase diagram that effectively allows altering physical
characteristics of the crystal by doping and stoichiometry
changing [1].

The observation method in converging (or diverging)
polarized radiation (the conoscopic method) allows us to
study the optical properties of anisotropic crystals, which
manifest themselves differently depending on their
orientation with respect to the direction of observation and
the polarization of the radiation. The radiation is passed
through a polarizer, a A/4 plate at its various positions,
which allows you to change and control the polarization of
the radiation, and through the studied crystalline plate.
Then changes in the radiation intensity are studied using an
analyzer and various optical compensators. Such changes
are used to judge the main optical characteristics of
anisotropic crystals: birefringence, the number of optical
axes and their orientation, rotation of the plane of
polarization, dichroism, as well as optical anomalies and
crystal defects [1-5].

The advantages acquired by the conoscopic method in
connection with the advent of lasers were manifested
primarily in the ability to observe on the large screen and
explore the conoscopic patterns of significant aperture,
high contrast and resolution, as well as mathematically
process them. Laser conoscopy has acquired particular
information for the investigation of subtle structural
distortions, both intrinsic and induced by laser radiation in
photorefractive nonlinear optical crystals. It has become
possible to use laser conoscopy to study the fine features of
the structure, the effect of photorefraction, nonlinear optical
effects in combination with other research methods: Raman
scattering, photoinduced (photore-fractive) light scattering,
electron spectroscopy, etc., significantly supplementing the
data of these methods [4].

The high sensitivity of conoscopic patterns to structural
defects and optical anomalies of the material makes the
conoscopy method promising for monitoring the optical
quality of crystals in industrial synthesis [4]. When
illuminating the lithium niobate crystal plate placed
between the polarizer and the analyzer with a conical
radiation beam, an interference (conoscopic) pattern is
observed. For visual observation of defects in the grown
crystals was applied to the experimental setup [3], in which
the single crystalline sample was mounted between crossed
polarizer and analyzer on the movable XY stand, allowing
you to scan the laser beam perpendicular to the optical axis
the entire plane of the input face and get a lot conoscopic

patterns, corresponding to different portions of the cross
section of the investigated sample. Diffuser placed close to
the input face of the sample.

In the absence of internal defects conoscopic pattern of
a single crystal of lithium niobate at each point of the input
face is a system of concentric black and light rings-
isochrome centered on the axis of the system with black
"Maltese cross”, consisting of two branches-isogyres. At
constant radius of each ring-isochrome conoscopic pattern
and lack of enlightenment in the center of the black
"Maltese cross" make a conclusion about the optical
homogeneity of the crystal at a given point of the input face
in the direction of scanning and the absence of anomalous
birefringence. The lithium niobate crystal under ideal
conditions, is uniaxial, but under the influence of stresses
that occur during alloying and thermal history of obtaining
a single crystal in a plane perpendicular to its optical axis,
can be acquired abnormal does not, which is evident when
viewed in converging polarized radiation in the form of
distortion isochrome and divergence isogyres by the angle
2V, which characterizes the deformation of the optical
indicatrix.

The “non-photorefractive” impurities (optical damage
resistant) include cations (Mg?*, Zn?*, B%, In®*, Ta%, etc.)
that do not change their charge in the crystal under the
influence of light, on the other hand, such doping leads to a
high structural heterogeneity of the crystal. The effect of
the alloying element on the properties of lithium niobate
single crystals is often spasmodic. This type of
concentration dependence of the properties is called the
"concentration threshold". Moreover, in the general case, in
doped lithium niobate crystals there can be several
concentration thresholds, in the region of which the
characteristics of the melt and crystals grown from it can
experience anomalous behavior. The threshold values for
divalent ions Mg?* and Zn?* are, respectively, 5.5 and 7.5
mol. %.

The results of a study of the optical homogeneity of
crystals by laser conoscopy showed the presence of two
types of conoscopic patterns - characteristic of a uniaxial
crystal, as well as conoscopic patterns with signs of
anomalous optical biaxiality.
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Research of optical and galvanomagnetic properties of
Bi and BiSb thin films has been carried out. Influence of
film thickness, antimony content and a substrate material
on these properties is studied.

Due to their unusual properties, bismuth-type
semimetals are used in various fields, and they are
promising for application in THz photonics systems such
as single-pixel detection for contactless diagnostics[1-3] as
well as for security systems [4,5] The research interest in
bismuth is also due to its thermoelectric properties.

The photoelectric and electrophysical properties of
structures based on nanoscale bismuth layers and bismuth
layers with different antimony contents on dielectric
substrates are considered. Transparent mica and polyimide
were used as the dielectric substrate.

Effective optical and galvanomagnetic properties of
bismuth thin films were obtained in the thickness range
from 10 to 150 nm.

The studies were performed by the method of THz time-
domain spectroscopy in the frequency range of 0.2-1.0
THz.

The dynamical conductivity of thin-film alloys non-
linearly depends on the antimony concentration and is
determined by their band structure. The increase of
conductivity is observed for more thick films and in case of
mica substrate and is associated with lower scattering rates.
With increasing of THz signal frequency, the real part of
sheet conductivity tends to decrease, while the imaginary
one has some peak value (in accordance with Drude
model). The variation of antimony concentration allows to
tune the mentioned spectra.

It is shown that thin-film structures based on
semimetallic bismuth and a solid solution of bismuth and
antimony are promising for use in THz conversion optics.
Based on them, broadband devices (for example, masking
media) can be built. They can be used as hyperbolic
metamaterials.
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Nowadays silicon micro- and nanostructures find many
applications in various fields of science and industry. A
promising direction is the fabrication of silicon laser-
induced periodic surface structures (LIPSS, ripples), which
are a universal phenomenon that provides a simple way of
surface functionalization and finds many applications such
as structural color, wetting, cell growth, tribology and
Surface Enhanced Raman Scattering [1]. In this paper, we
describe the fabrication of silicon ripples.

Amorphous Si (a-Si) films of variable thicknesses (180
to 370 nm) were deposited onto a borosilicate glass
substrate by magnetron sputtering and used as a sample for
direct laser nanotexturing. LIPSS were fabricated by
“Pharos” femtosecond laser pulses at constant pulse
repetition rate of 0.2 MHz. The output Gaussian-shaped
laser beam laser was first converted to astigmatic Gaussian
beam using a cylindrical concave lens and then was focused
onto the sample surface via a convex lens yielding in
elliptical focal spot. Laser processing of the sample surface
was performed at variable pulse energies (between 1.15-
1.65 mJ) and scanning speeds (between 1 to 100 mm/s) at
single pass regime, where the electric-field polarization
vector was oriented parallel to the scan direction [2].

Surface morphology of the laser-processed areas was
carefully characterized using scanning electron microscopy
(Ultra 55+, Carl Zeiss). We show that depending on the
thickness of the initial a-Si film, the pulse power of the
femtosecond laser and scanning speed, the resulting surface
morphology can be tuned and some characteristic
configurations can be distinguished. For a more detailed
study of the structures in the resulting morphologies,
focused ion beam cutting was performed with “Raith
ionLiNE” system after deposition of a 200-nm metal layer.
Typical cross-sectional cuts show the distribution of the
silicon phase and subwavelength structural features.

The optical properties of the fabricated surfaces were
characterized wusing a Fourier-Transform Infrared
spectrometer (Vertex-80v, Bruker) coupled to an infrared
microscope (Hyperion 1000, Bruker). The obtained
reflectance spectra demonstrate strong anti-reflection
performance (1-7%) in the visible spectral range.

We study the distribution of amorphous and crystalline
silicon on fabricated surfaces using spectrally resolved
Raman mapping. Raman experiment was performed by
means of Raman microscope (Alpha500, WiTec) equipped
with a 532-nm CW laser source focused onto the sample
surface with a dry microscope objective with numerical
aperture of 0.95. Raman signal was collected by the same
objective and analyzed with grating-type spectrometer
equipped with CCD-camera. Mapping of crystalline silicon
(c-Si, 521 cm™) Raman peak performed from 2 pm? area

indicates its presence along the laser pass lines, hidden in
subsurface inclusions. This band was absent in the Raman
spectra of the as-deposited a-Si films. Averaged Raman
spectra measured from the elevation areas of various
samples indicate small amount of c-Si, which can be
attributed to the overlapping of the probing laser beam with
the neighboring sub-surface c-Si features in between.

The obtained experimental results regarding variation
of quasi-regular surface relief allow us to suggest the
following physical picture underlying formation of diverse
surface morphologies. At slow scanning speeds, the
formation of the surface elevation appears to be driven by
thermal-induced oxidation of the near-surface Si atoms by
oxygen molecules from surrounding air [3]. The most
intense oxidation proceeds at the surface areas with highest
temperature, which coincide with the maxima of the
periodic intensity pattern originated from interference of
the incident and scattered fields. In the bulk of the film
situated far from the surface contacting with air, the
amorphous Si can recrystallize forming c-Si features.

At elevated scanning speeds, along with disordering of
the near-wavelength LIPSS one can also observe formation
of subwavelength ripples oriented perpendicularly to the
polarization direction. Formation of such structures appears
to be governed by a standing wave interference pattern
having periodicity of produced by laser-excited SPPs in the
laser-induced dense electron-hole plasma layer near the air-
silicon interface [4].

In conclusion, we have shown fabrication of laser-
induced periodic surface structures on amorphous silicon
film with multiple femtosecond pulses. This technology
allows manufacturing arrays up to mm? scale with different
surface morphologies. The optical properties of the
fabricated surfaces and the distribution of amorphous and
crystalline silicon were measured.
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The resonant metallic nanoparticles are proven to be
efficient systems for the electromagnetic field control at
nanoscale, owing to the ability to localize and enhance the
optical field via excitation of strong plasmon resonances
[1]. In turn, high index dielectric nanoparticles with low
dissipative losses in the visible range, possessing magnetic
and electric Mie-type resonances, offer a great opportunity
for light control via designing of scattering properties [2,3].
Recently, the combination of these two paradigms in the
form of metal-dielectric  (hybrid) nanostructures
(nanoantennas and metasurfaces) has allowed utilizing the
advantages of both plasmonics and all-dielectric
nanophotonics [4]. The hybrid nanostructures are
prospective for beam steering, optical switching, high-
harmonics generation, directional emission, engineering of
local density of states, ultrahigh optical absorption, room-
temperature laser emission, and enhancement of
photophysical effects.

However, the significant difference in characteristic
sizes between the plasmonic and dielectric nanoparticles
that resonate in the visible wavelength range makes the
production of such hybrid nanostructures through the
modern lithography methods quite hard and time -
consuming. In present work we demonstrate the synthesis
of spherical titania (TiO,) nanoparticles decorated with Au
nanoclusters via nanosecond pulse irradiating of
commercially available TiO, nanopowders dispersed in an
aqueous solution of chloroauric acid (HAUCl.).

To do that, raw commercial TiO, powder of high purity
(99.99%, Wako Chemicals) with average size of 120 nm
and random shape was first dispersed in deionized water by
ultrasonic vibration at a mass concentration of 0.001%. The
suspension (7.5 ml) was then transferred into a quartz
cuvette and 10°M aqueous solution of HAuCI, (0.25 ml,
0.5 ml, 0.75 ml for different cases) was added. After that,
2-hour irradiation with a lens-focused laser beam of 532 nm
from a pulsed ND:YAG laser (20 Hz, 8 ns, Quantel Ultra
50) was performed. The suspension was consistently stirred
with a magnetic stir bar. The laser energy was 25mJ, which
was monitored with a FieldMaxII-TOP laser energy meter
(Coherent). After LAL, the products dispersed in the liquid
were collected, washed, and dialyzed carefully with
deionized water to remove the remaining HAuCl, residues.

Such irradiation led to the formation of spherical TiO;
nanoparticles decorated with Au nanoclusters. The average

TiO; particle size increased to 220 nm, and spherical
particles with a diameter of up to 1 um appeared due to
agglomeration of the initial nanostructures during
irradiation and their remelting into a single spherical
particle. The average size and amount of gold nanoclusters
on the surface of titania particle rise with increasing
HAuCI. concentration.

Generation of such hybrid nanostructures was appear to
be results from laser-induced remelting of the initial
nanoparticles, stimulated by gold nanoclusters reduced on
their surface, that enhances absorption of visible laser
radiation by titania. Irradiation of the initial TiO;
nanoparticles without HAUCI4 by laser pulses of the same
energy did not lead to their reshaping into spheres, which
is apparently due to the low absorption of visible radiation
by titanium dioxide. The morphology and chemical
composition of the obtained hybrid nanomaterials were
studied in detail via electron microscopy, Raman
spectroscopy and energy dispersive x-ray spectroscopy.
The average size and humber of gold nanoclusters reduced
on the surface of synthesized spherical TiO, nanoparticles
was shown to be tunable by varying the initial nanoparticles
/ HAUCI, concentration ratio. The results obtained indicate
synthesized functional nanomaterials as extremely
promising for numerous applications of modern optics,
optoelectronics and nanophotonics, e.g., for realization on
their basis of chemo- and biosensing platforms, as well as
of new-generation solar cells [5,6].
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The paper presents data on the temperature dependence
of the conductivity of strontium bismuthate SrgBi>O1. It is
shown that the temperature dependence of conductivity
cannot be described in the framework of existing models.
An assumption was made about the existence of a phase
transition in strontium bismuthate SrsBi,O11 in the region
of 400 K, at which a change in the conductivity mechanism
is observed.

Alkaline earth metal bismuthates are promising
photoactive materials. There is an assumption [1, 2] that
they can form a new class of photoactive materials. They
can be used in water and air purification systems from
organic pollutants, for the production of hydrogen through
the photocatalytic decomposition of water or the recovery
of carbon dioxide to produce solar fuel. Bismuthates of
alkaline earth metals, as typical perovskite-like materials,
have a high tolerance to defects in the anionic sublattice. In
order to understand the prospects of using alkaline earth
metal bismuthates for the direct conversion of solar energy
into electrical energy, it is necessary to determine the
mechanism of their conductivity.

The strontium bismuthate SrsBi,O1; was chosen as the
object of study in this work: it is known [3] that it has high
photocatalytic activity and, at the same time, is
characterized by a large number of defects in the anion
sublattice.

The synthesis of strontium bismuthate was carried out
by solid-phase synthesis in accordance with the procedure
described in [3]. To study the electrophysical properties of
strontium  bismuthate  SrsBi.O11, the method of
electrochemical impedance spectroscopy (EIS) was used.
For this, a NOVOCONTROL BDS dielectric spectrometer
was used.

During the study of the electrophysical properties of
strontium bismuthate SrgBi,O11 by electrochemical
impedance spectroscopy, data were obtained on the
frequency and temperature dependences of the active and
reactive resistances (Z" and Z"", respectively). This allowed
the construction of a Nyquist plot for each of the
temperatures in the range from 0 °Cto 400 °C.

A typical Nyquist plot for a semiconductor material
consists of two semicircles of different diameters. The first
semicircle emerging from the vicinity of the zero point
characterizes the investigated semiconductor material
itself. The second semicircle characterizes the contact of
the semiconductor material with the electrodes. Therefore,
we are interested in the first semicircle for the subsequent
analysis.

Interpolating the experimental data with a semicircle,
we can find the point of its intersection with the line Z""=0.
This point characterizes the true resistance of a material to

direct current (Zpc). Knowing this value and the geometric
dimensions of the test sample, it is possible to determine its
specific conductivity o.

There are several basic models to describe the hopping
conductivity in semiconductor materials: the model of
thermal delocalization of carriers; nearest-neighbor
hopping and variable-range hopping models. For the
strontium bismuthate under study, the most suitable model
is the variable-range hopping model, in which the
temperature dependence of conductivity obeys the Efros-
Shklovsky law:

o = g,exp <— %) 1)

where Tz — characteristic temperature.

From obtained experimental data it can be seen, that this
model is not in good agreement with experimental data.
This problem is solved if we assume that at a temperature
of 398 K, a phase transition is observed with a change in
the characteristic temperature.

It is known [5] that the characteristic temperature Tes is
related to the radius of localization of the charge carrier (&)
by the following relation:

6.2e2
ES = ﬁy 2
where e — electron charge, kg is the Boltzmann constant, k
is the relative permittivity.

The relative dielectric permittivity of the studied
strontium bismuthate is unknown. However, if the
characteristic temperature in the region of less than 398 K
is designated as Ty, and in the region of more than 398 K
as T4, then it is easy to show that:

TI:}S/TEZS =§2/¢.

If we substitute the numerical values of the
characteristic temperatures, we get that £ = 0.198&?.

Thus, at a temperature of 398 K in strontium bismuthate
SrsBi,0131, the radius of the localization of the charge carrier
decreases by about 5 times.
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It is known [1, 2] that at nonuniform illumination of the
metal-oxide-semiconductor (MOS) structure, in addition to
the conventional transverse photovoltage between the
interface layer and the substrate, the lateral photovoltage
(LPV) is generated along the interface layer, so-called
lateral photovoltaic effect (LPE). In a number of papers [3-
12], it has been shown that LPE parameters for the MOS
structures depend on the material of the metal film [3], its
thickness [3-12], and the doping level of a silicon substrate
[9, 10].

In continuation of these studies, in this report, we
present the results of investigations of the influence of the
silicon substrate orientation on the LPE in the
Fe304/SiO./n-Si structure.

Samples were fabricated on n-type single-crystal
Si(001) and Si(111) substrates having the same resistivity
of 7.5 Q-cm. The magnetite films of ~40 nm thickness were
formed by reactive deposition of iron in oxygen atmosphere
onto the chemically oxidized silicon substrates. The
magnetite film thickness was chosen based on the
dependence of LPE sensitivity on film thickness in the
Fes04/Si02/n-Si(001) structure as near-optimal [12].
Details of the preparation and the characterization of
magnetite film are described in Ref. [13]. Aluminum
electrodes for LPV measurements were formed on the
Fes;0, film surface by thermal vacuum deposition through
a metal mask with a distance between contacts of 2 mm.
The LPE in the Fez04/SiO2/n-Si structures was studied at
room temperature using He-Ne laser (633 nm, 0.3 mW and
laser spot diameter of 50 pum) and Keithley 2000
multimeter. The response time of the structures at pulsed
illumination was observed by combining optical bench, a
chopper and a digital oscilloscope (AKIP-4115) of
150 MHz.

The result of experiments has shown that the LPV
varies linearly with the position of the laser spot for both
orientations of the silicon substrate. The LPE sensitivity,
defined as x=dLPV(x)/dx, in the Fe304/SiO,/Si(001)
structure is equal to 112 mV/mm, which is ~2 times greater
than that in the Fes04/SiO./Si(111)  structure.
Simultaneously, the nonlinearity, defined as &=20ofF
(where o is the standard deviation from the linear
approximation, F is the maximum value of the LPV), in the
Fe304/Si0,/Si(001) structure is 4.7%, which is ~2 times
lower than that in the Fe304/SiO2/Si(111) structure.

Effect of the substrate orientation on the LPE was also
detected in experiments at pulse illumination of the
Fe304/SiO4/n-Si structure. So, the shape of the LPV
response for the Fe304/SiO2/Si(001) structure is
characterized by a peak at the rising edge of LPV signal,

whereas for the Fe304/SiO./Si(111) structure the shape of
the LPV response close to a rectangular. With respect to the
time characteristics, the rise time (from 10 to 90% of the
peak photovoltage) in the Fe;04/SiO,/Si(001) structure is
equal to 8.3 us, which is ~3 times faster than that in the
Fe304/SiO2/Si(111) structure, while the fall time
(from 90 to 10% of the peak photovoltage) in the
Fe304/Si02/Si(001) structure is equal to 25 us, which is
~2times faster than that in the Fes04/SiO,/Si(111)
structure.

Observed features of the LPE in the Fe3O4/SiO2/n-Si
structure depending on the silicon substrate orientation
were analyzed using the existing LPE theory [1-3], taking
into account differences in the density of surface states at
the SiOJ/n-Si interface [14]. According to the carried out
analysis, it is supposed that a higher LPE sensitivity and a
faster photoresponse in the Fe304/SiO2/Si(001) structure,
compared with the Fe304/SiO»/Si(111) structure, are
caused by a lower density of surface states at the
Si0,/Si(001) interface than that at the SiO2/Si(111)
interface.

Thus, obtained results suggest that the density of
surface states at the SiO2/n-Si interface may serve as an
additional parameter to control the LPE in MOS structures.
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We investigate nonlinear spiral phase plates (SPPs),
diffractive optical elements with transmission functions
defined as exp(img"), where m is the topological charge of
the nonlinear SPP and n is an arbitrary number. The
intensity distributions generated by these elements have a
spiral shape with an intensity gradient. The phase
distribution of the generated light fields is also spiral
shaped. Such spiral-shaped light beams can be used for
realization of laser fabrication of chiral nano- and
microelements for 2D and 3D metasurfaces.

Nowadays, spiral phase plate (SPP), an optical element
with a height that varies linearly with the azimuthal angle
[1, 2] is often used for the generation of optical vortex (OV)
beams. Such beams are widely used not only for optical
manipulation [3, 4] and optical communication [5] but also
for laser material processing [6]. Recently, it was shown
that OV beams allow one to fabricate unique chiral
nanoneedles in thin metal films with the help of pulsed laser
radiation [7-9]. Toyoda et al explained this possibility by
the orbital angular momentum (OAM) transfer from the
illuminating OV beam to transient melts [7]. However, in
2017 the formation of twisted metal nanoneedles on silver
and gold films under their irradiation by zero-OAM laser
beams, having various spiral-shaped lateral intensity
distributions was demonstrated [10]. The experimental
results indicated the corresponding temperature-gradient
induced chiral thermocapillary mass transfer of the molten
material as an alternative fabrication mechanism, inducing
the chiral relief on the noble-metal films. Moreover, the
chirality of the laser-printed nanoneedles was found to be
efficiently tailored via optimization of the corresponding
intensity pattern of the zero-OAM spiral-shaped beam,
while the increase of the topological charge (TC) of the OV
beam was shown to weakly affect the nanoneedle geometry
[11]. In order to generate such spiral-shaped intensity
distribution ~ with  controllable  dimensions,  an
unconventional SPP with a spiral phase distribution which
does not change linearly with an increase in the azimuthal
angle (as in the case of a conventional SPP) but has a
nonlinear dependence described as 2zm(p/2n)" [12] can be
used. The vortex beams formed in this case had a spiral
shape with a gradient of intensity and phase. The unique
structure of such vortex beams determines the energy flow
directed in spirals, which can be useful also in the laser
manipulation of nano- and micro-scale objects. Here, we
numerically investigate the properties of a nonlinear SPP
with a transmission function in the form of exp(img") from
the point of view of using them to control the spiral shape
of both the intensity and the phase distribution.

In contrast to the conventional SPP, the transmission
function of a nonlinear SPP is described as follows

T(r, ) = circ(r/R)exp(ime™), 1)
where n is an arbitrary natural number. As seen from the
near-field  distributions, the generated intensity
distributions are similar to those obtained in the case of
fractional optical vortices [13]. The increase in power value
n in the case of a fixed TC leads to the increase of the lateral
size of the generated intensity distribution. When the power
value n is fixed, the increase in TC leads to the increase in
lateral size of the generated spiral intensity distribution.
The phase difference at the ends of the generated light
spiral corresponds to the structure of the initial nonlinear
SPP.
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Fast identification of various analytes (such as
explosive or toxic substances, bacteria, viruses or cancer
cells) at trace concentrations is an important task for
personalized medicine, security, microbiology etc. Surface-
enhanced infrared absorption (SEIRA) based sensors are
among promising routes towards non-invasive detection of
analytes [1,2]. Here, we demonstrate a novel IR sensor
platform fabricated by low-cost and high-performance
direct femtosecond (fs) laser patterning of thin films of
plasmon-active materials. The proposed sensor is based on
arrays of nanostructures, either nanovoids or coaxial holes,
and supports tunable lattice-type plasmon resonance in the
near- and middle IR spectral range.

Ordered arrays of nanovoids or coaxial-shaped
microholes were produced on a surface of 50-nm-thickness
Au films deposited on the surface of SiO, or IR-transparent
MgF; substrates, respectively [3]. Samples were placed on
a high-precision positioning system and scanned by tightly
focused 220-fs 515-nm pulses generated by a laser system
at repetition rate of 200 kHz. To imprint coaxial-shaped
microholes, the as-generated Gaussian laser beam was
converted to donut-shaped beam via s-waveplate. The
fabricated sensor elements were characterized by scanning
electron microscopy (SEM) and Fourier-transform infrared
(FTIR) spectroscopy. It has been found that ordered arrays
of nanovoids containing millions of identical elements
exhibit pronounced first-order lattice plasmonic resonance
(FLPR) in the near-IR reflection spectrum. It is noteworthy
that FLPR shows a redshift in the spectral range from 1 to
2.5 um with an increase in the array period or nanovoid
size. At the same time, a vortex phase plate was used to
convert a Gaussian laser beam into a donut-shape beam to
fabricate arrays of coaxial microholes. The imprinted
arrays of coaxial microholes demonstrate pronounced dip
in reflection associated with lattice-type plasmon
resonance, which spectral position can be tailored within
the range of 6-12 um via array period and geometric shape
of coaxial holes.

Finally, we evaluated the performance of the nanovoid
sensor in some applications. First, by measuring the
refractive index (RI) of a thick layer of H,O, isopropanol,
or a mixture thereof, a sensitivity of 1600 nm per refractive
index unit was obtained at a figure-of-merit of 12. Such
competitive characteristics are good enough to detect the
changes of the refractive index of the bulk dielectric

superstrate as small as 10°. Second, we tested the
performance of the nanovoid array with respect to a
deposition of nm-thick Al,O3 layers. The data obtained in
the experiment reveal a 2-nm spectral shift per 1-nm layer
thickness, which would allow for the detection of sub-nm
capping layers with conventional spectrometers. Thirdly, to
test the ability of the sensor to detect gaseous media, we
placed the sensor in a gas chamber filled with ethanol-
saturated air concentration of 7.8 vol.% (or 160 mg/ L). In
the experiment, obtained spectral shift of the FLPR by = 7
nm via the corresponding change of the local RI of the
surroundings. Thus, the detection limit achieved in this
work was around 20 mg / L (4.3 x 10* mol / L) [4].

In conclusion, we present a novel IR sensor platform
based on arrays of nanovoids or coaxial microholes that
support pronounced plasmon resonance in the near- and
middle- IR ranges, respectively. We demonstrate the high
sensitivity of the nanovoid array plasmonic sensors for
measuring the refractive index of the analyte, as well as for
gas detection and determining the thickness of thin
deposited films. Note that coaxial microholes arrays have
outstanding potential for further study due to the ability to
support strong tunable plasmon resonance in the mid-IR
region of the spectrum. Thus, the remarkable sensory
performance of the proposed plasmonic IR sensor platform
fabricated by an inexpensive and high-performance direct
laser printing method makes it a promising tool for various
applications in medicine, chemistry, microbiology,
photonics, etc.
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Focused Laser beam is a widely used for deposition,
localized annealing and patterning of various materials (eg.
metals, oxides, organic substances). Our work is focused to
possibilities of usage of continuous wave (CW) lasers for
local deposition and patterning of black metal [1] and
organic semiconductors [2,3] on the QCM sensor
substrates. Our method is based on laser direct write to
sensing layer on the active electrode and laser induced
forward transfer of sensing material to sensing substrates.
For our test we used QCM substrates based on circular
(d=8.65 mm) quartz AT cuts with chrome + gold electrode
with base working frequency at 10.880 MHz. As the
sensing layer we used black gold ,black palladium, Zinc
Phthalocyanine. The direct write/ deposition apparatus
includes micro CNC machine (minimal step adjustable to
300 nm) equipped with the semiconductor laser (lambda =
405 nm, power of 50 mW, spot size 6 microns) in CW mode
and focusing optics.

Deposition process was held in an inert gas (Argon,
Nitrogen) at atmospheric pressure. Morphology and
microstructure of modified and deposited layers were
studied by optical, electron microscopy and AFM.
Chemical composition of deposited Phthalocyanine was
studied by FTIR and compared with the source substances.

It was proved that chemical structure of all chosen
substances is not affected by this deposition technique.
Employing our technique we are able to achieve precise and
reproducible laser transfer of organic semiconductors to the
target sensor substrate with lateral resolution of 14 microns.
Our sensors were tested for detection of NOx, VOCs and
the results shown significant improvement of sensitivity
caused by enhanced surface morphology.
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The lateral photovoltaic effect (LPE) was firstly
discovered in experiments at honuniform illumination of a
pn-junction [1, 2], this effect was later found in hybrid
systems such as metal-semiconductor [3-7] and metal-
oxide-semiconductor (MOS) [7-13]. Recently, in order to
increase the LPE sensitivity, the LPE in MOS structures
with different materials of a top thin film is actively
investigated [7-13]. Based on the theoretical calculations,
authors [7] concluded that the use of metals with high work
function and high resistivity in MOS structure leads to an
LPE increase. Thus, the Fe3O./SiO,/Si structure is of
interest, since magnetite (Fes04) satisfies these conditions
[14, 15]. Really, in Ref. [16, 17] it was shown that at room
temperature the LPE sensitivity in the Fez04/SiO2/n-Si
structure is higher than in the structures with the other top
thin-films [7-13]. On the other hand, the magnetite
resistivity exhibits a strong dependence on temperature
[15], and in this connection it is interesting to study the
influence of temperature on the LPE in the
Fe304/SiO./n-Si structure.

Here we report on the results of a study of the lateral
photovoltaic effect in the Fe304/SiO2/n-Si(001) structure at
temperatures of 300 and 122 K.

Lateral photovoltaic effect in the structure was
investigated using He-Ne laser (633 nm, 0.3 mW and laser
spot diameter of 50 um) and Keithley 2000 multimeter.
The magnetite film of a thickness of 42 nm was formed on
the chemically oxidized silicon substrate of 7.5 Q-cm
resistivity. Details of the preparation and characterization
of magnetite film are described in Ref. [18]. Aluminum
electrodes for LPV measurements were formed on the
Fes0, film surface by thermal vacuum deposition through
a metal mask. The response time of the structure at pulsed
illumination was observed by combining optical bench, a
chopper and a digital oscilloscope (AKIP-4115) of
150 MHz.

It is found that at 300 K LPE exhibits the high
sensitivity of 112 mV/mm and the weak nonlinearity of
4.7%, whereas a decrease in temperature up to 122 K
results in the appearance of strong nonlinearity of 28%,
which extends for 500 um from the contact, meanwhile the
central portion remains linear, and its sensitivity is
65 mV/mm.

Based on the analysis of the time dependences of LPV
response at pulsed illumination, it was found that at 300 K
the rise time and fall time are equal 8.3 and 25 ps,
respectively. In addition, the peak is observed on the rising

edge of LPV. Decreasing the temperature up to 122 K
results in the disappearance of this peak and the increase of
the time characteristics of LPV response by ~15 times.

So, it is shown that a decrease of temperature results in
a change of basic parameters LPE, such as the sensitivity,
as well as a rise time and a fall time at pulsed illumination.
It is assumed that the observed effects are due to a decrease
in the built-in barrier height, leading to a decrease in the
concentration of photogenerated carriers, as well as due to
the temperature dependence of magnetite resistivity.
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Germanium nanowires fabricated by electrochemical
liquid-liquid-solid  (ec-LLS) deposition from water
solutions at nearly room temperature without the use of
templates and toxic precursors are under intense
investigation during recent years [1, 2]. Due to its high
theoretical capacity, excellent electrical conductivity, rapid
Li* and Na* mobility and remarkable mechanical strength
this material has an increasing prominence as an anode
material in Li-ion and Na-ion batteries [3, 4]. ec-LLS
method based on electrochemical deposition of Ge from
aqueous solutions. In this case liquid metal nanodroplets
that have low melting points are used as an electrode for
reduction of Ge-containing ions at the electrode surface,
followed by dissolving and crystallizing the melt at the
substrate interface.

This work presents results of electrolyte temperature on
the obtained Ge structures morphology and kinetic growth.

As substrates for electrochemical deposition, Ti foil and
In nanoparticle arrays, that were deposited onto the Ti film
surface by vacuum-thermal evaporation, were used [5].
Electrochemical deposition was performed in a three-
electrode cell. A platinum plate was used as a counter
electrode. A calomel electrode (PtJAg|AgCI|KCI") was used
as the reference electrode. Deposition was performed in an
electrolyte solution contained 0.05 M of germanium oxide
(IV) GeOy, 0.5 M of potassium sulfate K;SO4 and 0.5 M of
succinic acid.

The morphology and composition of the samples were
investigated by scanning electron microscopy (SEM),
transmission electron microscopy (TEM) with an energy
dispersive X-ray (EDS) detector and Raman spectroscopy.

From chronoamperometry curves analysis three
specific curve sections were identified. The length of each
section depends on the electrolyte solution temperature.
Obtained results show that using different temperatures

allows controlling Ge growth kinetics and expanding the
Ge nanowire growth mechanisms understanding during
liquid metal-assisted electrochemical deposition processes.

The results also show that at a higher electrolyte-
solution temperature (90°C) the filament has a coaxial
structure: the inner part is a crystalline phase of germanium,
which also contains In atoms, and the outer one is an
amorphous phase of germanium oxides. The formation of
germanium oxides (hydroxides) is most likely due to the
presence of side chemical reactions that occur during the
formation of filaments and are caused by a local change in
pH near electrode surface.
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As further scaling down size of the silicon field-effect
transistor (FET) becomes weakly efficient and increasingly
costly, there is growing interest in FETs based on
nanomaterials and technologies. Carbon nanotubes are
outstanding among many nanomaterials that are considered
for next-generation energy-efficient electronic systems. It
is expected that due to the nanoscale and simultaneously
CNT high carrier mobility digital systems built by FET, the
channel of which is made on the basis of CNTs, will
improve the energy efficiency of modern silicon-based
technologies by an order of magnitude.

A working 16-bit microprocessor was demonstrated,
last year, which is completely built on CNTs-based FET
[1]. However, the technique of forming the FET channel
from CNTs, which was used in this work, is difficult to
consider as perfect and technological. Therefore, we need
to look for other more technologically advanced techniques
that integrate well with existing VVLSI technology.

It has recently been shown that a CNT array can be
grown by CVD on alloy films with a low content of
catalytic metal, the nanoparticles of which are necessary for
the CNTs growth [2,3]. The attractiveness of using such
alloys in that the initial film of the alloy is amorphous, and
the catalyst nanoparticles which are necessary for the CNTs
growth can be formed locally in the required places
immediately before the synthesis of CNTs. Moreover, the
necessary topology can be obtained before the alloy film.
Then catalyst particles can be formed. In particular, the
possibility of CNTSs local growth at the films edges [4] has
been shown. This makes described technique attractive for
embedding in VVLSI technology.

The features of the CNT array formation were
investigated in this work. They formed at the edges of a thin

film Co-Zr-N-(O) alloy with a low content of catalytic
metal for the channel formation of the FET based on CNTSs.

Co-Zr-N-(O) alloy films were deposited by magnetron
sputtering on Si substrates coated with SiO2. For topology
creating the Co-Zr-N-(O) film was etched using the DRIE
method. Next step is the CNTs growth from a C,H; + NH3
+ Ar gas mixture using the CVD method in Oxford Plasma
Lab 100. It is instrumentally shown that heating an
amorphous alloy causes its crystallization and extrusion of
the catalytic metal to the surface. As a result, small catalyst
particles formed on the surface. CNT growth occurs after
the appearance of these particles. The results are analyzed
and discussed.
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Plasmonics, a subfield of nanophotonics, is mainly
concerned with  control and manipulation of
electromagnetic fields with noble metal nanoparticles
which possess free electron gas that can strongly interact
with the electromagnetic radiation to produce an interesting
phenomenon called surface plasmon resonance [1,2].
Recently, a number of theoretical and experimental reports
have been emerging on the conductive coupling and
plasmon of metallic nanoparticles (charge transfer
plasmon- CTP) owing to its promises in sensing, wave-
guiding, molecular electronics and even building artificial
molecules [3-6]. Unfortunately, in all these works systems
were studied where particles were connected by a thick
conductive bridge having thickness more than 5 nm.

So, here it is proposed and investigated the possibility
of CTP existing in systems consist of metal nanoparticles
interconnected by thin conductive molecules. An original
quantum hybrid model of oscillator type is developed for
describing of these plasmons [7]. The model takes into
account the kinetic energy of conductive electrons
composing ballistic current through the conductive bridge
and electrostatic potential energy of charged nanoparticles.
The model used parameters which were calculated by DFT
simulations.

The CTP are investigated for some test system,
consisting of 2,3,4 and more small gold nanoparticles
having some hundreds atoms and bridged by the conjugated
polyacetylene molecule CnHn terminated by sulfur
atoms. For simple systems consisting of a pair of
nanoparticles connected by a conducting bridge, using this
approach, a formula is derived that determines the effective

@
plasma frequency ~ P', see (1).
2
&0 )
m L°R
Here, n is the concentration of conduction electrons in the
conducting bridge, m* is the effective mass of these

electrons, R is the radius of the nanoparticles, and L is the
length of the conducting bridge.

Using this formula, we can verify that the plasmon
frequencies in the proposed systems lie in the infrared (IR)
region. Strong dependence of plasmon frequency on the
system conductivity makes possible to use systems consist
of metal nanoparticles bridged by conductive molecules to
build chemical gas sensors based on a change in the
conductivity of the conducting molecule during its
chemical interaction with gas molecules. The interaction
can significantly change the conjugated character of the -
bonding in the molecule and its conductivity.

Thermoelectric  properties of periodic  systems
consisting of gold metal nanoparticles connected by
conducting bridges CnHn are also considered. It is shown
these properties strongly depend on the bridge electrical
conductivity and its thermal conductivity. The perspectives
of these systems as novel thermoelectric materials are
discussed.
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Introduction

Cemented carbides have remained the most common
tool material used for metall cutting for almost 100 years
[1]. Modern researchers have developed ultrafine-grained
(UFG) cemented carbides that are significantly superior to
other types of cemented carbides in terms of wear
resistance due to high hardness [1-2].

A promising economical method for producing UFG
powders from cemented carbides waste is spark erosion
(SE) in 0il [3-4].The SE is based on the action of discharges
between the anode and cathode in liquid. The surface layers
of electrodes changed under the influence of spark
discharges erode in the liquid, vapor, and solid phases. One
of the main problems of SA is an uncontrolled change in
chemical composition [3-4]. During SA in oil an excess of
carbon is formed, which makes the resulting powder
unsuitable for further use in the production of cemented
carbides. The aim of this work is to obtain a WC-Co
stoichiometric powder by SE in oil and heat treatment in a
CO; atmosphere.

Results and discussion

The average WC grain diameter in the initial alloy WC-
Co is 1.6 um (fig. la). Microstructure of the particles
obtained by SE in oil consists of rounded WC grains and
cobalt layers (fig. 1b). The measurements showed that the
average diameter of the formed WC grains is
approximately 0.18 um. The total carbon content of the
powder increased from 5.6% to 9.0%. This means that the
powder contains 3.4% free carbon.

Figure 1. The microstructure of the initial alloy WC-8Co (a) and
the microstructure of the particle obtained by SE (b).

The carbon excess was removed by heat treatment in a
CO2 atmosphere:

CO, +C——2CO "

At the selected temperature (1000 © C), the equilibrium
of reaction (1) is shifted toward CO, which accelerates the
process. The amount of CO2 supplied was calculated based
on the value of the free carbon mass (Am = 0.44 g), which
must be removed:

_Am-V,
co, Ar,

)

Where Arc=12 g / mol - atomic mass of carbon,
Vm=22.4 | | mol - the molar volume of ideal gas. The
pressure (P (t)) in the furnace was continuously measured,
based on which the current amount of removed carbon was
calculated:

Vfurn : P(t)/ Patm _VCOZ J Ar
[}
Y 3)

Where Patm = 1000 mbar - atmospheric pressure, Viym=
2.8 | - the volume of gas that is placed in a furnace heated
to 1000 ° C.

As can be seen in fig. 2, the pressure increase slows
down when the mass fraction of carbon approaches the
target value (5.6%). After 120 minutes, the calculated value
of the excess carbon did not exceed 0.1%. A phase analysis
of the obtained powder confirmed that it consists only of
the WC and Co phases. Analysis for carbon showed that the
carbon content in the powder (5.5%) decreased to the target
value (5.6%). The average grain diameter increased to 0.43
microns.
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Figure 2. The dependence of the pressure in the furnace on the
treatment time (P (t)) and the carbon content in the powder
calculated by eq. (3).

Summary

As a result of spark erosion (SE) of medium-grained
WC-8Co cemented carbide in oil, a nanostructured powder
was obtained. As a result of heat treatment at a temperature
of 1000 ° C for 120 minutes in CO; the excess of carbon
was removed. Obtained powder is suitable for the
production of UFG cemented carbide.
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Titanium dioxide is positioned as a safety anode
material for high power density lithium-ion batteries
(L1Bs), mainly due to theirs high Li* insertion potential
(1.6-1.7 V). Among the titania polymorphs the
TiO,(anatase) and TiO,(B) are intensively investigated as
LIB anodes due to features of their crystal lattices — the
accessibility of voids and channels for the incorporation of
Li* or Na* ions. However, unlike TiO,(anatase), the use of
TiO2(B) in LIB is limited by the complexity and high cost
of its preparation. At the same time, the anatase is
characterized by low Li-ion diffusivity (107'5-107° cm?s™")
and poor electrical conductivity (107'>-107 Scm™') that
deteriorate the reversible capacity and rate capability. A
promising way for modification of TiO.(anatase) is a
cationic (partial substitution of Ti** with metal ions) and
anionic (replacement of O% with non-metals) doping.

Within the scopes of the present work, the
nanostructured  TiOy(anatase) doped  with  Hf*
(Tio,gsto,ost), ZI’4+ (Tio,97zro,o302), and Zl’4+/|:7

(Tio.97Zr0.0301.98F0.02) have been synthesized by a template
sol-gel method on a carbon fiber and investigated as an
anode materials for LIB.

The scanning electron microscopy and transmission
electron microscopy investigations show that as-
synthesized TiO.-based materials have the similar tubular
microstructure. Samples consisted of tubes ranging in
length from 5 to 300 um. Outer diameter of tubes varies in
the range 2—5 pum. Tubes have nanostructured surface, their
walls composed of nanoparticles with a size of 10-25 nm.

According to Raman spectroscopy studies, the
incorporation of dopants into titania crystal structure_leads
to increase of unit cell parameters due to the difference in
the Zr** (0.72 A), Hf** (0.71 A) and Ti** (0.604 A) ionic

radius values. It can play a significant role for ionic
transport within TiO, structure. At the same time,
replacement of O? with F~ contributes to Ti®* generation
into the crystal lattice and affects the conductivity. In
particular, the conductivity of Tigg7Zr0.0301.98F002 reaches
1.7-10° Scm?, that is at least a four order of magnitude
higher as compared undoped TiO, (7.36-10 Scm™)
sample.

The electrode from of as-synthesized TiO, materials
was tested in half-cell with a lithium counter electrode in
the voltage range of 1-3 V. After the 35" cycle of
galvanostatic charge/discharge at a current density of 0.1C
the reversible capacity was equal to 55.9 mA g* (undoped
TiOz), 154.2 mA g_l (Tio,gsto,o502) and 135 mA g_l
(Tio.97Zr0.0302). Meanwhile, reversible capacity of Zr**/F
co-doped TiO; still is equal to 163 mAh g even after
cycling at 1C, whereas single-doped samples gave only
about 34 mAh g,

Thus, it was established that single-doping with
hafnium  or  zirconium and co-doping  with
zirconium/fluorine of anatase titanium dioxide has a
beneficial effect on its performance as an anode material
for LIBs. The main reasons are as follows: i) unit cell
volume increases due to the incorporation of hafnium and
zirconium; ii) conductivity improves after doping with
fluorine.
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Recently, lithium-ion batteries (LIBs) are widely used
as energy sources for different applications, e.g. portable
electronics, tools, medical instruments, etc. Typical LIB is
constructed of graphite anode that possesses natural
abundance, low cost, and good specific capacity
(372 mAh g1). However, lithiated graphite has a potential
of below 0.3 V vs. Li/Li* that lead to LIB electrolyte
decompose to a form of solid electrolyte interphase film.
The latter results in insufficient safety of commercial LIBs
for moderate- and high-rate (more than 1C) applications
[1,2].

Titanium dioxide polymorphs have a high Li* insertion
potential of more than 1.5 V that is within the
electrochemical window of typical LIB electrolytes.
Additionally, as opposed to graphite, the volume changes
effect during lithiation/delithiation is almost absent for
TiO2 materials that results in good stability of anode during
cycling. Among other polymorphs, TiO(bronze) has
gained much attention as high-rate anode due to its
crystallographic features. TiO2(B) is a monoclinic crystal
system (space group C2/m) composed of TiOs octahedra
sharing by edges and connecting by corners, that possesses
an open channel parallel to the b-axis. The open structure
of TiO2(B) shortens Li* ions diffusion pathways without
irreversible lattice distortions that results in its able to
accommodate of 1 Li* per formula unit, corresponding a
capacity of 335 mAh g*. Unfortunately, TiO,(B) has a
poor electronic conductivity (1022-107 Scm™ [3]), that
limits its application as high power density LIB anode.

Over the last 5 years, it had been demonstrated that
intrinsic electronic conductivity of TiO.-based anode
materials could be effectively improved by doping. In
particular, the incorporation of ions with the oxidation
number less than +4 (e.g. Co®* [4]) creates an oxygen
vacancies that results in increase of anatase ionic
conductivity. On the other hand, partial substitution of Ti**
into the anatase lattice by the ions with the oxidation
number more than +4 (e.g. Mo%* [5]) causes the charge
redistribution due to partial reduction of Ti** to Ti®*
enhancing electronic conductivity. Additionally, anatase
structure modification is achieved due to the difference in
the values of Ti** and M™ ionic radius [6]. The latter may
decrease the crystal lattice stresses induced by Li* ions
insertion.

Herein  we report a synthesis  procedure,
physicochemical ~ parameters, and electrochemical
performance of TiO»(B) doped with Zr and V metals.

Zirconium-doped TiO2(B) had been fabricated by a
hydrothermal treatment of TiO(anatase) and ZrOCl,-8H,0
in 10 M NaOH at 170 °C for 96 h. According to SEM, the
hydrothermal reaction results in complete conversion of
anatase precursor particles into belt-like structures

(thickness: 10-15 nm, width: 50-150 nm, length: some
microns, surface area: 72-76 m?/g). The XRD confirmed
that Zr** ions substitute in the Ti*" sites, forming
TixZr«O2(B) solid solutions up to Zr to Ti atomic ratio of
0.06, where the unit cell volume increases as the zirconium
content rises. After 90 charge/discharge cycles at
33.5mA g2, TioeaZroosO2(B) electrode had a capacity of
165 mAhg?. For undoped TiO2(B) nanobelts, this
parameter was only 135 mAh g. However at a current
load of 1675 mAg?, the TiogaZroosO2(B) retained a
reversible capacity of only 107 mAh g2,

TiO2(B) nanotubes doped by vanadium have been
synthesized through an autoclave treatment of anatase
nanopowder and NH4VOs in 12 M NaOH aqueous solution
at 150 C during 48 h. The material shows a mesoporous
structure with a specific surface area of about 180 m2 g™
XPS data presume the presence of V3*, V4, V% and Ti%*
in doped TiOx(B). As found by XRD and EIS
investigations, the vanadium expands bronze titania crystal
structure and enhances the conductivity of material by three
orders of magnitude. When tested for lithium storage, the
V-modified (V/Ti = 0.04) titania nanotubes show a specific
capacity of 133 mAh g after 100 charge/discharge cycles
at the current density of 3000 mA g* with a Coulombic
efficiency of around 98.9%, resulting in its good
cycleability. The material still possesses a reversible
capacity of 114 mAhg? at a very high current load of
6000 mA g%, demonstrating superior rate characteristics
for secondary lithium batteries.
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Formation of composite coatings on the MAS
magnesium alloy is already a common practice [1], since
magnesium has high specific strength properties, but its
corrosion resistance and wear resistance are too low for a
wide range of applications [2]. The formation of a
protective coating on the surface of magnesium alloy by
plasma electrolytic oxidation (PEO) with the further
incorporation of fluoropolymer materials favorably affects
its resistance to corrosion and wear [3]. The previously
used in our studies alcohol suspension [3] of superdispersed
polytetrafluoroethylene (SPTFE) hazardous for workers
and manufacturing. Therefore, the properties of composite
coatings (CC) formed using the aqueous suspension of
SPTFE were investigated in this work.

As samples for research we used MA8 magnesium alloy
plates of sizes 30x20x1 mm?. For standardization the
samples were grinded with sand paper. Then, the samples
were washed with distilled water and degreased with
alcohol. Process of plasma electrolytic oxidation was
carried out in NaF and Na;SiOs electrolyte, in bipolar
mode, in two stages. Whole time of PEO process was equal
to 800 s. The formation of composite coating was carried
out by immersing samples in 12.5% SPTFE aqueous
suspension for 10 s. After withdrawal from the suspension,
the samples were air dried. Then, the samples were
subjected to heat treatment at a temperature of 315 °C for
15 min. Coatings were formed with single (CC-1x), double
(CC-2x) and triple (CC-3x) polymer application.
Electrochemical properties of the samples were studied by
electrochemical impedance spectroscopy and

Table 1. Corrosion properties (Ec is the corrosion potential, Icis
the corrosion current density, Rp is the polarization resistance) of

samples with various types of surface treatment
Rp Ic Ec [V]
Sample [Qxcm?]  [A/cm?]
Bare 489.5 3.3x10°° -1.56
alloy
With 1.03x10°  2.4x107 -1.45
PEO
coating
CC-1x 2.2x10%8  2.5x10710 -1.43
CC-2x 2.9x10%8  1.6x10710 -1.42
CC-3x 6.3x10%8  7.7x10" -0.97

potentiodynamic polarization, using the VersaSTAT MC
system (Princeton Applied Research, USA). The adhesion
of the coatings to substrate were evaluated using a Revetest
Scratch Tester (CSM Instruments, Switzerland).

From the results of electrochemical tests (Table I) a
decrease in the corrosion current density by several orders
of magnitude was revealed in comparison with the base
PEO-layer. The scratch test data presented in the Table Il
allow us to talk about an increase in the loads, at which the
coating is scratched to the substrate, and at which the
indenter penetrates to the metal. From the analysis of the
data, it can be concluded that the obtained composite
coatings in their protective properties exceed the base PEO-
coating. Formed composite layers decrease corrosion
current density by more than 3 orders of magnitude in
comparison with the base PEO-coating. Adhesion strengths
of polymer-containing coatings is higher than that of PEO-
layers.

Table 1. Adhesive characteristics of formed coatings

Sample Lea [N] Les [N]
PEO-coating 4.6 10.2
CC-1x 6.7 11.9
CC-2x 6.8 12.9
CC-3x 6.8 13.1
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In this study, for design a scaffold for tissue engineering
from magnesium porous scaffold was fabricated by means
of powder metallurgical process (using cold pressing
technique) followed by a protective coating application.
The formed scaffolds before PEO coating were infiltrated
with bioactive components. The structural characteristics,
mechanical properties of the porous Mg specimens were
investigated. The findings of the study indicates that
developing different porosity, therefore, a different degree
of biodegradability, followed by protection with sodium
silicate coating are expected to have wide application in
tissue engineering.

A recent years trend in the implant’s design is
development scaffolds and composites of magnesium with
controlled porosity. The main source of magnesium in the
human body is found in bone tissue. With a high strength,
magnesium evinces rigidity and density comparable to
these parameters for cortical bone. In addition, the carcass
material is able to completely biodegrade after an
appropriate period in the human body [1-3]. Since the
corrosiveness of magnesium is too high and does not allow
the mechanical properties of a temporary implant to be
maintained for the period necessary for the bone splicing,
its necessary to protect the metal base from destruction,
including through forming a coating. An integrated
approach to solving problems of protecting magnesium
alloys from rapid dissolution and ensuring their bioactivity
is already actively used by scientists working in this field
recently [4, 5]. Directional synthesis of a composite
material combining acceptable elastoplastic properties
close to bone and bioactivity of the ceramic component
(hydroxyapatite) as an osteointegration basis for the
formation of new bone tissue are at the forefront of global
research in the field of development of materials for
implantology [1, 6].

Pure magnesium powder (purity >99.9%, powder size
<40 pm, Sigma-Aldrich), hydroxyapatite (HAp) powder
and carbamide (CO(NH,),, range of 200-400 um, purity of
99.0%, Sigma-Aldrich) particles were used as starting
materials. Urea was used as a space holder particles as
elsewhere to prepare a porous structure [7]. Pure
hydroxyapatite nanoparticles were obtained from calcium
hydroxide and di-ammonium hydrogen phosphate in a
rapid way by microwave processing. The magnesium,
hydroxyapatite and the carbamide particles were
thoroughly mixed. The mixed powders were uniaxially
pressed at a pressure of 200 MPa into pellets with 10 mm
radius and 2-3 mm thickness. The compacts were then heat

treated to burn out the spacer particles, and to sinter into the
porous magnesium foams. Then the samples were
impregnated in an alcoholic solution of stone oil (brashun).
Formation of coatings occurred in the two-stage bipolar
PEO-mode as described in [8]. After PEO process, the
samples were cleaned with de-ionized water to remove the
remained electrolyte and then dried in air.

The obtained hydroxyapatite powder was analyzed for
phase composition, shape and particle size. Morphology of
the prepared scaffolds were analyzed by Scanning Electron
Microscopy which showed pore size of 100 to 200u. It is
shown that in the case of using hydroxyapatite powder as a
bioactive additive, it agglomerates into large particles. In
the case of using stone oil, there are compositions of
various sizes in the pores are formed.

Porous magnesium specimens impregnated with
bioactive component and coated with a high adhesion
protective layer have been fabricated. It has been
established that the fabricated samples are characterized by
a branched and an open-cellular structure. There are
nanosized inclusions form on the surface and inside the
pores.

Acknowledgements

Synthesis, estimation of the morphological properties of
composites was supported by the Russian Science
Foundation (grant Ne 19-73-00073). The electrochemical

studies were supported by the Russian Foundation for
Basic Research (grant Ne 19-29-13020).

References

[1] A. Kucharczyk, K. Naplocha, J.W. Kaczmar, H. Dieringa
and K.U. Kainer. Adv. Eng. Mater. 20 (2018) 1.

[2] N. Sezer, Z. Evis, S.M. Kayhan, A. Tahmasebifar, M. Kog.
J. Magnesium Alloys 6 (2018) 23.

[3] M.A. Velasco, C.A. Narvaez-Tovar, D.A. Garzon-
Alvarado. Biomed Res. Int. (2015)1.

[4] S.V.Gnedenkov, Y.P. Sharkeev, S.L. Sinebryukhov, O.A.
Khrisanfova, E.V. Legostaeva, A.G. Zavidnaya, A.V. Puz’,
I.A. Khlusov and D.P. Opra. Corros. Rev. 34 (2016) 65.

[5] S.V.Gnedenkov, O.A. Khrisanfova, A.G. Zavidnaya. Surf.
Coat. Technol. 204 (2010) 2316.

[6] S. Agarwal, J. Curtin, B. Duffy, S. Jaiswal. Mater. Sci.
Eng., C. 68 (2016) 948.

[7] H. Zhuang, Y. Han. Ailing Feng. Mater. Sci. Eng., C. 28
(2008) 1462.

[8] A.B.Podgorbunsky, K.V. Nadaraia, .M. Imshinetsky, S.L.
Sinebryukhov and S.V. Gnedenkov. J. Phys. Conf. Ser.
1092 (2018) 1.

173



Fifth Asian School-Conference on Physics and
Technology of Nanostructured Materials
Vladivostok, Russia, July 30 — August 03, 2020

V1.03.090

Formation of PEO-coatings for implant materials

K.V. Nadaraia™!?, A.l. Pleshkova?, M.A. Piatkova?, |.M. Imshinetsky!, D.V. Mashtalyar!?,
N.G. Plekhova'3, S.L. Sinebryukhov?, S.V. Gnedenkov*

L Institute of Chemistry of FEB RAS, 159 pr. 100-letiya Vladivostoka, Vladivostok 690022, Russia
2 Far Eastern Federal University, 8 Sukhanova St., Vladivostok 690950, Russia
3 Pacific State Medical University, 2 Ostryakova St., Vladivostok 690002, Russia

*e-mail: nadaraiakv@mail.ru

Currently, bioinert materials, in particular titanium, are
used to obtain implants. Despite the undeniable advantages,
the use of implants of this type is accompanied by a number
of problems, mainly related to tribological properties. We
propose to use biodegradable materials, in particular
magnesium, as a material for implants. In this study, we
investigated the biological activity of magnesium and
titanium samples with protective coatings formed by the
plasma electrolytic oxidation method (PEO). According to
our assumptions, such a coating will solve the problem of
high reactivity of magnesium, improve tribological
properties of studied metals and facilitate faster restoration
of the patient due to cell adhesion to the porous surface,
formed by PEO.

Plasma electrolytic oxidation is one of the most
promising ways of the alloys and metals surface
treatment [1]. During the PEO process, the oxidation of the
treated sample is performed using high values of the
applied electrode potential difference in comparison with
conventional anodizing. PEO-coatings are hard, dense,
wear-resistant, and well-adhered for metals [2].

Bioinert and bioresorbable implants initiate an immune
response when introduced into the body. This reaction is
mediated by antigen-presenting cells, including dendritic.
The paper presents the results of a study of
immunomodulatory properties of our samples under their
effects on receptor phenotype of dendritic cells (DC). In a
population of hematopoietic cells in the presence of
magnesium, an increase in the expression of CD80 / CD86
differentiation markers was detected, as well as the CD38
activation antigen and CD34 adhesion receptor, whereas
expression of the CD14 leukocyte marker was reduced.
Thus, magnesium in comparison with titanium has a more
pronounced effect on the process of differentiation and
maturation of hematopoietic cells into dendritic direction.

In this study, we have used commercial pure titanium
VT1-0. All samples were made in the following size:
30x15x1 mm3. All specimens were mechanically ground
successively to P1200 grit. We used the primary culture of
undifferentiated cells of the myeloid pool obtained from the
bone marrow of the femoral bone of the guinea pigs by
washing the bone marrow canal with RPMI-1640 medium.
The degree of cells differentiation was measured by
indirect fluorescent antibody technique.

The degree of differentiation and maturity of DC can be
studied by the change in the expression level of their
differentiating molecular clusters CD34, CD38. The
hematopoietic pool CD34 receptor relates to the
intercellular adhesion ligands and plays an important role
in the early stages of hematopoiesis.

As a control, cells adhered to the surface of a
specialized plastic coated with lectin were used, and

Escherichia coli lipopolysaccharide (LPS) was introduced
to obtain a mature DC population. It is known that the
cultivation of DC in the presence of GM-CSF and IL-4 with
the addition of 2.5 ng/ml LPS stimulates the maturation of
DC and reduces the content of macrophages in the culture
[3]. It was determined that the maximum expression of
CD34 on the surface of DC was observed on the first day
of joint incubation with LPS, and the cell content was
72.1+£5.8%. Subsequently, their number decreased,
reaching the minimum figures by the end of the observation
period (1.61+0.08%). Under the influence of implants, the
number of CD34 positive cells was lower compared to the
control. Therefore, for samples with titanium after 1 day,
the indicator was 56.1+4.8%, and for samples with
magnesium 48.1+4.6%. The minimum number of these
cells was noted at the end of the observation period (21 s)
and amounted to 1.8+0.2% and 2.4+0.6%, respectively.
Thus, our data indicate that the effect of implants on the
adhesion receptor expression is the same relative to each
other, and the percentage of these cells on their expressed
effect as inducers of cell maturation is reduced relative to
the control.

The presented data indicate that the effect of the
implants on the expression of the adhesion receptor CD34
for hematopoietic cells is the same relative to each other,
and the percentage of these cells on their action as
maturation inducers is reduced relative to the control. The
effect of magnesium on differentiation of the hematopoietic
cells is predominantly more pronounced than titanium,
particularly towards dendritic. Of particular interest is the
property of the magnesium implant that we discovered.
Biodegradable magnesium had a more pronounced effect
on the process of directed differentiation and maturation of
DCS compared to bioinert titanium.
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Hybrid materials based on different polymers including
biopolymers with addition of metal nanoparticles and metal
oxides have been developed over recent years due to the
excellent properties of individual components and
outstanding synergistic effects. Chitosan as biodegradable,
biocompatible and nontoxic biopolymer is a perfect object
for this purpose. Chitosan composites are becoming
promising alternatives for conventional adsorbents of
heavy metal ions, dyes and proteins in various media and
may be employed to solve numerous problems in
environmental engineering.

Chitosan and chitosan-based particulate systems can be
used as thickening agents in food industry and as potential
drug deliveries in pharmaceutical and biomedical fields.
Composite materials currently are under investigation for
application as biomedical implants [1, 2]. Significant
interest has been generating in development of composites

that contain hydroxyapatite because its chemical
composition is similar to bone tissue.
Design of composite coatings for biomedical

applications is inevitably related to deposition techniques.
The two main routes of synthesis of polymer-loaded
nanoparticles are ex-situ and in situ. Ex-situ method is
realized by synthesis of inorganic nanoparticles in the first
place and their dispersion in a polymer solution or three-
dimensional matrix in the second. However, blending
polymers and nanoparticles pose significant challenges to
obtain homogenous and well dispersed inorganic material
in the volume of polymer. Different in-situ processes are
used to overcome these difficulties. In this case polymer
phase acts as a micro-reactor and inorganic nanoparticles
are generated inside the polymer phase from precursors that
are transformed into desired nanoparticles by a series of
appropriate reactions [3, 4].

In this work we represent method of calcium
orthophosphate preparation on chitosan template. For this

purpose precursor salts (calcium nitrate and potassium
dehydrate phosphate) were added to the chitosan solution
to form calcium phosphate particles. Stoichiometric ratio of
the salts was set as 1.67. Production of calcium phosphate
and simultaneous deposition of the biopolymer were
carried out in an atmosphere of ammonia vapor that
contributes to alkalization of the solution. Materials
obtained as films on a glass substrate were sequentially
dried and warmed at 100 °C.

Composite films were characterized in terms of
physicochemical properties by scanning electron
microscopy and x-ray phase analysis (XRD). XRD data for
calcium phosphate powders are not similar to calcium
phosphate phases detected in our spectra. Problem of
converting of calcium orthophosphate phases into
hydroxyapatite was discussed in the report.
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Magnesium alloys are widely used in various industries
due to their properties such as high specific strength and
low density. However, high electrochemical activity and
low wear resistance limit their application field [1]. One of
the ways to prevent the negative effects of the environment
on the metal surface is the protective coating formation.
One of the most promising ways of the coatings formation
is the plasma electrolytic oxidation (PEO) [1, 2]. Coating
obtained by PEO have necessary functionally significant
properties such as the large thickness, high porosity and
resistivity to aggressive environment.

The inertness of the coating is determined by the
composition, and it depends on the substances involved in
the reactions during the oxidation process [2]. Thickness,
porosity, corrosion resistance and wear resistance largely
are depended on the formation mode and its characteristics.
One of the most significant is the coating formation current
density; since it determines the density of plasma
discharges in which ion-exchange processes take place,
resulting in a PEO-coating formed on the metal surface.

Thus, itis of interest to identify the relationship between
the properties of synthesized coatings and process
parameters. In this work, one of the most important
parameters was investigated, namely, the current density of
the coating formation.

In this research, the corrosion properties of coatings
were investigated by potentiodynamic polarization and
electrochemical impedance spectroscopy techniques. The
structure and thickness of the coatings were examined
using a scanning electron microscope.

Table 1. Dependence of the coating properties on the formation
current density (the table presents a selection of key points)

i [mMA/mm?] d [pm] Rp [kQxcm?]
2.03 24 0.006
2.63 26 0.014
3.03 29 0.029
3.69 35 0.124
3.81 35 0.395

As it was shown (TableI), the coating thickness
increased linearly, and the polarization resistance increased
exponentially with the growth of the formation current
density in the investigated range.

When the formation current density is less than
1.5 mA/mm?, the anodizing process is carried out and the
PEO-coating not formed. At values higher than
4.5 mA/mm?, the coating was destroyed and deteriorated
due to high current loads.

Thus, in the considered range of the most frequently
used formation current densities there are functional
dependencies between this parameter and the coating
thickness (1) and the polarization resistance (2) are
corresponded to the equations:

d=ci+cy, (D)
R, =c3-e*, 2

The constants in the equations are determined
experimentally and do not depend on the coating thickness
and polarization resistance. The calculated parameters are
given in table I1.

Table 11. The constant of equations (1) and (2).

c2 [mm] cs [kQxem?] o [mm?2/mA]
6.96 8.11 0.01 2.03

c1[mm¥mA]

The functional relationship between the process
parameters and the properties of the resulting coatings is
the result of this study.
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Due to various reasons, reducing the weight of the
structure without losing its functional characteristics is one
of the urgent tasks of modern industry. It is well known that
the structural properties of many aluminum alloys, having
a lower specific weight, are comparable to the
characteristics of steels [1]. However, the level of
protective and mechanical properties of aluminum alloys
may not be sufficient under the aggressive influence of the
environment or when they work in a friction pair; this
contributes to the expansion of the research area of methods
for protecting the surface of aluminum and its alloys. It is
revealed that morphology of surface layers, obtained by
plasma electrolytic oxidation (PEO) on aluminum alloys
allows modifying the formed coatings with various
materials with the aim of improvement of a material
protection [2].

The rectangular plates made of AMg3 aluminum alloy
were used as experimental samples. After the mechanical
pre-treatment of the samples with the aim of surface
standardization, specimens were treated by the plasma
electrolytic oxidation (PEQ). PEO process was carried out
in combined bipolar mode, comprising potentiodynamic
and galvanodynamic stages. The formed oxide surface
layer was further modified with use the superdispersed
polytetrafluoroethylene (SPTFE) to form a protective
polymer layer. SPTFE was applied from one to four times
(CC-1x-CC-4x, respectively) using the dip-coating method
in the suspension based on isopropanol, with the following
heat treatment.

Further, the protective characteristics of the formed
coatings were studied. Tribological tests were carried out
using a Tribometer TRB-S-DE (CSM Instruments,
Switzerland) in accordance with the “ball-on-disk” scheme.
Wettability of the coatings was evaluated by sessile drop
technique on a Drop Shape Analyzer DSA100 (KRUSS,
Germany). Adhesive characteristics were tested using
scratch-tester REVETEST (Csm Instruments,
Switzerland).

Results of analysis of the tribological data showed that
the incorporation of a fluoropolymer component has a
positive effect on wear resistance of formed coatings. A
wear was decreased by two-fold as the SPTFE application
treatment was increased, and a number of wear cycles was

increased in 50 times in comparison with base PEO-layer.
This effect is explained by the fact that the polymer
material, gradually releasing from the pores during wear,
and acts as a dry lubricant, decreasing the friction
coefficient.

Results of wettability investigations revealed highest
hydrophobic properties of samples with CC-3x. Contact
angle values of this coating was attained to 155°, that
allows considering the coating as a superhydrophobic one.

Scratch-tests also allowed identifying a positive impact
of SPTFE incorporation into the PEO-layer. Friction
reduction contributes to an increase of the load value, at
which the coating begins to peel off (Lc2), as well as end
load required for the coating wear until metal (Lcs). As a
result, the best adhesive characteristics observed for a
sample with fourfold deposition of polymer-containing
layer (CC-4x). For this coating critical loads increase by 1.5
(Lc2) and 2.9 (Lcs) times in comparison with the base PEO
layer.

Summarizing all aforesaid it can be concluded that a
method of the formation of PEO coatings with subsequent
surface modification with a fluoropolymer material is
suggested. It was established that incorporated
superdispersed polytetrafluoroethylene has a positive effect
on protective properties of obtained surface layers. There is
an improvement in all studied properties: tribological,
wettability, adhesive strength.
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Magnesium alloys, possessing low density and high
specific strength, are now actively used in the automotive
industry, aviation, medical equipment and electronics. The
main limiting factor of their wider use is the high corrosion
activity and low resistance to wear. Traditional corrosion
protection methods, such as painting and anodizing, have a
limited range of use due to low adhesion and hardness of
the obtained layers [1-2].

Currently, the technology of coatings formation by
plasma electrolytic oxidation (PEO) is being intensively
developed [3-4]. This technology allows forming hard,
wearproof layers with high corrosion properties.

One of the directions in the development of PEO
method involves the use of nanosized dispersed materials
as electrolyte  component, that have certain
physicochemical properties. It allows improving the
performance of the surface layers and expand the field of
practical use of coated materials [5-6].

Currently, there are a number of works, in which
coatings modified with titanium dioxide are studied. These
studies cover a wide range of different aspects that are
affected by the incorporation of nanoparticles into coating.

TiO (B) particles obtained by hydrothermal synthesis
were used in this work to modify the coatings. The tape-
like particles have a width of about 100 nm and a length of
1000 nm.

Particles TiO2 (B) have a high chemical resistance, and
therefore contribute to an increase in the electrochemical
characteristics of the resulting coatings. Also, the
incorporation of nanoparticles will improve the mechanical
characteristics of the samples, as a result of filling the pores
of the coatings.

The high photocatalytic activity of TiO, (B) particles
can help in the creation of self-cleaning coatings, as well as
coatings with antibacterial properties.

This work is aimed to study the formation conditions of
coatings containing TiO, (B) nanoparticles and
characterization of their physicochemical properties.

Formation of coatings was carried out on rectangular
plates of the magnesium alloy MA8 (1.5 wt. % Mn; 0.15
wt. % Ce; Mg — balance) with dimensions of 15 mm x 20
mm x 2 mm. The electrolyte containing sodium fluoride (5
g/l) and sodium silicate (15 g/l) was selected to treat
samples by PEO. Content of TiO2(B) nanoparticles in

electrolyte was equal to 2 and 4 g/l. Since during the plasma
electrolytic oxidation the coating growth on the sample
proceeds, as a rule, at anodic polarization, to ensure the
maximal incorporation of particles into the coating, an
anionic surfactant (sodium dodecylsulfate) was used as a
stabilizer of the dispersed system.

The elemental analysis of the coatings demonstrates
that the presence of titanium in the composition of PEO-
coating after coating formation (2 g/l — 1.6 % wt.; 4 g/l —
4.4 % wt.).

The incorporation of nanoparticles leads to an increase
in the microhardness of the coating by more than 1.5 times
as compared to coating withoun particles, from (2.1 £0.3)
GPa to (3.5 + 0.5) GPa.

The increase of the nanoparticles concentration up to 4
g/l results in a monotonous increase of the load (Lc2(PEO)
= (12.2 + 1.2) N, Lc2(PEO+TiOy(B)) = (17.4 + 1.4) N), at
which the disruption of the coating adhesion is observed, as
well as in the increase of the load (Lc3(PEO) = (7.3 = 0.3)
N, Lc(PEO+TIOx(B)) = (10.2 £ 1.1) N), at which
scratching proceeds down to the substrate (plastic film
abrasion until the metal).
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Using the hydrothermal method, compounds based on
cerium oxide in the form of hollow nanospheres were
synthesized. The effect of SnO; in the CeO,-SnO; system
on the morphology and electrochemical behavior of the
material using ones as an anode for a lithium-ion battery
was determined. The reversible capacity realized during the
first charging half cycle (delithation) exceeded 800 mA<h/g.

The trends in the development of power sources in
recent years are regarded to the improvement of their
characteristics, such as high specific power, cycling
capacity and safety. Particular attention is paid to the
development of new anode materials for lithium batteries,
since graphite, which is currently used for the manufacture
of anodes for industrial lithium-ion batteries (LIB), does
not provide modern capacity requirements (372 mAh / g).
A promising replacement of graphite today is Sn-
containing compounds due to the large gravimetric and
bulk capacity (990 mA « h / g) [1-3]. A significant barrier
for using tin in LIB is the significant volumetric
deformations (up to 300%) that accompany the lithiation
and delitration [3]. The solution to this problem is the
synthesis of tin-containing materials formed in the form of
composites, various core-shell structures, etc. [4, 5]. Due to
significant structural stability and high theoretical capacity
(623 mAh / g) Ce based compounds could be considered as
favorable candidates for anode material.

In the present work, cerium dioxide in the form of
hollow micro / nanospheres (CeO;) was obtained by
hydrothermal synthesis in a mixture of ethyl alcohol,
deionized water, cerium (I11) hexahydrate nitrate, urea, and
citric acid. The homogenized solution was heated in an
autoclave at a temperature of 90 ° C for 12 hours. The
resulting precipitate was separated from the solution by
centrifugation, washed with distilled water, alcohol and
acetone, and dried for 6 hours at 80 ° C. Annealing was
carried out in an atmosphere of air at 500 ° C for 3 h. To
obtain samples with tin oxide (CeO2-Sn), tin (1) chloride

dihydrate was added to the solution.

According abovementioned, cerium dioxide in the form
of hollow micro / nanospheres and CeO,-Sn compounds
were obtained by hydrothermal synthesis. Studies of the
phase, elemental analysis of the obtained compounds were
held. According to X-ray phase analysis, the addition of
0.01 and 0.005 M of SnCl, significantly changes the
diffraction pattern, leading to the appearance of peaks of
SnO, SnO; and the X-ray amorphous phase. Micro /
nanospheres formed during the synthesis of the initial
cerium dioxide are “split” when tin chloride is added,
forming nanostructured flakes. According to the data of
elemental analysis, the formation on the walls of the
spheres consists of the elements Sn and O.

Tin addition improves the electronic conductivity of
CeO; that is promising in terms of rate capability of the
battery. An analysis of the results allows us to conclude the
prospects of the proposed approach for the production of
anode material for highly energy-intensive LIB based on
the formation of a core / shell structure.
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Currently, in order to reduce energy costs and
greenhouse gas emissions, there is a tendency to replace
steel structures with aluminum, which is lighter. In this
regard, aluminum alloys (AMg3, D16) are popular
materials in the automotive and aerospace industries, where
operating conditions require high anti-corrosion properties.

Anodizing or various methods of applying paint are
often used to process aluminum parts in order to improve
protection against long-term corrosion. However, the
resulting coatings possess lower adhesion, in comparison
with the layers formed by plasma electrolytic oxidation
(PEO) [1]. The non-porous sublayer of PEO-coatings
provides an advantage in reducing the corrosion of the
metal substrate in comparison with other protective
coatings. However, microdischarges inevitably form a
porous outer layer, the barrier properties of which degrade
upon prolonged contact with a corrosive environment,
which in turn, does not fully reveal the protection potential
of PEO layers. In early work [1], the main part of the pores
in the coatings was healed by increasing the duty cycle (D)
of the short-pulse signal (tpuise=5 ps). As a result of the
study by potentiodynamic polarization and impedance
spectroscopy, high barrier properties of PEO-coatings were
determined, which reduce the corrosion current by nearly 3
orders of magnitude, in comparison with the unprotected
aluminum alloy AMg3. However, the conditions for
industrial operation and electrochemical testing may vary
significantly.

Consequently, in this work, jointly  with
electrochemical studies of PEO-coatings, tests in salt mist
environment were carried out according to GOST 52763-
2007 to assess the protective properties of PEO-coatings
under identical operating conditions (GOST 51801-2001).
Spraying of the 5% NaCl solution and repeating it were
performed with a duration of 15 minutes and every 45 min
respectively. The temperature in the salt fog chamber was
set in the range of 27-29 °C. The test duration is 7 days.
Comparative analysis of the morphology of the starting and
after the corrosion test of PEO-coating was conducted on
Evex Mini-SEM (Evex Analytical Instruments, USA). The
porosity of the coatings was determined using the ImageJ
1.50v software.

The formation of PEO-coatings was carried out on
aluminum alloys AMg3 and D16 in bipolar 30 and 60 min
modes using a transistor power supply [1]. During the
anode phase, the voltage was increased in two stages:
during the first 5 minutes from 30 to 360 V and from 360
to 420 V for the remaining 25 and 55 minutes, respectively.

In both cases, in the cathode phase, the PEO-treatment was
performed at a constant current density of 0.1 A/cm?,

In order to establish the necessary values of D, the
frequency of the pulse signal was changed, which was: 20.8
kHz (D = 0.21), 11.9 kHz (D = 0.12) and 6.0 kHz (D =
0.06). A multicomponent electrolyte is an aqueous solution
of the following composition: 0.6 g/l NaF, 5 g/l
CsHi06K20,5H,0, 10 g/l Na;MoOs2H,O, 10 ¢/l
NazB4O7'10H20, 10 g/| Na3P04~12H20.

The analysis of SEM-images of the cross-sections of the
PEO-layers showed the highest coatings porosity were
obtained at D = 0.06 and time of 30 minutes for the AMg3
alloy — 11.1% and 14.1% for the D16 alloy. Therefore, the
barrier properties of these coatings below the rest (9.0-107°
Alcm? and 9.9-10° Af/cm?, however, more than 2 orders
outperform unprotected aluminum alloys AMg3 (1.8:1077
A/lcm? ) and D16 (4.5-10° A/cm?). An increase in the
oxidation time to 60 min and D to 0.21 made it possible to
reduce the defectiveness of the coatings to 6.1% and 8.8%
for AMg3 and D16 alloys, respectively. Therefore, the
main part of defects in PEO-layers closes when the duty
cycle increases to 0.21, due to the higher energy of
microdischarges than at D = 0.05 and 0.12. At the same
time, these coatings have a large thickness (11.6+1.9 pm
and 9.1£0.9 um), which provided even higher barrier
properties. Analysis of the polarization curves showed a
decrease in the corrosion current density for AMg3 alloys
to 2.4-10°° A/Jem? and to 2.9-101° A/cm? for D16 alloy.

These PEO-layers after 7 days salt-spray test have not
changed, determined both by inspection of the appearance
and analysis of surface images obtained using an electron
scanning microscope. All coated samples after corrosion
testing exhibited a mass loss less than 1% with no signs of
pittings and defects Thereby, protective PEO-layers can be
characterized as satisfying the required level of
anticorrosion properties for long-term operation in a
corrosive environment
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To protect aluminum and its alloys from corrosion,
organic coatings are used often. Moreover, the adhesion of
the layers to the metal in some cases does not meet the
requirements of the operating conditions of the processed
materials. In this regard, when painting metal parts, a
primer is applied to ensure good adhesion. Oxide coatings
could also be used as an adhesive sublayer, which could be
formed by plasma electrolytic oxidation (PEO).

Currently, to increase the adhesion strength of organic
coatings to the surface of aluminum and its alloys, several
works were devoted to the formation and study of two-
layered PEO coatings [1, 2]. The first sublayer is formed by
anodizing aluminum alloys in an acid electrolyte, and the
second layer is obtained by the next stage of PEO. As a
result of the two-stage formation, denser coatings are
formed, which, in turn, reduce energy consumption and
increase anticorrosion properties. On the other hand, the
formation of PEO coatings in several stages complicates
the process, and the use of acidic electrolytes is unsafe for
the environment. In this regard, in a previous work, a
method was proposed for the formation of similar layers in
a single-stage PEO on an aluminum alloy AMg3 in tartrate
and silicate-containing electrolytes [3]. At the same time,
an increase in the concentration of sodium metasilicate in
the tartrate electrolyte structured the oxide layers in
different ways, and as a result increased their roughness,
porosity, and thickness. Therefore, for high-quality
deposition of organic coatings on PEO layers, it is
necessary to study the effect of PEO conditions and the
concentration of sodium metasilicate on the morphology
and structure of the coatings formed.

To carry out oxidation, 0.6 g I sodium fluoride (NaF),
10 g It sodium tetraborate (Na;B4O; 10 H,0), 25 g I
potassium tartrate (C4sHsOsKz 0.5H,0) were diluted in 2 |
of deionized water and 0 g I}, 5 g I'* sodium metasilicate
(NazSiO; 5H,0). The formation of protective layers was
carried out in bipolar mode. During the anode phase, a
potentiodynamic mode was implemented and in the
cathode phase, the galvanodynamic mode was realized. For
a detailed analysis of the transition of the structure of oxide
layers, the oxidation time was: 5 min, 25 min, and 45 min,
after which the surface and cross sections of the formed
coatings were examined using a Zeiss EVO 40 scanning
electron microscope.

At the first control time, the formation of coatings
similar to the anode layers was observed in both
electrolytes. At the end of the second duration in an
electrolyte with no Na;SiOs, this anode-like layer was
transformed by 50-60% in thickness into a traditional PEO
layer. With the addition of 5 g I'* Na,SiOs to the electrolyte,
the transformation of the oxide layer was significantly

accelerated. Since, in the cross section, a traditional PEO
coating was observed with rare inclusions of the anode
layer located near the aluminum substrate. However, the
third control stage ensured the complete transformation of
oxide layers formed in electrolytes with the absence and
addition of sodium metasilicate.

At the same time, analysis using the MetekSurtronic 25
profilometer of the surface of PEO coatings showed that the
addition of 5 g I"? sodium metasilicate leads to a 1.7-fold
increase in the roughness parameter Ra, compared to layers
obtained without addition of Na,SiOs to the electrolyte (Ra
=1.6 +0.2 um). The study of the morphology and structure
of PEO layers after applying an organic coating to their
surface showed that the first composite coatings (KP)
exhibit a sharper transition at the oxide layer / paint
interface, and the organic layer is 50—60 microns thick. For
PEO coatings formed with 5 g I* sodium metasilicate, due
to the greater roughness, the paint layer reached 90-100
um. Therefore, paint consumption increased by 409%,
which provided a more even and glossy surface and high
anticorrosion properties, in comparison with oxide coatings
obtained in an electrolyte with no Na,SiOs. Further analysis
of the second KP showed that due to the more developed
porous part, the interface between the coating and the
organic layer expanded significantly, and its high filling
density with paint was provided by the spray gun.
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The structure of amorphous rapidly quenched alloys is
quite complex for description and interpretation in various
approaches. The theoretical task of describing the structure
of such objects did not find a reliable solution. The image
has a fairly recognizable salt-pepper structure for objects of
this kind. The size of the inhomogeneities is ~ 0.2 nm [1].
In terms of transmission electron microscopy, darker areas
have a higher density, light areas have a lower density. The
differences in the density of the material can be identified
even for samples that are X-ray amorphous.

Landau's theory of phase transitions [2] is based on the
assumption of a one-parameter description of the system.
Thus, the thermodynamic potential of the system becomes
a function defined parametrically. The parameter is
considered further as an order parameter and assigned by a
physical meaning, based on the physical conditions of the
problem under consideration. So, in the original work, it
was a scalar degree of ordering with a range of admissible
values0 < < 1.

The validity of series expansion is obvious to the class
of objects under consideration, which are amorphous metal
alloys and which are far from thermodynamic equilibrium.
For complete indisputability, we will use a standard
method: replacing ¢ by A and expanding in a change
series the of o, that is in a typical series

1 2 1 4 1 6
F(x)=F,+V| -ap°+=be" +=d : 1
() 0 (2(0 4§0 GQJ 1)

where V - system volume. Coefficients a, b, d and others
are functions of temperature and pressure

An expansion of type (1) implies the invariance of the
energy relatively to the change of sign ¢ (¢ — —o), that is
why there are no odd degrees in the expansion.

If the rate of change in the state of the system is finite,
then the thermodynamic degrees of freedom do not
necessarily have time to come into equilibrium. Degrees of
freedom, whose relaxation times are large enough, are
frozen. In particular, we can talk about fields ¢(x,t) of the

order parameter that satisfy the conservation law o(x,t)

0 -
%t+d|v1_0. -

For the thermodynamic potential F, taking into
concideration the replacement of ¢ by Ag and ¢ (x,t) the
field of the density order parameter p in (1), we have the
following equation

F= 1J‘{C(Vgo)z +arg’ +£,B(04 +lgpe}d(o
2 2 6 @)
Contrary to (1), expansion (3) takes into concideration
the sign-invariant form of the gradient of the order
parameter, since we study the inhomogeneous state of the
system.

For equation (2) we get
a%t = A{—Ap+rp3 +p5}

In case of complete equilibrium j = 0, that means
ToPo + P +p5 =h 5)

(4)

where 1o and po the values of T and p at the point Ao, h ~ o
(uo - is the chemical potential at the point Ag). The
immediate change of t value from to > 0 to 11 < 0 makes
the value p = pg non-equilibrium. For the initial stage,
relaxation is determined by the equation

op/ _ Al 2 4 | _ A2
A—A{ Ap+1p+3p; +5p0p}— DAp Ap’ ©)

where D = 7 +3pZ +5p, (7) value, that has the

meaning of a dynamic diffusion coefficient in a
nonequilibrium state. In the phase separation area, the
coefficient D is negative. It should be noted that we are
talking about a thermodynamically unstable state. The
possibility of describing this state in thermodynamic terms
is due to the fact, that the state is close to equilibrium near
the separation point. As in the Landau theory, this allows
us to use expansion (3), where we hold the terms of the
sixth order in p and the second order in Vp. The presence
of a gradient term determines the wave solutions of this
equation. Negative values of the dynamic diffusion
coefficient in the unstable state of the system mean that the
inhomogeneity during the relaxation of the system grows to
values of density (concentration) corresponding to the
equilibrium values with the formation of the bound
between cells.

This result means that in time t ~ 6 the system is divided
into cells with dimensions A ~ k™.

A ~[o[”

Cells of size A arising in the system in the case of a rapid
transition from state AO to state Al can be interpreted as
the structure of an amorphous “salt-pepper” alloy, which is
formed upon rapid quenching from the melt. The
characteristic cell size depends on the temperature of the
melt and the temperature of the formation of an amorphous
state, which is quenching temperature
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This work demonstrates how the application of certain
approaches can affect the surface morphology of PEO
coatings, the growth of micro- and nanocrystals on their
surfaces, and functional properties of PEO layers.

One of these approaches is the introduction of various
additives into electrolytes for creating conditions for
precipitating dispersed particles of a disarable composition.
Such an approach was used to obtain WO3; — MWO, oxide
structures (M = Fe, Cu, Ni, Mn, Zn) on titanium. PEO
treatment of titanium samples was carried out in acidified
aqueous solutions of sodium tungstate (0.1 mol/L Na;WOs,)
with the addition of transition metal salts (0.05 mol/L of
Cu(CH3COO0),, FeC,04, Ni(CH3COO0),, Zn(CH3COO),, or
Mn(CH3COOQ),). In most cases, the coatings obtained
include tungsten oxide and transition metal tungstate - WO3
+ MWO, (Table I). Micro- and nanocrystals were found on
the surface of a number of coatings obtained. The bandgaps
Ey for oxide layers have been determined from diffuse
reflectance spectra recorded in the range of 200-800 nm
using a Cary Varian 5000 spectrophotometer with a
spectral resolution of 1 nm, similarly to that in [1]. These
Eq4 values indicate that the absorption of photons by these
structures is possible in UV and visible radiation range.

Table 1. The Eg values of a number of WOs + MOx PEO coatings
obtained for 5 min at i = 0.2 A/lcm?.

co’rzr:eg]s??ign Phase
PEO coating posttl composition  Eg, (eV)
of crystallites, of coatings
(at. %) g
Rectangular:
19.4C;57.6 WOQOs3 +
WOACUO: 5. 56 cy; CUWO, 28
17.4W
WOs + 2.36 and
WOs+FeOx - FeO(OH) 2.73
Lamellar: 76.3
WOs+MnO,  O; 1.9 Ti; 5.2 ,\‘/’I‘;f/’\js
Mn; 16.5 W 4
Star: 15.7C;  TiO2 (rutile)
WOs+ZnOx  56.50; 2.4 Ti; +WOs + 2.78
11.1Zn ZnWOq4
Granular: 18.9 208
. C; 56.0 O; WOs + o
WOs+NIOx  137°\i113  oNiwo, 247 and
W 3.08

The properties of the coatings have depended on the
composition and microcrystals on their surface. The
composites are promising for use as photocatalysts
operating in the visible radiation range.

Another approach is the use of complexing agents or
substances that change the mechanism of incorporation of
electrolyte components into PEO coating compositions [2].
The introduction of acetonitrile into Na;B.O; +
Mn(CHsCQOOQ); electrolyte results in PEO layers having
increased adhesion to the substrate metal, but differing in
surface morphology and composition. Instead of granules,
“leaf-like” structures with a high manganese content (~ 11
at.%) are formed on the coating surface. However, average
manganese concentration decreases from 30 to 6 at. %,
leading to a loss of their catalytic activity in the oxidation
of CO in CO..

Post-treatment of PEO-coated metals, in particular
impregnation and/or annealing, also affects the formation
and growth of crystallites on their surface. Annealing of W-
containing PEO coatings on titanium at a temperature of
700°C and above leads to regular WO3 microcrystals on
their surface [3]. The results of work [4] have shown that,
depending on the annealing temperature, crystals of various
shapes and compositions are formed on the surface of Mn-
, W-containing PEO coatings on titanium. The crystals
formed after air annealing at 700 °C are tetrahedral prisms
of the assumed composition of MnWQO,. The crystals
formed after annealing at 850 °C are hexagonal prisms of
the assumed composition of NazMn;TigO16.

The composition of crystals growing on the surface of
NiO+CuO/TiO,/Ti composites formed by a combination of
PEO and impregnation strongly depends on the annealing
temperature [5]. CuO crystals are formed on the surface
after annealing at 500-700°C, NiWO, crystals are present
at 750-850°C, and Niz 62 Tio.69004 whiskers at T>900°C. The
data obtained indicate that the electrolyte residues and the
impregnating solution accumulated on the surface and in
the pores of the coatings, as well as the diffusion of titanium
from the depth of the coating to the surface play an
important role in the formation of micro- and nanocrystals.
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This study is devoted to an analysis of the ordering the
TiO, [1] and Al,Os [2] nanotubes’ arrays using the
correlation-spectral methods. As the tools, the spatial
Fourier spectrum and one-dimensional autocorrelation
function (ACF) of the SEM image have served.

The test specimens of the TiO, nanotubes were obtained
in the agqueous-non-aqueous and aqueous electrolytes by
anodizing method using the stabilized constant voltage
source. Preliminarily, the titanium foil specimens were
chemically polished in the HF/HNO3/H,0 (1:4:5) mixture
(Table 1).

Table 1.Modes of oxydation

Timeofe Potentia Curren
Sample  xperime LV t mA Electrolyte
nt, h
(Glycerin+ SAW
No.1 15 20 B L 05%NHF) 11
No.2 4 30 40 H2S04+0,15%HF

In obtaining the anodic Al,O3 (specimens No. 3, 4), the
surfaces were preliminarily prepared. Primarily, the
mechanical polishing was performed, further some
specimens (No. 4) were annealed and after all that all
specimens were exposed to chemical etching and
electrochemical mirror polishing. At that, the commercial-
purity aluminum was used for the specimen No. 3 while
very-high-purity one for specimen No. 4.

The nanostructurized AlO; was obtained using the
technique of two-stage anodizing in the potentiostatic
mode. After the first stage, the removal of the oxide layer
was carried out and, further, the repeated anodizing was
conducted in the same electrolyte. As electrolyte, the 0.3-
molar solution of the ethanedioic acid at temperature of
~5°C and potential of 40V was used. The time of each stage
was 3 hours. The morphological characteristics of
specimens were obtained using the SEM “Hitachi S-5500”
(Japan).

The TiO2 nanotubes are characterized by distinct
structures and each nanotube has its own wall, boundary,
which does not unite with the walls of other nanotubes into
the continuous array. Upon a small scale, one can identify
both tetragonal (specimen No. 1) and hexagonal (specimen
No. 2) ordering. On the contrary, the Al,O; nanotubes are
combined through the common walls into the single
structure. The main part of pores can be outlined by the cell
corresponding to the hexagonal ordering [3].

The local, short-range order is visible in all SEM-
images of the specimens No. 1-4. In the arrays of the Al,O3
nanotubes, especially in the specimen No. 4, one can
identify the areas of almost strict periodicity [2]. Usually,

both TiO; and Al,O3 nanotubes are tightly packed at the
surface.

The Fourier spectra of TiO, images have a characteristic
ring (halo) corresponding to the short-range coordination
order within the limits of the first coordination sphere of
nanotubes. Any pronounced secondary rings are absent and
spectra decay smoothly. In the spectrum of specimen No.
2, a halo begins to take on a form of a hexagon.

The spatial spectra of the Al,O3; nanotubes images have
three rings, the last of which is feeble marked. The first
(inner) ring answering for the significant period of structure
for specimen No. 3 has the shape of circle. In the spectrum
of the specimen No. 4, the first ring separates into 6
maxima. Their number is confirmed by the presence of
almost strict hexagonal ordering on the sufficiently great
areas. Generally, one can deduce according to type of the
Fourier spectra that the arrays of Al,Os; nanotubes in the
case under consideration are more ordered and have a more
well-defined structure than the TiO, nanotubes. All of
obtained ACFs can be divided into two groups. According
to the degree of order, the first group is presented by ACFs
of specimens Nos. 1, 2. The first maxima and minima are
manifested quite clearly and have the significant
amplitudes.

Within the group of more distinct, structured ACFs, the
specimens Nos. 3, 4 fall. The first and second maxima in
both ACFs are clearly visible, and the second maximum in
the ACF of specimen No. 4 has nearly the same relative
amplitude as the first one. In addition, the periodicity in
these ACFs after two maxima is not lost, it is further
evident if not so clearly. According to the type of ACFs, the
specimen No. 4 is most ordered while, in this context, the
specimen No. 1 is the most ordered of the TiO specimens.

The further all-round analysis of ordering can be carried
out using the configuration geometric entropy, fractal and
multi-fractal techniques as well as formalism of the
coordination tree graphs [4].
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Polytetrafluoroethylene (PTFE) and Polyvinylidene
fluoride (PVDF) are two of the well-known basic
fluoropolymers[1]. Although PTFE and PVDF are widely
applied in different areas of industry, household, in
medicine, the requirements of advanced technologies
stipulate for the necessity of improvement of the materials
functioning parameters, which is implemented through
modification of available materials or fabrication of novel
ones. Modified forms of the materials having promising
properties are fabricated using different methods of their
treatment. An effective way to modify fluoropolymers is to
fill them with metal powders. Filling polymers with
dispersed substances, especially metals, makes it possible
to obtain composites with higher physicomechanical and
operational properties compared with traditionally used
materials [2]. This type of method includes explosive
pressing. The explosion treatment (explosive pressing, EP)
is a promising method of fluoropolymers modification and
creation of composite materials [3]. The method is based
on the formation of shock waves in the solid body which
offers the possibility to realize the specific type of the
mechanochemical impacts for a short period at pressure
from dozens of MPa to a few hundreds of GPa and a broad
range of temperatures from dozens to a thousand of
centigrade’s.  Such impact results in structural
transformations and rise in the adhesive interaction
between components. The possibility for the creation of the
composite metallopolymer materials with the use of
explosive pressing of the metal- fluoropolymer mixture
was shown in a number of studies [4].

This paper illustrate the results of investigating the
composites of the PTFE+Cu, PTFE+Ni, PTFE+AI,
PVDF+AIl,O; obtained by the method of explosive
pressing. The main attention is paid to results revealing of
the composite morphology, molecular structure, phase
composition, and thermal properties.

Studies of PTFE + M composites (M - Al, Cu, Ni) by
SEM method revealed the conditions for the preparation of
composites of various morphologies.

For Al add Cu composites, we see a heterogeneous
structure: it is composed of a monolith mass with embedded
particles. In the course of fabrication of a composite with
nickel, a loose nickel monolith is formed: its pores and
interfacial layer are filled with formations from
polytetrafluoroethylene particles. It has been revealed that
in all cases during explosive pressing, an intermediate layer
is formed consisting of nanofibrils, which enhance the
adhesion of the metal to the polymer, thereby contributing
to the formation of a durable composite.

The effect of pressure on the morphology of the
obtained material was studied for a sample formed from a
mixture of PVDF polymer and metal oxide. A sample of
80% PVDF + 20% Al,O3 was studied. By SEM study at
using of EP=1GPa for the sample, the two types of areas

were revealed: lamellar structures 400 nm in size, on the
surface of which particles of microns are visible. With a
higher magnification fibers are visible.

The element composition of the PVDF + Al,O3
(EP=1GPa) are shown in the table I.

TableI. Element analysis of the PVDF + Al.Os3 sample
performed using the SEM method (EP = 1 GPa)
Sample \ element C, F, Al, o,
at% at% at% at%
lamellar structures 67 33 - -
particles 52 27 8 13

As it is seen from table the sample includes carbon,
fluorine, aluminum oxygen. The ratio of Al / O is 2/3
corresponds to Al,Os. Monolith consists from lamellas
formed with fibrils.

Table Il. Element analysis of the PVDF + Al:O3 sample
performed using the SEM method at various points(EP = 3 GPa)

Sample \ C, F, Al, 0, Si,
element at% at% at% at% at%
(1) 48 13 26 12 1
(2) 54 19 - 19 8
(3) 55 20 2 23 -

4) 41 23 28 7 1

At EP with a pressure of 3 GPa PVDF+AI;Os, the
morphology of the sample varies greatly, moreover the
sample becomes brittle. According to SEM studies, it is
composed of particles with sizes from 50 nm to 10 pum,
which are compressed into agglomerate. As can be seen
from table 11, The distribution of elements in the sample
also changes. The ratio of Al / O does not correspond to
Al,O3, the C/ F ratio also changes. Therefore, we suggested
the destruction of the components of the composite.

The undertaken studies of the samples by XRD, IR
spectroscopy, and DSC confirmed the assumption made.
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The work presents a study of the magnetic and sorption
properties of nanocomposites CoFe;04-SiO,. Samples
were obtained by precipitation and impregnation using
silica of plant and mineral origin. The sorption capacity
studied by methylene blue is from 8.8 to 26.7 mg/g, which
is higher than the sorption capacity of the initial SiO,. It
was established that all the studied composite materials are
ferromagnetic at room temperature, and the saturation
magnetization increase from 1.2 to 29.0 em.u/g with
increasing cobalt ferrite content.

Pollutants is an important issue and are harmful to our
daily life. Among different sources of pollutants, organic
dyes in effluents from printing, dyeing, textile manufacture,
paper industries, and many other industrial processes have
caused serious environmental problems. Adsorption is
typical method used to treat dyeing materials before they
are discharged into natural water systems. Furthermore,
adsorption could avoid the problem of secondary pollution
by adsorption agents. To collect the adsorption agents, we
adopted a magnetic approach in which spinel cobalt ferrite
(CoFe204) was used as the magnetic medium. Therefore,
we synthesized a new material, which comprises a CoFe;04
core and a silica shell to adsorb methylene blue (MB) [1].

CoFe,04-Si0;, particles were prepared by the method |
(precipitation) and method Il (impregnation) [2].
Precipitation method was the precipitation of CoFe;O4
from an acidic solution of iron and cobalt chlorides. After
that, sodium silicate was controllably hydrolyzed in the
suspension to form a silica shell. The impregnation method
consisted in the impregnation of porous silica of plant

Table I. Sorption capacity and consist of samples

Ms, (3.M.e./r) He, (3)

Sample

300 K 3K 300 K 3K
1 29.0 41.0 163 9390
2 13.0 21.0 155 8813
3 17.0 25.0 166 9506
4 11.0 17.0 150 9400
5 1.2 5.0 425 6400
6 1.2 6.1 360 5400

origin with a solution of Fe(acac)s and Co(acac), followed
by calcination.

The morphology of the samples was confirmed using
electron microscope. The size of CoFe,O4 core particles is
approximately 20 nm.

The sorption properties of materials were investigated
by adsorption of MB. MB was sorbed from aqueous
solutions in static conditions. The concentration was
determined by the photocolorimetric method. Sorption
capacity of materials is presented in table I.

The magnetic properties of the obtained materials were
investigated. The magnetic characteristics of materials
depend on the method of their preparation, structure, and
content of cobalt ferrite in them. Table Il shows the
saturation magnetization (Ms) and the coercive force (Hc)
of the samples at 300 and 3 K.

Table 11.Magnetic characteristics of composite materials

Sample Methods (SO'/SZ 55503‘ gz;j ' fgp:ggict);
mg/g

1 precipitation  40.9 39.5 19.7 259

2 precipitation  69.1 20.4 105 838

3 precipitation  70.4 19.6 10.1 169

4 precipitation  78.9 14.0 7.1 154

5 impregnation 94.4 4.5 1.1 18.1

6 impregnation  94.6 3.9 14 16.7

Depending on the CoFe,04 content in the samples, the
saturation magnetization (300 K) varies from 1.2 to
29.0 e.m.u/g (Table I1). These values of Ms are sufficient
to extract the material from an agqueous suspension under
the external magnetic field of a permanent magnet and to
use these materials as magnetic sorbents.
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Anodic titania nanotubes (TiO2-NTs) structures are
widely known as chemical stable photoelectrodes with a
large surface area. The material is being intensively
investigated for  photovoltaic and  photocatalytic
applications.

Well known that anodic oxidation method for obtaining
vertical oriented TiO»-NTs typically includes next steps:
first anodic oxidation, removing of the prepared sacrificial
layer, second anodic oxidation, and washing step of the
obtained sample from electrolyte and reaction products.
Such solutions often used for the washing step: water and
ethanol. Also, the washing step provides in the
ultrasonication bath step by step in acetone, ethanol and
water for removal of the initiation layer. Already known
that long soaking as-prepared amorphous anodic TiO;
nanotubes in water lead to the crystallization of the oxide
layer and growth of nanoparticles on the surface and walls
of the structure.

However, the comparing of various washing methods
and solutions influences on the photoactivity of the TiO;
nanotubes structures isn't described.

In this work, the TiO2-NTs structures were obtained by
electrochemical anodization in fluorine-containing an
electrolyte based on ethylene glycol. The photoactivity of
prepared TiO, nanotubes structures washed in solutions
such as water, ethanol and unwashed was studied by
photoelectrochemical techniques (photocurrent,
photopotential, IPCE). The morphology and geometry of
obtained samples were investigated by scanning electron
microscopy method. The structure and composition of the
material were investigated by XRD and EDX methods
respectively.
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It is known that in the treatment of malignant
neoplasms, the greatest therapeutic effect is achieved by
irradiating the tumor with photons having energies from 20
keV to 200 keV [1]. However, the prone ability of photons
with such energy is small, so they are used for radiation
therapy of superficial tumors. For the treatment of
malignant neoplasms located deep in the human body,
higher-energy y-quanta are used, for example, photons
emitted by the 60Co isotope with energies of 1173.2 keV
and 1332.5 keV. The disadvantage of such radiation is their
weak interaction with cancer cells, which, in order to
achieve the desired therapeutic effect, they usually try to
level by increasing the intensity of radiation. On the other
hand, an increase in radiation intensity can lead to
significant damage to healthy tissues surrounding the
tumor. One way to resolve the above “therapeutic paradox”
is the conversion of high-energy y-quanta (E},~1 + 5 MeV)
into quanta with E, ~ (20 + 200) KeV, due to the
scattering of high-energy photons by nanoparticles
introduced into the tumor containing atoms of elements
with a large atomic number [2].

In order to increase the efficiency of radiation therapy
by delivering particles to the tumor area, magnetic particles
coated with a substance with a high charge number Z can
be used. For example, the core/shell of gold-coated
magnetite nanoparticles (F; 0, /Au) can serve as a source of
secondary photons.

In this work, we conducted an experimental study and
modeling of the effect of the concentration of core-shell
F;0,/Au nanoparticles on the intensity of secondary
radiation of gamma rays in the energy range 20-200 keV.

The energy spectrum of scattered radiation from a
radionuclide source was measured (a gamma radiation
source (OSGI type) with an activity of 10 kBq was used)
when gamma radiation passed through solutions of
particles containing core-shell F;0,/Au nanoparticles. The
measurement results were recorded in the form of emission
spectra on a gamma spectrometer. The ionizing radiation
source was located at an angle of 45 degrees to the
spectrometer detector. Nanoparticle solutions were
investigated: Au (20nm); F;0, (224nm)/Au (14nm); F50,
(227nm)/Au (16nm) with different concentrations in
solution.

In addition, the effect of an inhomogeneous magnetic

field H on the concentration of F;0, /Au nanoparticles was
studied. It was shown that the growth of H leads to an
increase in the concentration of nanoparticles in the region
of maximum inhomogeneity.

For modeling, we used the Geant4 toolkit version 10.05.
Geant4 is a C ++ Monte Carlo simulation tool originally
developed for high-energy physics applications, and has
found widespread use in radiation therapy, medical
imaging, and radiation protection. In our program, Geant4
imitates a beam of quanta emitted by a 60Co source and is
responsible for the process of primary particle generation
and for the production of secondary particles after radiation
hits the target. The process of interaction of radiation with
matter was calculated using the library for the description
of electromagnetic interactions GAEMLOW?7.9 and the
subsequent Monte Carlo simulation. Based on the
information about the experiment, a geometric model was
constructed consisting of a source with a cascade B-decay
of 60Co with an activity of 2 kBq and an emitted radiation
energy of 1.33 MeV and 1.17 MeV in the lead collimator,
radiation directed at an angle of 45 degrees to the aluminum
substrate, on the surface of which there is an aqueous
solution of Fe/Au nanoparticles with a core/shell structure,
all objects are located in the bulk filled with air. Scattered
radiation is collected by a detecting volume that
corresponds to the passport specifications of the hight
purity germanium detector used in the experiment. During
the simulation, an aqueous solution of F;0,/Au
nanoparticles was set using a volume with a random density
distribution.
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One-dimensional (1D) structured materials, such as
nanotubes, nanorods, nanofibres, etc., attract a lot of
attention because of their potential applications in the
automotive, aerospace, microelectronic industry and
medicine [1]. It is worth noting perovskite phase metal
oxides that exhibit various physical properties including
ferroelectric, dielectric, pyroelectric and piezoelectric.
Among the class of these materials, BaTiOs; can be
distinguished, which is widely used in photocatalysis [2],
multilayer ceramic capacitors [3], chemical sensors [4], due
to its attractive dielectric and ferroelectric characteristics.

For the synthesis of low-dimensional nanostructures, a
number of methods have been developed over the past
decades. All these methods can be roughly divided into two
groups. The first and simplest process for the synthesis of
molten salt (MSS) [5]. The second process is a wet
chemical process with or without a template. Wet chemical
methods, as a rule, have some disadvantages, such as
complex synthesis routes and the high cost of the process.
The synthesis of one-dimensional structures can be carried
out by different methods: MSS, sol-gel, hydrothermal,
direct oxidation, using microwaves, etc. [6]. It is worth
noting that among the presented methods, the CPC method
stands out, which is a relatively simple synthesis method in
which the molten salt is used as a reaction medium for
dissolving the reagent and precipitation. Thus, MSS is
widely used for the synthesis of functional 1D structured
oxide ceramics.

In this work, a simple approach to the synthesis of
barium titanate nanowires based on the reaction of molten
salt was demonstrated. The starting materials used in this
experiment were analytical grade reagents. Bariumnitrate
(Ba(NO3),) was mixed with titanium dioxide (TiO,) P25 at
a molar ratio of 1: 1. Then the mixture was mixed with KCI
salt at a mass ratio of 1:10. After this, the solution
underwent ultrasonic treatment for 30 minutes and
mechanically milled for 1 hour. Then the resulting mixture
was placed in a corundum crucible. The synthesis took
place in an air atmosphere at 1000 ° C for 5 hours. The
synthesized nanowires had an average diameter of about

80 nm and a length of up to several tens of micrometers. On
the samples deposited metallic nanoparticles of gold, silver
and platinum impregnation method. The size of the metal
particles was about 30-60 nm.

Arrays of nanoparticles were studied using FEI Technai
G2 20 S-Twin transmission electron microscope equipped
with EDAX attachment for X-ray energy dispersive
spectroscopy. The study of the obtained samples of barium
titanate nanowires was carried out using a two-beam
scanning electron microscope Helios NanoLab 650i.

The obtained Me\BaTiO3z samples were analyzed using
gas analysis was performed on a Hewlett Packard 5890
Series 11 2-FID equipped with a flame ionization detector.
The carrier gas is helium; the velocity of the carrier gas in
the column is 10 ml/min. A special stand, which includes 2
UV lamps, a reactor, and a heating element was developed
and manufactured to study the photocatalytic activity CO;
recovery. The specific surface area and porosity of the
catalysts and their supports were determined with
automatic sorptometer Sorptomatic 1900.

The molten salt method is simple and cheap, therefore,
it is of interest for the formation of photoactive catalytic
structures based on BaTiOs. The formed Me (Au, Ag, Pt) /
BaTiOs heterostructures have demonstrated the promise of
using barium titanate as a carrier for photocatalytic
applications.
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The technologies of energy storage and conversion
based on Li* charge transfer process have been widely used
for portable devices. At the same time, usage of lithium-ion
batteries (LIBs) for hybrid and electric vehicles,
autonomous underwater unmanned complexes, etc. is
limited by a number of problems, e.g. low specific capacity
of traditional electrode materials. Indeed, the most part of
commercial LIBs are involved carbonaceous anode
material. However, such anodes can uptake no more than
one lithium ion per six atoms forming LiCe, which limits
its capacity to a value of 372 mA-h/g. Thus, the design of
new electrode-active materials is an urgent task for
scientists and battery engineers. Tin can interact with
lithium to a form of LissSn intermetallic compound
providing a capacity of approximately 991 mA-h/g. The
main shortcoming to commercialize the tin-based electrode
is huge volume changes during the alloying/dealloying
process. Such lithiation-induced changes can achieve to
257% of the original Sn volume and cause the mechanical
destruction (pulverization) of electrode with a rapid
degradation of storage capacity. Lead, which is in the same
group of the periodic table as tin, forms the compounds
with a similar stoichiometry and according to similar
principles. On the other hand as compared to tin, lead has a
larger unit cell volume resulting in lower volume variations
upon alloying/dealloying. However, lead is noticeably
heavier than tin (almost twice), and, hence, its specific
capacity is much lesser (582 mA-h/g).

It is well-known that creation of hybrids and
nanocomposites, having properties that are not typical for
microscale materials, is a promising way to design an
advanced electrodes for LIBs. The usage of Sn or Pb in a
form of oxides, chlorides, fluorides, sulfides, etc. facilitate
the volume stresses due to the formation of damping
matrices during initial alloying process. In this case only
tin/lead particles are involved in further charge/discharge
cycles.

In this work, a nanostructured composite based on tin
and lead oxides was synthesized by the one-step method of
pulsed high-voltage discharge, which is low cost, safety,
and facile.

As found by SEM the prepared material has a rough
microstructure and consists of particles with a size of 350
nm. On their surface one-dimensional filamentous crystals
(nanowhiskers) with a diameter of up to 100 nm and a
length of several microns are observed. The X-ray
microanalysis represents a uniform distribution of tin and
lead in the material.

According to XRD, the material contains tin dioxide
SnOy, lead oxide PbO, and mixed oxide SnPb,Os. The

analysis of experimental data allows us to assume that the
particles is SnO, and PbO, while the nanowhiskers growing
from their surface consist of SnPb.O4 mixed oxide.

Figure shows cyclic voltammograms of the first and
second cycles for SnO./PbO/SnPb,0O4 electrode. The
cathode region of the initial curve includes a series of peaks
in the range from 0.15 to 1.65 V associated with the
reduction of metal oxides (Eq. 1-3) and the formation of Pb
and Sn particles, as well as their subsequent alloying with
lithium (Eq. 4, 5). The anode peaks near 0.61 And 0.73 V
of the first cycle curve correspond to the decomposition of
LisaSn and LissPb intermetallides. The second
voltammogram differs significantly from the first ones in
the cathode region, while their anode regions are similar.
This confirms the irreversibility of the processes associated
with the formation of lithium oxide and demonstrates the
reversible nature of interactions between Li* ions and Sn
and Pb.

SnO; +4Li* + 4 — Sn + 2Li,0 1)
PbO + 2Li* + 26~ — Pb + LizO 2)
SnPb,04 + 8Li* + 8¢~ — 2Pb + Sn + 4Li,0 3)
Sn + 4.4Li* + 4.4e” <> LisaSn 4
Pb + 4.4Li* + 4.4e” <> Lisa4Pb (5)

delithiation

—_—

...... & —

lithiation

0 0.5 1 15 2 2.5 3
U,B

Figure. Cyclic voltammograms of the first (1) and second (2)
cycles for nanocomposite of mixed tin and lead oxides
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Drinking water quality and safety is highly sensitive
issue for the population even in developed countries with
high standards of water treatment technologies. As a result
of industrial activities continually increasing flow of
wastewaters containing toxic heavy metals, among which
Hg(1l), As(I11)/As(V), Pb(1l), and Cd(ll) ions are the most
harmful to human health already at ppb level, is released
into the environment.

Currently, numerous organic and inorganic sorption
materials are available for removal of toxic metal ions;
however, in case of most toxic pollutants, they often fail to
provide the efficiency of water treatment to the level
required by Guidelines for Drinking-water Quality,
published by the World Health Organization. This value for
Hg(ll) ions is just 0.0005 mg/L that is lower than the
detection limit of atomic absorption spectroscopy widely
used for water quality control. Since chronic exposure even
to the low-level concnetrations of mercury can result in
many serious health damages [1], simple and efficient
water treatment technologies, especially those applicable in
point of use, e.g., regions with artisanal and small-scale
gold-mining, are of high importance.

Recently, cryogels have been considered as promising
materials for water treatment [2-5], point-of-use
disinfection [6] and removal of metal ions [4]. Designing
composite materials using chelating cryogels, e.g., based
on polyethyleneimine, and inorganic nanomaterials can
significantly improve efficiency of water treatment due to
synergetic sorption mechanisms.

Here we report on fabrication of monolith composite
sorbents (cryogels) based on polyethyleneimine (PEI)
cross-linked with diglycidyl ether of 1,4-butandiol and zinc
sulfide nanoparticles formed in situ by succesive
adsorption of Zn?* and S? ions on PEI cryogel. The sorption
of Hg(ll) ions on PEI/ZnS cryogel was studied from
solution of HgCl; in 0.0005M NaCl in batch and fixed bed.
Sorption of Hg(ll) ions in fixed-bed on monolith PEI and
PEI/ZnS cryogels was investigated as follows: solution
containing 200 mg/L of Hg(ll) was fed through a syringe
with 1 ml of the swollen cryogel (inner diameter — 4.8 mm,
bed length — 6 cm) at a flow rate of 40 b.v.(bed volumes)/h,
the samples were collected for analysis every 5 mL, the
mercury concentration was determined using a HVG-1
Hydride Vapor Generator and an AA-6200 atomic
absorption spectrometer (Shimadzu, Japan).

Although we have earlier shown [7] that PEI cryogels

were efficient sorbents for Hg(ll) ions in batch,
recommended by WHO level was not reached for the
sorption from solutions containing 50 mg(Hg)/L. Due to the
significant improvement of transport properties of cryogels
under dynamic conditions, fixed-bed application of
monolith PEI cryogel allowed Hg(ll) removal from
solution containing 200 mg/L down to the concentration
<0,005 mg/L. Modification of PEI cryogel with ZnS
nanocrystals resulted in increased affinity and sorption
capacity of the material. The isotherms of Hg(ll) ions
sorption on PEI and PEI/ZnS cryogels fitted with the
Langmuir equation showed that affinity of the sorbent to
Hg(ll) ions (Langmuir constant) and maximal sorption
capacity were 4.5-folds and 1.5-folds higher for the
composite sorbent. The fixed-bed application of the
PEI/ZnS composite allowed to decrease the Hg(ll)
concntration to the level 10-fold lower than the WHO
guidline value. Sorption of Hg(Il) was preferential in the
solutions containing equimolar concentrations of Hg(ll)
and Fe(11), Cu(ll), Cd(1l), although these transition metals
were also recovered by the composite. The PEI/ZnS
composite application in fixed-bed did not result in release
of Zn(11) ions until the breakthrough point, which makes it
applicable as highly efficient material for Hg(ll) removal.
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To provide the extensive monitoring of environmental
pollution the highly sensitive analytical methods are
required. For the heavy metal detecting and control a few
methods were proposed [1]. One of the directions is the
development of the specific molecules to heavy metal ions,
such as Mg?*, Pb?* and Hg?*. These molecules are able to
detect and recognize certain metals due to their structure
and surface charge distribution. One of the most promising
molecules for this aim are aptamers - single stranded DNA
or RNA short chains which have a high selectivity and
activity to their target - other biomolecules, viruses or even
whole cells and also to heavy metal atoms [2,3].

A short aptamer (13 nucleotides) GT_obog was
observed to specifically bind to the Pb?* ions. The primary
sequence of the thiolated aptamer is (SH-C6)-5’-GGGTG
GGTGG GTG-3".

Knowledge of the spatial three-dimensional structure of
aptamer molecule is crucial for understanding the functions
of specific aptamers and for determination of quantitative
parameters of its specific binding. For this purpose the
small-angle X-ray scattering (SAXS) method coupled with
molecular simulations was applied [4].

The questions arised are: a) what is the nature of the
specific binding the aptamers to the heavy metal; b) what
the structure changes would occur during the binding; c)
how much heavy atoms would able to be absorbed by the
aptamer. A part of the answers may provide the SAXS
method.

The measurements of scattering the X-rays on the DNA
aptamers GT_obog in water solution were carried out on
the BioSAXS beamline at the Kurchatov Institute,
Moscow. The wavelength of the X-rays was 0.145 nm,
sample-to-detector distance - 30 cm. Initially the structure
analysis for the aptamer before Pb addition was performed.
Then the SAXS patterns for GT_obog were collected at
different concentrations of the Pb in solution from half-
molar to many-fold increasing presence of the lead atoms.

The structure analysis was performed by standard
procedure according the SAXS method pipeline [5]. The

SAXS data was treated in the program suite ATSAS [6],
structure parameters such as maximal dimension of the
molecule Dmax, radius of gyration Ry, molecule volume
converted to the molecular weight were derived. The SAXS
curve analysis provided the observation of the
conformational changes occured with lead ion addition to
the aptamer solution. These changes appeared to be no
single direction. The form of the molecule shifts from the
possibly aggregated state to the monodisperse solution, and
from open structure to more compact conformation
including peak at the definite Pb?" concentration with the
transfer to the open structure again during further
increasing the heavy metal concentration. This behavior of
the molecule structure requires the detailed and
comprehensive interpretation utilizing molecular modeling
approach.

This study gives a key information to the understanding
the specific binding the aptamers with the targets and to the
explanation of the chemical bonding between DNA
aptamers and heavy metals.
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In last time, there is an active introduction of
nanotechnology and magnetic materials in biomedicine. In
particular, magnetic nanoparticles are used for physico-
chemical labeling of cancer cells and targeted drug delivery
systems. Depending on the type of magnetic nanoparticles,
abnormal cells can be visualized in vivo using magnetic
resonance imaging (MRI), to extract cancer cells from
saline by magnetic separation for in vitro analysis, to
causing hyperthermia of cells in a high-frequency magnetic
field and to exerting a magnetomechanical effect to initiate
cancer cell apoptosis in low-frequency low intensity
magnetic field.

MRI, as a safe and common medical diagnosis method,
lets the use of superparamagnetic nanoparticles as a
contrasting agent [1]. For MRI, it is advisable to use
superparamagnetic nanoparticles with sizes less than 50
nm, since they easily penetrate cell membranes and do not
exhibit ferromagnetic properties at room temperature.
Magnetic nanoparticles with sizes from 50 to 150 nm
showed high efficiency in magnetomechanical activation of
apoptosis and suppression of proliferation of tumor cells
marked by them in low-frequency non-heating magnetic
fields [2]. Such nanoparticles weakly penetrate the cell, but
freely overcome the extracellular space and are distributed
throughout the body.

The optimal solution is the use of superparamagnetic
nanoparticles of non-toxic elements with a size less than
150 nm with a high specific magnetic moment, a bioinert
shell and anisotropy of shape. This work presents results of
the synthesis of the Janus magnetic nanoparticles [3] with
iron-silicon core, gold shell on up side and bioinert silicon
oxides shell on down side (MNPFSA). MNPFSA are
obtained by the method of solid-phase synthesis in
ultrahigh vacuum and have both a rounded and an
elongated shape depending on the density of the vicinal
faces of the single-crystal substrate NaCl.

For MNPFSA, structural, morphological, magnetic, and
optical properties were investigated. According to electron
diffraction data the structure of the Fe3Si nucleus is
revealed, which oxidizes in the presence of oxygen to form
a bioinert shell of silicon dioxide on the surface. From the
transmission electron microscopy data (TEM) the
MNPFSA sizes is 10-30 nm for round shape (Fig. 1).
Chains can reach a length of 100 nm. The specific magnetic
moment of the MNPFSA nucleus were measured by
vibrational magnetometry at 300 K and it is comparable to

that of superparamagnetic magnetite nanoparticles (60
emu/g). However, magnetic moment can be increased by

Samples were studied by X-ray photoelectron
spectroscopy (XPS) to determine the chemical composition
of the nanoparticle shell. The energy peaks from Fe, Si, and
O were analyzed using the CasaXPS software. It was found
that the surface layer of nanoparticles up to 3 nm thick
contains iron, 96.7 at. % of which is associated with oxygen
and silicon, but only 3.3 at. % has Fe-Fe bonds. Analysis of
the peaks for oxygen showed that 63.8 at. % of it is
associated with silicon and 36.2 at. % is associated with
iron. Data for silicon showed 90.8 at. % bonds with oxygen
and only 9.2 at. % bonds with iron. The nanoparticle shell
consists mainly of silicon oxides and contains up to one
third (atomically oxygen) of iron oxides.

The TEM and XPS results were obtained by a Hitachi
HT7700 transmission electron microscope and a SPECS
UNI-SPECS  photoelectron  spectrometer in  the
Krasnoyarsk Regional Center of Research Equipment of
Federal Research Center «Krasnoyarsk Science Center SB
RASY.
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Silicon nanowires (NW) attracted considerable
attention during the last years because of their possible
application as sensors [1, 2]. In this paper we describe the
application of SiNW sensors as typical FET-based devices
with Schottky contacts for green fluorescent protein (GFP)
detection.

Silicon nanowires were fabricated from SOl (100)
wafers using thermal evaporation in ultra-high vacuum was
used to obtain the thin film of Fe and then the electrone
beam lithography (EBL) process was used to obtain Fe
contact pads to allow the carrying out of the investigations
of the electric properties. EBL exposure process and
reactive ion etching (RIE) were used to obtain the array of
silicon nanowires. Besides of the metal pads in the
fabricated structure a back gate was obtained on the
backside of the SOI substrate using doping with indium
(In). AFM images show the width of the silicon nanowires
are correspondingly 0.8, 1, 3 um Fig 1(a, b, ¢).

(@) b) (c)
A Vo om % W om % | om

Figure 1. AFM images of fabricated 0.8 um, 1 um and 3 um NWs
correspondingly

SiNWs surface was functionalized with APTES
molecules by the probe of atomic force microscope in
contact mode [3, 4]. These molecules give amino groups (-
NH.) on the surface that react to amino groups in proteins.
Here we present the results of GFP detection by SiNW
FETSs with different widths of NWs (Fig. 2).
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Figure 2. Isp-Vsp dependences of fabricated SINW FETs
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Figure 3. Transfer dependences of fabricated SINW FETSs

According the carried out investigations it is possible to
conclude that the fabricated nanowire biosensors have great
potential for protein diagnostic applications.
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Tomatoes are among the top ten crops most consumed
by the population [1,2]. Tomato plants synthesize bioactive
carotenoid pigments (lycopene and [-carotene),
glycoalkaloids (dehydrotomatin, a-Tomatin and esculoside
A), phenolic compounds, and vitamin C [1,3]. These
compounds provide antioxidant properties and reduce the
risk of cancer developing [4,5]. Growing of tomato plants
in controlled conditions of greenhouses gains popularity
nowadays, as it allows to get a crop all year round. The light
spectrum is an important component that determines plant
growth. Therefore the aim of the study was to study the
effect of different polychromatic LED light varieties on the
growth and development of tomato plants (Solanum
lycopersicum L. cv. '‘Bonsai’).

Experiments were carried out in the Federal Scientific
Center of the East Asia Terrestrial Biodiversity (FSCATB),
Far Eastern Branch of the Russian Academy of Sciences
(Vladivostok) in 2019. For the experiment, a different LED
light sources were designed and manufactured in the Center
of Laser Technologies of the Institute of Automation and
Control Processes of the Far Eastern Branch of the Russian
Academy of Sciences (IALS RAS, the Far Eastern Branch
of the Russian Academy of Sciences). Experimental setup
consisted of 4 isolated boxes equipped with LED light
sources with different spectral characteristics: full spectrum
(FS) - blue+red; RGB - blue+red+green; SunBox (SB)
simulating the solar spectrum in the wavelength range of
440-660 nm, and warm white light (WW) used as a
control.

The results showed that tomato plants cv Bonsai passed
through age-related stages of the seedling and juvenile
plant during the first 2 weeks of the experiment. The
highest hypocotyl height and cotyledon sizes (length and
width) were observed in the seedlings under FS. The
maximum length and width of the first leaf of the juvenile
plants were also noted in the group of FS box. The
minimum sizes of cotyledon leaves and the first leaf were
observed in control plants under WW light.

Over the next 1.5 months of development, the plants
increased in height by almost 2 times. The maximum height
values were typical for plants under FS. Tomatoes grown
under RGB light were the leaders in the number of leaves.
Values of the leaf size (length and width) and fresh mass of
aerial parts were the highest in SB plants. Root fresh mass
was identical in plants of all experimental groups, except
for the FS plants with the lowest meanings. The maximum
ash percentage was observed in FS plants, which was
consistent with the data on the amount of water in plants.

When studying stomatal apparatus of leaves, it was
shown that the WW light stimulated the stomata formation.
The FS light caused the increase in the size of stomata
guard cells. The tendency of the inverse relationship
between the values of the studied stomata indices remained
in all variants of experiment, except the plants under SB, in
which the average values of both indices were observed.
This combination of stomatal apparatus parameters turned
out to be optimal, since SB plants with the largest leaves
had the maximum weight of the aerial part.

Thus, the results showed that the spectrum of the FS
LED light source provided plant extension, probably due to
the greater proportion of red in the spectrum. A 10%
decrease in the portion of red light and 10% increase in the
portion of green light (RGB light source) led to a
development of a larger leaves number and size on tomato
plants in comparison with other experimental groups. At
the same time, a large portion of green light in the spectrum
(40%) contributed to the accumulation of a larger amount
of water, which caused the maximum values of fresh aerial
and root mass. Meanwhile, the combination of blue, green,
and red in SB in proportion of 26%, 41%, 33%,
respectively, led to the specific adaptive reaction of the
stomatal apparatus in the experiment, which ensured
sufficient leaf gas exchange. At the same time, a decrease
in blue or green irradiation by 2 times in plants under FS
and WW lights caused the formation of a potentially higher
stomatal conductivity.
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The soybean (Glycine max (L.) Merr.) is one of the
major food crops and an alternative protein source. It is a
self-pollinated species with low genetic variation. To
expand the range of genetic variation, biotechnological
method of inducing somatic embryogenesis, i.e. the
formation of embryoid structures (embryoids) in the cell
culture without any additional mutagens influence on the
plant can be used. Somatic embryogenesis is a process in
which a plant is derived from a single haploid or diploid
somatic cell through characteristic embryological stages
without gamete fusion [1]. Regenerated plants are
considered to be clones, varying at the same time from the
parent plants by one or a few characters [2]. An influence
of light of different spectra and intensities on
embryogenesis of soybean plants was studied previously in
connection with hormone regulation [3].

Investigation of somatic embryogenesis induction in
soybean in vitro by mono- and polychromatic radiation
using the light-emitting diodes (LEDs) with a wavelength
range from 440 to 660 nm and subsiquent selection the
optimal spectrum for developing the fully formed plants
were the aim of our research.

To induce somatic embryogenesis, immature
cotyledons without the embryonic axis, isolated from
unripe beans were used. The cotyledons were placed onto
nutrient medium MS [4] with phytohormones. Test-tubes
with embryoids under the cotyledonary development stage
were placed in boxes with different LEDs. Light irradiation
with intensity of 48 mmol/(m2*s) was generated by
different types of LEDs with various spectra: cold white
(CW), white (W), warm white (WW), full spectrum (FS,
450 nm and 660 nm), red (630 nm), and royal blue (RB,
440 nm). Three variants of white light sources had the first
emission maximum at approximately 440 nm
corresponding to blue light, with different intensity for each
type of white light. The second maximum corresponded to
red-to-green spectrum within the wavelength range of 540—
660 nm. Fluorescent lamps OSRAM L 36W/765 were used
as control illumination (K) in the same climate conditions
and photoperiod (16/8 h). An innovative LED light source
sunbox (SB) simulating the solar spectrum in the
wavelength range of 440-660 nm [detailed description in:
5] was also used.

The results showed that embryoids had different growth
rates during two months of cultivation, depending on the
light spectrum. For the first month of cultivation the
maximum growth rate was observed in boxes with the FS
and SB spetra, and an increase coefficient in embryoid

height was 2.1 and 1.8, respectively, against the data on the
intact embryoid height. The rapid growth was probably
determined by the proportion of red LEDs (more than
30%), since red light is known to promote plant extention.
The lower growth rate was registered in boxes with R and
RB spectra—1.62 and 1.59, respectively. Formation of one,
sometimes two and three roots and the first true leaf was
noted by the end of the first month of cultivation for plants
under mentioned spectra, as well as under FS spectrum. The
lowest growth rate was observed for embryoids cultured
under the polychromatic spectra CW, W, WW and K. The
increase coefficients of embryoid height were 1.49, 1.41,
1.19, and 1.21, respectively. A decrease in the growth rate
can probably be explained by the difference in spectral
composition.

During the second month of cultivation the growth rate
remained the same for embryoids under CW, W, WW
spectra. Growth intensity for embryoids under other light
variants slowed down, in comparance with that during the
first month of cultivation. Despite that, plants under FS
spectrum had the maximum height at the end of the
experiment. Size of the roots and true leaves increased
during the second month of culturing in plants grown inder
R and FS light. All soybean plants obtained during the
experiments have been adapted to growth in soil. Thus,
according to the results, application of FS, R, RB seems to
be preferable for obtaining soybean fully formed plants
from embryoids in vitro.

The experiments showed that light spectrum is an
effective non-chemical agent promoting the survival of
soybean embryoids and their development into viable
plants.
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The development of functional textile materials today is
of a great demand. Modification of cellulose fibers’
surfaces by ZnO nanostructures allows creating many
applications, such as UV protection, hydrophobicity/self-
cleaning and antibacterial effect [1, 2]. ZnO NPs are
biologically safe and biocompatible with unique structural,
electrical, and thermal properties that depend on the size,
shape, morphology and localization of the particles [3].
ZnO NPs are capable of generating reactive oxygen species
(ROS) possessing photo-oxidizing and photocatalysis
impacts on chemical and biological species. These NPs
highly absorb UV light increasing their conductivity.
Accordingly, UV irradiation can be used as an additional
activator that increases the effectiveness of the antibacterial
action of ZnO NPs [4].

The present study included the preparation of
antibacterial composites based on linen and NPs obtained
by PLA of a zinc target in air at atmospheric pressure. The
experimental setup, synthesis conditions of the PLA and a
detailed characterization of the obtained NPs are described
in [5]. NPs were dispersed in water and applied onto linen
surface by a pipette, and then was dried via airflow at room
temperature. The operation was repeated several times in
order to ZnO concentration on the surface was 0.1 and of
0.25 mg/cm?.

The optical properties of antibacterial composites were
analyzed by the spectrophotometer Cary100 (Varian,
Australia). SEM analysis of Zn/linen composites’
morphology was carried out using a scanning electron
microscope VEGA 3 SBH (Tescan, Czech Republic). The
antibacterial activity of the ZnO/linen composites was
tested on S.aureus in accordance with 1SO 20743:2013.
The effect of irradiation by LEDs (A=365 nm for 10 min)
on the antibacterial activity of composites was also tested
in accordance with adapted 1SO20743:2013. Testing
methodology and an installation for photoactivation is
described in [6].

SEM analysis of pure linen fibers and ZnO/linen
composites at various concentrations of ZnO NPs shown
that the linen fibers have an average diameter of 5 to 80 um
and a smooth surface. NPs are presented on the surface of
the ZnO/linen composites mainly on fibers defects. The
fiber coating thickness increases with ZnO concentration
increasing from 0.1 to 0.25 mg/cm?. A study of optical
properties showed that pure linen does not absorb the
radiation of the LEDs used. The absorption band edge at
360 nm is observed for ZnO/linen composites. This band is
caused by the presence of ZnO NPs, which are effectively
excited by radiation of the LEDs used.

The investigation of the composites antibacterial
activity (AA) shown that a bacteriostatic effect was at a

concentration of the active component (ZnO NPs) of
0.1 mg/cm? (AA = 1.83). And the concentration increasing
up to 0.25 mg/cm? led to the antibacterial activity
appearance (AA = 3.58). Additional irradiation of the
ZnO/linen composites with LEDs light (A=365 nm) for 10
min led to the total death of bacteria (AA = 7.09) even at
the minimum concentration of the antibacterial component
(0.1 mg/cm?) used. The irradiation of the control samples
of pure linen fabric did not affect the growth of bacteria.
The irradiation of the 2ZnO/linen composite with a
wavelength of 365 nm stimulates additional mechanisms of
pathogenic bacterium S.aureus destruction. The photo-
irradiation of ZnO semiconductor particles promotes the
formation of holes (h*) in the valence band and electrons
(e7) in the conduction band. These electron-hole pairs cause
a series of photochemical reactions with the formation of
reactive oxygen species (ROS). The resulting ROS can
penetrate the cell membrane, causing fatal damage to the
bacteria [4].

Thus, it was found that the concentration of the
antibacterial component of 0.1 mg/cm? and irradiation of
365 nm for 10 minutes are sufficient for the complete death
of S.aureus bacteria in accordance with 1SO 20743:2013.
Further research will be focused on: (a) the minimizing the
concentration of ZnO NPs in antibacterial coatings, (b)
optimizing the radiation dose and exposure time, (c) testing
antibacterial activity against bacteria with a more complex
cell wall (E.coil).
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