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Silicon carbide is an extremely hard material that exhibits exceptional corrosion resistance as well as thermal
shock resistance. Its high mechanical properties determine the increased performance of materials based on it. The
combination of high thermal conductivity and low thermal expansion coefficient determines the stability of silicon
carbide at high heating rates and under stationary thermal conditions. To date, significant progress has been made
in the development of methods for the synthesis of various materials based on silicon carbide. The main synthesis
methods that scientists use in their research are the sol-gel method, sintering, pyrolysis, microwave synthesis,
chemical vapor deposition, etc. The use of "green" techniques in the synthesis of SiC has gained wide popularity
due to environmental friendliness, renewability, and ease of implementation. This review analyzes modern research
in the field of silicon carbide synthesis published in peer-reviewed professional journals.
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Introduction

Silicon carbide plays an important role in many
industries and various areas of production due to its
exceptional physical and chemical properties and
characteristics. Among the most significant properties are
the following: low density, high thermal conductivity,
very low coefficient of friction, refractoriness, low
coefficient of thermal expansion, high chemical, corrosion
and radiation resistance, high hardness, etc. [1, 2].

Silicon carbide has improved ballistic characteristics,
since it has excellent mechanical properties, including
strength, fracture toughness and hardness, so it is used in
the production of bulletproof vests and composite armor

[3,4]. Silicon carbide is used in the metallurgical industry
as a refractory material, in the production of abrasive,
cutting and grinding tools, in the nuclear power industry,
in the production of jewelry, in heating elements, in
electronics, etc. [5].

Silicon carbide has such electronic properties as high
thermal and electrical conductivity, high ion mobility and
high electron drift velocity. It is these properties that
contribute significantly to making SiC based materials the
best for applications in electronic devices such as power
electronics, field emission, sensors, etc. [5]. In addition,
SiC is used as blue and ultraviolet diodes due to its ability
to emit high intensity and stable ultraviolet and blue-green
light. Nanotechnology-based silicon carbide is becoming
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an increasingly economical and efficient material in
engineering and industry. Thus, the use of SiC in
optoelectronics, microelectronics, nanodevices,
nanocomposites, hydrophobic  devices, biomedical
technology is important and useful for humanity [5].

Silicon carbide and mesoporous structures based on it
are actively used in many catalytic applications, in the
field of optical spin defects, and as substrates for growing
other wide gap semiconductors [6].

Materials based on silicon carbide absorb microwaves
well due to their thermal and chemical stability, as well as
good resistance to the environment [7].

All these properties and applications pose an
extremely important task for scientists to develop efficient
and economical methods for the synthesis of high-quality
crystals, films, and porous structures of silicon carbide.

In this work, the goal was to elucidate the possibilities
of modern methods for the synthesis of silicon carbide,
especially the preparation of nanoparticles in the form of
whiskers, rods, fibers, tubes, etc. with cubic and hexagonal
crystal structure.

I. Crystal structure of silicon carbide

Silicon carbide is known as a wide bandgap
semiconductor that exists in many different polytypes. All
polytypes have a hexagonal framework with a carbon
atom located above the center of the triangle of silicon
atoms and below the silicon atom belonging to the next
layer [8]. The distance between neighboring silicon or
carbon atoms is approximately 3.08 A for all polytypes.
The carbon atom is in the center of a tetragonal structure
outlined by four neighboring silicon atoms, so that the
distance between the C atom and each of the Si atoms is
the same and is 1.89 A. The difference between the
polytypes lies in the stacking order of successive double
layers of carbon and silicon atoms. Fig. 1 shows the
stacking sequence for the most common silicon carbide
polytypes [9]. If the first double layer is called position A,
the next layer that can be placed according to the closed

C
B
A
C
B -
A =
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C n
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4.34A A !
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packed structure will be placed at position B or position C.
Different polytypes will be built by permuting these three
positions.

In 1947, Ramsdell systematically identified different
types of silicon carbide. The type of SiC was marked as
nX, where "X" represents the Bravais lattice, including
cubic (C), hexagonal (H), and rhombic (R), and "n"
indicates the number of diatomic layers contained in one
lattice period [10]. That is, the number indicates the
periodicity, and the letter indicates the resulting structure.
Cubic 3C, hexagonal 4H and 6H, and rhombohedral R are
the most common atomic arrangements in SiC. Silicon
carbide has only one type of cubic (3C) SiC, which is
called B-SiC, and all hexagonal and rhombohedral
hexahedra can be called a-SiC [5]. The 3C-SiC polytype
has the ABCABC... or ACBACB... stacking sequence,
the 4H stacking sequence is ABCB..., the 6H stacking
sequence is ABCACB..., and the 15R stacking sequence
is ABCABCBCABACABCB... (Fig.2) [9]. There are
about 250 polytypes, some of which have a stacking
period of several hundred double layers [10].

Il. Physical properties of silicon carbide

Since silicon carbide is a ceramic material, it has
excellent properties such as corrosion resistance, wear
resistance, high strength, and high hardness. SiC also has
good high-temperature properties, in particular, oxidation
resistance, high thermal conductivity, and low thermal
expansion coefficient [10].

In electronics, silicon carbide materials are valued for
their wide bandgap [10]. The bandgap for various
modifications of SiC can be in the range from 2.72 to
3.34 eV. The large bandgap makes it possible to create
semiconductor devices on its basis that remain operational
at temperatures up to 600°C.

Silicon carbide single crystals doped with group V
impurities (nitrogen, phosphorus, arsenic, antimony,
bismuth), as well as lithium and oxygen, have n-type
conductivity and green color. Group 111 elements (boron,
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Fig. 1. Sequence of stacking double layers 3C-, 4H-, 6H- and 15R-SiC [9].
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aluminum, gallium, indium) and group Il elements
(beryllium, magnesium, calcium) are acceptors; therefore,
SiC crystals doped with them have p-type conductivity
and blue or black color. When the composition deviates
from stoichiometric towards an increase in the silicon
content, the crystals have an n-type electrical conductivity,
and with an excess of carbon, they have a p-type
conductivity [1].

SiC is one of the hardest known materials with a
pressure of about 25 GPa, similar to B4C (boron carbide).
Only diamond (60-120 GPa) and cubic boron nitride
(borazon 40 GPa) are much harder [1]. The Mohs
hardness of silicon carbide is 9.2, the Vickers
microdensity hardness is 3000-3300 kg/mm?, and the
Knoop hardness is 2670-2815 kg/mm.

Silicon carbide does not melt, but sublimates at about

2700°C. When heated in air, SiC forms a strong surface
film of SiO,, which prevents its oxidation up to 1850°C
for short periods of time (hours) and up to 1500°C for a
long time (days). Thus, SiC is one of the most oxidation-
resistant non-oxide ceramics [1].

I11.Chemical properties of silicon carbide

Silicon carbide has high chemical resistance and
stands out for its resistance to oxidation among many heat-
resistant alloys and chemical compounds [11]. It oxidizes
significantly only at temperatures above 800°C.

Concentrated acids oxidize silicon carbide, and acid
solutions dissolve silicon carbide:

3SiC + 18HF + 8HNO; — 3H,[SiFs] + 3C0, + 8NO + 10H,0;

3SiC + 8HN 05 — 3Si0, + 3C0, + 8NO + 4H,0.

Highly superheated
carbide:

steam decomposes silicon

0

1300%C
SiC 4+ 2H,0 — Si0, + CH,.
Silicon carbide is a very stable substance and

decomposes in an inert atmosphere only at very high
temperatures:

28300¢C
SiC—— Si + C.

In the presence of oxygen and alkali, silicon carbide
dissolves:

3500C
SI.C + 4‘Na0H + 202 —>Na25i03 + Na2C03 + 2H20
SiC + 2NaOH + 20, - Na,Si0O; + C0, + H,0.
When heated, silicon carbide reacts with oxygen [11]:

950-1700°C
28iC + 30, — 25i0, + 2C0;

with active metals:

700°C
2SiC + 5Ca— 2Ca,Si + CaC,
and their peroxides:

700—800°C
SiC + 4K,0, — K, 5105 + K,C05 + 2K, 0;

with nitrogen:

1000-1400°C

with halogens:

600—1200°C
SiC + 2Cl, — SicCl, + C.

IV. Silicon carbide synthesis methods

Silicon carbide crystals are almost completely absent
in nature, but natural silicon carbide is known to occur as
moissanite. Natural moissanite was first discovered in
1893 as a small component of a meteorite in Arizona by
Dr. Ferdinand Henri Moissan, after whom the material
was named in 1905. Rare on Earth, silicon carbide is found
throughout the universe as stardust around carbon-rich
stars [12].

Due to the low prevalence in nature, synthesized
silicon carbide is used. The first large-scale production of
silicon carbide was started by Edward Goodrich Acheson
in 1890. Acheson tried to make artificial diamonds by
heating a mixture of clay (aluminum silicate) and
powdered coke (carbon) in an iron vessel. He called the
blue crystals formed in this case carborundum, believing
that this is a new compound of carbon and aluminum,
similar to corundum. Acheson patented a process for
making silicon carbide powder on February 28, 1893.
Perhaps he called the material "carborundum™ by analogy
with corundum, another very hard substance [1,10]. The
Acheson method (synthesis temperature of about 2500°C)
is considered the most popular method for the synthesis of
silicon carbide.

Today, the synthesis of silicon carbide nanoparticles
has become widespread among scientists around the
world. There are many developed methods for the
synthesis of silicon carbide nanoparticles, for example:
sintering [13-19], combustion [20,21], selective method
[22], sol-gel method [23-26], hydrothermal acid leaching
[27], pyrolysis [28-30], pyrohydrolysis [31], low
temperature synthesis [32,33], microwave synthesis [34—
37], chemical vapor deposition [38-42], in situ growth
[43,44], electric arc synthesis [45,46], etc.

Let us consider in detail the most common methods
for the synthesis of silicon carbide nanoparticles.
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Currently, the synthesis of nanomaterials using
natural resources attracts much attention, since this is an
environmentally friendly, less harmful, and economically
profitable step towards the "green" synthesis of
nanomaterials [47,48]. Many scientists use rice husks in
their experiments on the synthesis of silicon carbide
nanoparticles. Rice is the staple food of over half of the
world's population, and rice husks are the main
agricultural by-product of rice production. It is usually
disposed of by burning or burying it in the ground, which
results in wasted energy, greenhouse gas pollution, etc.
Rice husk mainly contains lignin, cellulose, and hydrated
silica, so it is a natural reservoir for nanostructured silica
and its derivatives [48].

In [49], the synthesis of silicon carbide whiskers by
the stacking method was proposed (Fig.2). The
experiment consisted of two groups: using a mixture of
graphene and rice husk ash (RHA-G) and using only rice
husk ash (RHA). Fig. 2a,e shows the original method of
placing the reagents in a graphite crucible. Next, the
growth of SiC whiskers on graphene after heat treatment
at 1400°C is shown (Fig. 2b,f). Fig. 2c,g shows the
separation between the graphene layer (upper part) and the
initial silicon layers (lower part). As a result (Fig. 2d,h),
SiC samples were obtained after decarbonization of the
graphene layer. The diameter of the synthesized whiskers
of silicon carbide was 30-120 nm.

In a similar study [50], silicon carbide whiskers were
also synthesized using rice husk ash and graphene. For
this, rice husk ash and graphene were mixed in a weight
ratio of 1:1. 300 mg of the resulting mixture was poured
into a graphite crucible with a lid and placed in a tube
furnace heated to 1450°C at a heating rate of 5°C/min and
held for 2 hours. The resulting samples were decarbonized
at 700°C for 2 hours and then treated with hydrofluoric
acid to remove residual ions and SiO;. The synthesized
SiC whiskers had a diameter of 50-150 nm and a length of
several 10 mm.

(a) Graphene (b)
layer
b
RHA-G /%gw b
aredp The mixture

layer

1400 °C Ar
————

(o) g = {1

i o
RHA m‘v"o
group Rice husk

ash layer

Graphene 000 Rice husk ash @@ SiC particles -

SeEaratiog

In [48], B-SiC was synthesized from rice husks by
magnesiothermic reduction at a relatively low temperature
of 600°C. To do this, rice husks were thoroughly washed
with distilled water to remove dirt, and then dried at a
temperature of 80°C for 2 hours. After that, it was washed
several times with distilled water and dried overnight.
Rice husks were annealed in a tube furnace at 600°C for 1
hour in an argon atmosphere to carbonize and remove
small organic molecules, then further boiled in HCI
(1 mol/L) for 4 hours to remove metal impurities, and then
dried at a temperature of 80°C for 3 hours. To synthesize
silicon carbide nanoparticles, carbonized rice husk and
magnesium powders were mixed at a molar ratio of
SiO2/Mg = 1:2.5, hermetically sealed into a stainless steel
container, which was placed in a tube furnace, and heated
to 600°C at a heating rate of 5°C/min under a continuous
flow of argon for 3 hours. After that, the products were
immersed in HCI (1 mol/L) with stirring to remove MgO,
washed with distilled water until neutral pH, calcined in
air at 700°C for 1 hour to remove residual carbon, and
washed with HF to remove residual SiO,. As a result, a
light green powder of SiC nanoparticles with a particle
size of 20-30 nm was obtained.

In [51], microsilica particles were obtained by burning
rice husks at a temperature of 700°C, acid leaching to
remove inorganic impurities, and, finally, mechanical ball
milling for 0, 18, 36, and 72 hours to reduce the particle
size. The SEM images showed that the particle size
decreases with increasing grinding time, resulting in a
particle diameter of less than 2.0 mm.

Another "green” precursor for the synthesis of silicon
carbide nanoparticles is barley husk, since it is widely
available, and its agricultural waste contains a large
amount of nanostructured silica. In [52], SiC nanoparticles
were obtained by a simple high-temperature synthesis
using barley husks (Fig. 3).

Due to its high availability, corn cobs are also used as
a raw material for the synthesis of silicon carbide. The
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Fig. 2. Scheme for the synthesis of silicon carbide whiskers [49].
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authors of [53] synthesized silicon carbide from corn cobs
by the sol-gel method. For this, crushed corn cobs were
pyrolyzed at a temperature of 600°C to obtain corn cob
ash. 10 g of ash was dissolved in 60 ml of 2.5 M NaOH
and refluxed at 80°C for 3 hours. The pH of the cooled
solution was adjusted to 7.0 with 2.5 M H,SQO, to form a
silica hydrogel and incubated for 12 hours. The gel was
centrifuged at 4000 rpm for 5 minutes. The supernatant
was removed, and the resulting silica was washed with
deionized water and dried in an oven at 80°C. A mixture
of silica, activated carbon and magnesium powder in a
ratio of 1:0.2:0.88 was transferred to a crucible, pyrolyzed
at 600°C for 8 hours, and reheated to 500°C after cooling
at room temperature for 30 minutes. The resulting solid
was leached with acid (5 M HCI), and the solution was left
to stand for 1 hour. The solution was filtered, the solid was
washed several times with deionized water and dried in an
oven overnight at 100°C to obtain SiC.

In [54], a technology was developed for using printed
circuit board waste as a precursor of silicon and carbon to
obtain silicon carbide nanoparticles. The preparation
process contained three optimized steps: 1) prewash with
3mol/L nitric acid at 60°C for 96 hours; 2) low
temperature pyrolysis at 500°C to decompose the epoxy
resin into carbon; 3) high temperature pyrolysis at a
temperature of 1600°C (in situ carbothermal reduction) to

obtain pure SiC nanoparticles. Fig.4 shows the
morphology of the obtained SiC using a scanning electron
microscope (the pyrolyzed powder was additionally
heated to 1500, 1600, and 1700°C). The particle size
ranged from several tens to hundreds of nanometers.

In [55], hollow spheres of silicon carbide were
synthesized. To do this, SiO, was uniformly applied to dry
yeast as a biological template by the sol-gel method, and
the internal substances of the yeast were removed at a
temperature of 700°C to obtain a hollow silicon template.
RF aerogel (source of carbon) was then used to wrap the
silicone template. After carbonization, a carbon thermal
reduction reaction was carried out at a temperature of
1400°C to obtain SiC hollow spheres. And in [36], silicon
carbide was synthesized by microwave sintering using
graphene as a carbon source and ethyl orthosilicate as a
silicon source. First, SiO; particles were deposited in situ
on the graphene surface by the sol-gel method, and then
one-dimensional silicon carbide nanowires were obtained
by the thermal reduction reaction. The optimum sintering
temperature is 1500°C, holding time is 40 min.

In [56], silicon carbide was obtained by reaction-
bonding sintering with the addition of nanosized carbon
black and microspherical carbon. Inert carbon particles
remained after the process of infiltration of molten silicon
and were consumed in reaction with residual silicon at
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Fig. 3. Graphic scheme for the synthesis of nanostructured silicon carbide [52].

Fig. 4. SEM images of SiC-1500 (a); SiC-1600 (b) and SiC-1700 (c) [54].
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high temperature. At a temperature of 1850°C, the residual
carbon decreased to almost zero, which was accompanied
by 6% Si as a result of continuous infiltration of Si in the
second soaking step. A hardness of 25.3 GPa and a
Young's modulus of 443 GPa were achieved. It has been
found that the sintering process consists of a fast direct
reaction by infiltration and a slow reaction by diffusion,
potentially resulting in SiC with a very low residual Si
content.

In [57], silicon carbide was synthesized by calcining
tissue and glass microspheres at high temperature. The
results show that a higher synthesis temperature can
improve SiC crystallinity, form more whiskers, and reduce
the content of impurities. The synthesized products at
1600°C have excellent microwave absorption properties.
Also a good material for microwave absorption is porous
silicon carbide foams synthesized in [58] as a result of the
reaction of phenolic resin and silicon powder by the
replica method using polyurethane foam followed by
sintering. SiC foams have also been modified by adding
various microwave absorbing additives such as ZrOa,
Fe304, and NiO.

In [59], cubic 3C-SiC was synthesized at different
temperatures (1600°C, 1650°C, and 1700°C) using
graphite flakes and microfine silica by the carbothermal
reduction method. The grown SiC structures were
observed in two different morphologies, namely ribbon-
type (diameter 2-5 um) and rod-type (diameter < 2 pm).
The ribbon-type morphology was formed on the surface of
the graphite flakes at a relatively low temperature
(1600°C), and the rod-type morphology was formed at a
higher temperature (> 1650°C) between the interlamellar
spaces of the graphite flakes.

In [60], amorphous and crystalline SiC nanoparticles
were synthesized by laser ablation (wavelength 1064 nm)
of microsized SiC powder in water and ethanol. The
analysis showed the amorphous nature of SiC
nanoparticles with an average particle size of 44 nm in
water and crystalline nature of 6H-SiC nanoparticles with
an average particle size of 18 nm in ethanol. The direct
and indirect bandgaps for SiC nanoparticles according to
absorption spectra in the UV-visible range in water were
5.3 and 3.03 eV, respectively, and in ethanol, 4.9 and
3.05 eV, respectively.

In [46], an AC multi-arc plasma device was developed
for continuous gas-phase synthesis of ultra-small silicon
carbide nanoparticles (Fig. 5). SiC nanoparticles with an
average size of 7-10 nm were obtained by decomposition
of triethylsilane in an AC multi-arc plasma (Ar, Hz, and
N2 were used as buffer gases).

In [61], the detonation synthesis of silicon carbide is
presented. Simulation of detonation on a continuum scale
showed that the detonation wave energy transfer is
completed within 2-9 ps, depending on the location of the
measurement within the detonating explosive charge.
Carbon and added elemental silicon in the detonation
products remained chemically reactive up to 500 ns after
the passage of the detonation wave, indicating that
carbonaceous detonation products can participate in the
synthesis of silicon carbide with sufficient carbon-silicon
interaction. Controlled charge detonation with 3.2 wt% of
elemental silicon, carried out in an argon environment,
leads to the formation of ~3.1 wt% of B-SiC in the
condensed detonation products. In a similar study [62], the
same scientists added polycarbosilane to a mixture of
1,3,5-trinitro-1,3,5-triazinane and 2,4,6-trinitrotoluene,
which was then detonated in a closed chamber filled with
an inert gas. X-ray diffraction analysis of detonation soot
showed the presence of crystalline silicon with a diamond
cubic structure and cubic silicon carbide along with
amorphous material.

In [63], SiC membranes were synthesized by additive
sintering using NaA zeolite residues (sodium, aluminum,
and silicon oxides) as additives. Zeolites are among the
largest cation exchangers [64]. With such additives, the
particles are more tightly connected due to the formation
of new phases. The SiC powder was ground in a ball mill
with NaA residues (NaA content: 6, 8, 10, 12, and 14 wt%)
and activated carbon powder (activated carbon content: 0,
5, 10, 15, and 20 wt%) for 2 hours. After sieving, an 8 wt%
polyvinyl alcohol solution was added to the mixture. Next,
the samples were sintered in an atmospheric air from
850°C to 1050°C and gradually cooled to room
temperature. The use of NaA zeolite residues has
effectively reduced the cost of production and improved
the performance of ceramic membranes. SiC membranes
have shown high resistance to cyclic thermal shock, strong
long-term acidity, and caustic corrosion [63].
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Fig. 5. Formation of SiC nanoparticles in an AC multi-arc plasma [46].
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The authors of [65] studied the effect of the addition
of TiO; nanoparticles [66,67] on the physicomechanical
properties of a silicon carbide composite. The samples
were made without pressure at a temperature of 1900°C.
The results have shown that the addition of TiO;
nanoparticles up to 4.5 wt% inhibits excessive growth of
SiC grains. According to research data, composites were
affected by density, synthesized phases, as well as their
distribution in the matrix, and grain size. The highest
density was 98.7%, Young's modulus was 401.2 GPa and
hardness was 27.1 GPa.

In [68], SiC/SiO, nanowires were synthesized from
silica fume [69] and sucrose by carbothermal reduction.
To do this, silica fume (as a source of silicon) and sucrose
(as a source of carbon) were mixed in a molar ratio of 1:4.
NaCl and NaF were used as the molten salt medium. Silica
and sucrose were mixed with salt and placed in a graphite
crucible covered with a lid, and then kept at a temperature
of 1300-1500°C for 4 hours in an argon flow. After
cooling in a furnace to room temperature, the reacted mass
was washed several times with hot distilled water and
filtered to leach out the remaining salts. After drying at
100°C for 12 hours, the obtained samples were heated at
700°C for 3 hours in air to remove residual carbon. The
resulting nanowires were a heterostructure composed of a
3C-SiC core 100 nm in diameter and a 5-10 nm thick
amorphous SiO; shell layer.

Many studies of methods for obtaining silicon carbide
are devoted to synthesis by chemical vapor deposition.

In [70], B-SiC nanowires were synthesized by
catalyst-free chemical vapor deposition using silicon,
trace nanoscale SiO; particles, and phenolic resin
powders. To do this, the SiO; nanopowder was
ultrasonically dispersed in ethanol to obtain a SiO»-
alcohol suspension. The suspension was then added to the
Si powder and then stirred for 30 minutes, resulting in a
Si- SiO, mixture. Thereafter, the phenolic resin powder
and the dried Si- SiO, mixture were blended for 30
minutes. The final mixture was heated at 1400°C for 3
hours in a small corundum crucible with a lid embedded
in a large closed corundum crucible filled with graphite
powder. The synthesized B-SiC nanowires were well
crystallized, had different morphology (chain, bamboo-
shaped, and linear), lengths up to tens of microns, and
diameters of 80-650 nm.

In a similar study [42], SiC nanowires were also
synthesized by simple chemical vapor deposition at high
temperatures using silicon, phenolic resin, and ZrB;
powder. A mixture of phenol formaldehyde resin powder,
Si powder, and ZrB, powder was stirred at 310 rpm for
30 minutes using a QM-3SP4 ball mill. The well-blended
mixture was placed in a small corundum crucible and
covered with a lid. The small crucible was then placed in
the larger crucible and coated with graphite powder. A
large crucible containing the mixture was fired at 1400°C
for 3 hours. Since a large corundum crucible with an
excess of graphite powder was sealed, the gases in the
crucibles mainly consisted of CO and N (from a
protective atmosphere), which contributed to the
formation of SiC nanowires.

The authors of [71] proposed a new chemical vapor
deposition process in which gaseous SiO and toluene
vapor react to form SiC in the presence of iron oxide as a
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catalytic component. One side of the alumina plate used
as the substrate was wetted with an iron (Ill) nitrate
aqueous solution, then dried and heated to 800°C in air.
Thus, a layer of iron oxide with a thickness of about 5 um
was deposited as a catalytic component. Next, 300 mg of
granular SiO was poured into an alumina crucible with an
internal volume of 15 mL, and an alumina support plate
and the above-mentioned iron oxide deposited alumina
plate were placed on granular SiO, which were then placed
on the support plate (Fig. 6). The crucible in this state was
placed in an electric furnace, and the air in the furnace was
replaced with argon. Then, the crucible was heated to a
temperature of 1450°C for a given time, while toluene
vapor was continuously fed into the crucible. Thus,
various SiC coatings along with fibrous materials were
formed at those places on the alumina plates where iron
oxide was deposited. The fibrous material is composed of
fibrous SiC as well as a spherical substance containing Fe
and can be easily removed mechanically from the SiC
coating.

=_=

Toluene vapor

Iron oxide ~_

Alumina plate ——

Fig. 6. Scheme for the SiC coating [71].

In [39], a SiC fiber was synthesized at atmospheric
pressure in a horizontal hot wire CVD reactor (Fig. 7). A
coil of tungsten wire with a diameter of 17.8 + 0.1 pm was
used as a heating element and a substrate for SiC
deposition. CHsSiCls (purity >98%) was used as a
precursor, the flow rate of which was controlled by
supplying a diluent gas through a thermostatic bubbler. H
and Ar were used as diluent gases. The substrate
temperature was measured through a viewing window
inside the reactor using a SYG WGG2-201 optical
pyrometer with an error of £20°C, and the corresponding
temperature of the reactor wall was measured with a
Lutron TM902C digital thermometer with an error of
+1°C. Before introducing CH3SiCls into the reactor, an
external heating jacket was used to preheat the reactor wall
to 150°C, and a dilution gas was used to purge the reactor
for 30 minutes at a flow rate of 400 sccm. During SiC
deposition, the W wire speed and the flow rate of
CH3SiCl; were separately maintained at 2 cm/s and
600 sccm, while the diluent gas flow rate varied from 800
to 1600 sccm. By controlling the input power, all
deposition processes were carried out at a substrate
temperature of 1000°C.
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Fig. 7. Schematic diagrams of the CVD reactor [39].

Conclusions

Silicon carbide is a widely used material with unique
physical and chemical properties. In particular, high
hardness (~25 GPa), high compressive strength
(~3.5 GPa), and low density make SiC an attractive option
for many applications at high temperatures and in
corrosive environments. The most important problems in
the synthesis of silicon carbide are the low sinterability of
SiC due to the presence of covalent bonds and its low self-
diffusion. Therefore, the sintering of silicon carbide must
be carried out at a very high temperature. New modern
heating technologies such as microwave, plasma and laser
heating allow the reaction to be carried out at a low
temperature, which reduces preparation costs and
significantly reduces reaction time. Today, the concept of
"green" synthesis is very popular, involving the
development of renewable, non-toxic and
environmentally friendly materials based on silicon
carbide. Therefore, scientists actively study ways to

synthesize SiC nanoparticles using biomass. Due to their
excellent characteristics, silicon carbide nanoparticles
have a high potential for application in many aspects, in
particular, use in structural and functional composites,
catalysts, fluorescent biomarkers, bioadhesives, etc.
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CuHTe3 Ta BJIACTHBOCTI cuJiniil kapOiny (orysi)

Ulpuxapnamcvruii nayionanouuti ynieepcumem iveni Bacuns Cmegpanuxa, Ieano-®panxiscvk, Ypaina, soltys86@gmail.com
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Cuiniii kap0Oin HaA3BUYAMHO TBEPAUN MaTepiaj, KWW MPOSBIISLE BUHATKOBY KOPO3iHHY CTIHKICTh, 8 TAKOXK
crifikicte 0 TemmoBux yaapiB. Moro BHMCOKi MeXaHiuHi XapaKTEPHCTHKH BH3HAYAIOTh ITiABHIICHY
poGoTo3aTHICTh MaTepiaiiB Ha Horo ocHOBI. [loeqHAHHS BENMHMKOI TEIIOMPOBIAHOCTI Ta HU3BKOTO KoedilieHTa
TEPMIYHOTO PO3IIUPEHHS 3YMOBIIOIOTh CTIMKICTh CHIIILIN KapOiqy MpH BEIMKHX IIBUAKOCTAX HarpiBy Ta B YMOBax
CTalliOHApHOTO TEIJIOBOTO pexuMy. Ha chOromHi icHye 3HAYHUI Nporpec y PO3BUTKY METOMIB CHHTE3Y
PI3HOMaHITHHX MaTepiasliB Ha OCHOBI CHIIiLiii kapOixy. OCHOBHUMH METOIaMH CHHTE3Y, sIKi BHKOPHCTOBYIOTh
HAYKOBIIl Y CBOIX MOCITI/DKEHHSX, € 30JIb-Tellb METOJ, CHIKaHHS, MipoJii3, MIKPOXBUJIBOBHU CHUHTE3, XiMiuHE
oca/uKeHHs 3 mapoBoi ¢as3u Tomo. [lnpokoi nomysipHOCTI Ha0yI0 BUKOPUCTAHHS «3EJICHUX» METOANK Y CHHTE31
SiC, depe3 €KOJOTIYHICTh, BiMHOBIIOBAHICTh Ta MPOCTOTY BHKOHAHHSA. Y JaHOMY OTJIAII 3pOOJIEHO aHawi3
Cy4YacHUX JOCTIDKEHb Y raily3i CHHTe3y CHIIILIN KapOiay, sSKi omyOIikoBaHi y pelieH30BaHuX (HaXOBUX BUIAHHSIX.

Kirouosi cioBa: cuminiii kap0in, NOMITUI, «3€JCHUID» CHHTE3, KepaMiuyHi HaHOMAaTepiaiy.
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In the study, band structure calculation in the points of high symmetry of the first Brillouin zone and alongside
the lines that connect them has been derived by using CASTEP programs in which the pseudopotential method
with the basis in the form of plane-waves is realized. The calculated value of the lattice parameters using GGA
functional is well correlated with experimental data. According to the band diagram that was built for the AgsAsSs
crystal using GGA method, band gap has an indirect type. The calculated value of the band gap is E; = 1.22 eV.
The experimental value of the band gap obtained by Tauc’s method is E*® = 2.01 ¢V, EJ" =2.17 eV. Full and
partial density of N(E) states for contributions of separate atoms has been calculated. As a result, the top of the
valence band is formed by 3p-states of S atoms and the bottom of the conduction band is formed by 5s-states of Ag

atoms and 3p-states of S atoms.
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Introduction

The AgsAsSz (proustite) crystals are interesting due to
their physical properties and potential of technical
application [1-5]. They have been investigating as
prospective materials for electronics because they are
piezoelectrics, pyroelectrics, as well as thermal and
photosensetive semiconductors. The AgsAsSsz crystal is
characterized by a dark conductivity of hole mechanism
and high resistivity [6-9]. According to the requirements
that are for non-linear optical materials in IR region,
AgsAsSsis an acentric single crystal with large non-linear-
optical coefficients ds; = 10.4 pm/V, that is approximately
1.1 times larger than a commercially used AGS
(d31= 30 times dss in KDP, dz;= 50 times dsg in KDP),
high refractive index (~3.0), large negative birefringence
in the IR region of the spectrum and high transparency in
a wide range (0.6-13pum except a strong absorption band
at 1600 cm™) [3-5].

In order to understand all processes and phenomena
better, we need to have more information at crystal

17

structure of materials and their change under the influence
of external fields. The considerable importance has data
about electronic band structure with which certain
properties can be associated. This study is devoted to the
band structure calculation of the AgsAsSs crystals by ab
initio methods.

I. Calculation method

The calculations have been carried out by using
Cambridge Serial Total Energy Package (CASTEP)
program [10] based on the density functional theory
(DFT) [11]. The program implements the pseudopotential
method with a basis in the form of plane-waves. All
electrons of atoms were divided to the two groups: valence
electrons (determine the main properties) and core
electrons (inert). Ag 4d% 5s!, S 3s? 3p*, As 4s? 4p®
electronic configurations have been used as valence
electrons. The core electrons together with nuclear charge
were counted in pseudopotential. The ultrasoft Vanderbilt
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pseudopotential [12] was used in the calculations which,
in comparison with the norm-conserving pseudo potential,
require a smaller number of plane-waves (smaller basis).
The exchange-correlation interaction was considered as a
generalized gradient approximation (GGA\) in the form of
Perdew-Burke-Ernzerhoff (PBE) parametrization [13].
The cut-off energy of plane waves was chosen to be equal
to 350 eV. Integration was carried out on a 3x3x3 k-mesh
chosen according to the Monkhorst-Pack scheme [14].
The Kohn-Sham equation was solved self-consistently.
This procedure was carried out until the energy difference
of the system in successive steps reached a value of 24 x
10~7eV. For optimization of the crystal structure
Broyden—Fletcher-Goldfarb—Shanno (BFGS) algorithm
was used [15]. The structure was optimized until the forces
acting on each ion were greater than 0.02 eV/A and the
total energy of the system coincided with an accuracy of
5x10°¢ eV/atom, the maximum pressure was 0.02 GPa,
and the maximum ion displacement was 5.0x107* A.
Band structure calculations were performed for the
high-symmetry points of the first Brillouin zone and along
the lines connecting them. For the AgsAsSs crystal, the
band structure calculations have been performed along the
Brillouin zone in the direction
I'-A—-H—->K—»I'-M—L—H.

I1. Results and discussion

2.1. Crystal structure

The unit cell of the pure AgsAsSs crystal consists of
42 ions that are formed by three types of atoms. The
crystal belongs to the trigonal symmetry (hexagonal
scalenohedral -3m crystal class) and has a space group C$,
(space group No.161) [16].

The structural parameters of investigating compound
are presented in Table 1 and 2. As can be seen from Table
1, calculated (by using GGA functional method) and
measured values [16] for the lattice parameters correlate
well. The general view of the unit cell is presented in
Fig. 1.

2.2. Electronic band structure of the AgsAsS3
crystal

Band structure calculation that determines certain
properties of material have been carried out by using the
GGA method. Band diagram E(K) was built along the
directions that connect the special points of the first
Brillouin zone (I'-A—H—-K—>I'->M—L—H). The
view of the first Brillouin zone of the investigating crystal
is presented in Fig.2.

Band diagram that was built for the AgsAsSscrystal is
presented in Fig.3 (a). As can be seen in Fig.3 (a), the
AgsAsS; crystal has an indirect band gap.

The top of the valence band is located in the center of
Brillouin zone (point I'(0; 0; 0)). The bottom of the
conduction band is formed by two broad sub bands (0 — —
6 eVand 1.2 -8 eV). The lower levels of the valence band
formed by narrow sub bands nearby 10, 13 and 14.5 eV.
Previously the electronic band structure of the AgsAsSs
crystal had been calculated within the tight-binding
method with the correction with experimental data [17].
The general view of E(k) in the work [17] depicts
peculiarities of the band diagram that we calculated using
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DFT. The calculated value of the band gap using GGA
method is Eq = 1.22 ¢V. At the same time, the
experimental value of the band gap calculated by Tauc’s

method (Fig.4) is EM= 2.01eV andEj"= 217eV.

These results are consistent with the works [1, 18].

Table 1.

The experimental structure parameters of theAgsAsSs;
crystal and theoretically calculated ones (optimized with

GGA functional).
Parameter GGA Exp.[16]
a=bh(A) 10.783 10.813
c(A) 9.456 8.691
a(9) 90 90
£) 90 90
y (©) 120 120
V (A%) 952.297 880.199
Table 2.

Fractional atomic coordinates of the AgsAsSs crystal

given in the work [16].

Atom Site x/a y/b z/c
Ag 18b 0.2483 0.2980 0.2194
As 6a 0 0 0

S 18b 0.2129 0.0926 0.3743

Fig.1. The projection of the unit cell of the AgsAsSs
crystal on the xy plane.
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Fig.2. The view of the first Brillouin zone of the AgsAsSs
investigating crystal: T°(0;0;0); A(0;0;1/2); H(-0.333;
0.667; 0); K(-0.333; 0.667; 0); I'(0; 0; 0); M(0;1/2; 0);
L(0; 1/2; 1/2); H(-0.333; 0.667; 1/2) — points of high
symmetry, gi, g2, and gs — directions of axes in the
reciprocal lattice.
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Fig.3. The electronic structure (a) and density of states (b) of the AgsAsSs crystal obtained with using GGA
functional.

For detailed study of origin of energy levels, we
calculated total and partial density of states (PDOS) N(E)
for contributions of individual atoms (Fig.3(b)). As can
been seen in Fig.3(b), the top of the valence band is
formed by 3-pstates of S atoms. They together with 4p-
states of As atoms form the broad band from 0 to —6 eV.
The intensive peak around —5 eV corresponds to 4d-states.
The valence states around —10 eV are formed by core As
4s-electrons. At energy —13 eV the localized level is
formed by 3s-states of sulfur with a minor contribution of
As 4p-electrons. At energy —14.5 eV the narrow peak is
formed by 3s and 4s-states of As and S, respectively. The
bottom of conduction band is formed by 5s-states of Ag
and 3p-states of S. It worth noting that the origin of
electronic levels that create a band gap is correlated to the
results obtained in the work [17].

EE ¢
5o ¢
2 i
800 Ezo + S
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3 a
400~ §
%
200 =
O 1 M [ M
15 2,0
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Fig. 4. Spectral dependence of the absorption coefficient
of AgzAsSs.

2.3. Optical properties
The results of band structure calculation may be used
for an analysis of optical properties of materials. It is well-
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known that optical properties of materials are determined
with dielectric function ¢ that depends on frequency &(®)
(energy). The function is complex and consist of real £1(®)
and imaginary ex(w) parts. For the AgsAsSs crystal optical
properties are obtained from the frequency dependence of
the complex dielectric function g(w) = s1(®w) + igxw),
where i = +/—1. It is also known that the real part of
dielectric function explains refractive properties and is
related to the refractive index. The imaginary part g2(w)
explains processes of light absorption in the material and
associated with transitions of electrons to higher energy
levels during light absorption [19]. The frequency
dependence of the imaginary part of the dielectric function
&(m) is calculated using equation (1) by integrating in k-
space the elements of the dipole matrix operator between
the filled states in the valence band and the empty states
of the conducting band levels

2me?
Neggy

&2(w) = — Tiw Wk lur )28 (Ef — EY — E), (1)

where E is energy; u the vector of polarization of incident
beam; 1y, and Y7 are a wave functions of the conduction
band and valence band in k-space, respectively; Q is
volume of a unit cell; e is the electron charge; & the
dielectric constant for vacuum; r is electron position
operator.

The real &;(w) can be obtained from an imaginary
dielectric function. For this, the well-known Kamers-
Kronig relation is used. The relation connects the spectral
dependence of the real and imaginary parts of the
dielectric function [20]:

o g (0w’ do’
fo w/2—w? )

glw)=1 +% 2)
The spectrum of the real e1(w) and imaginary ()
parts was calculated using GGA functional. The frequency
dependence of €; and & calculated for the light wave
polarization directions E||Z and E_LZ are shown in Fig.5.
As shown in figure, the dielectric function is characterized
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by significant anisotropy, which is determined by the
difference in the positions of the bands and their
intensities. Also, for the comparison of dielectric function
Fig.5 contain its experimentally obtained real and
imaginary part reported in [17]. The theoretical dielectric
functions are consistent with the experimental.
Insignificant deviations can be related to not taking into
account indirect transitions. According to group
theoretical analysis performed within the dipole
approximation [21] the allowed inter band transitions in
the center of first Brillouin zone between electronic states
(without spin consideration) are following:['y — I'3, '3 —
I', T2 > TI3,I's— I for FEl1Z andT1 > T, 2 — 12, I3
— I's — for E||Z. As expected, the dielectric function for
E17Z polarization of light the is more instance than for E||Z
polarization. This is confirmed by the larger amount of
allowed transitions in I point.

From spectral dependence of real and imaginary parts
of dielectric functions we can obtain other optical
properties also, for instance, a refractive index n(w), the
coefficient of extinction k(w) which are related to each
other as follows N = n + ik.

In the work, n and k are calculated using following
formulas [22]:

20 T T T T

a)

n= /%, k = /% ©)

Frequency dependence of refractive index njand the
extinction coefficient k; of the AgsAsSscrystal is presented
in Fig.6.

Other parameter that is related to the dielectric
function is the absorption coefficient of material a. It is
obtained from expression:

== @

and it indicates the part of lost energy loss due to the
passage of the wave through the material.

It can be seen from the figure that the calculated
dependence of the absorption coefficient of the crystal is
characterized by an increase in a with increasing photon
energy, reaching a maximum at an energy of
approximately 8.5 eV, followed by a rapid decrease. Also,
it is worth noting that the studied crystal has a large value
of the absorption coefficient a, which lies within the range
of 1-3 x10% cm™. A similar high value was previously
obtained for other crystals of group I-111-V13, which is also
of the order of 10° cm™[23,24].

b)

Fig.5. The spectral dependence of the real and imaginary parts of the dielectric function are calculated using the
GGA functional for the directions of light polarization (a) ELZ and (b) E||Z (experimental data taken from work

[16]).
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Fig.6. Spectral dependence of the refractive index n

and the extinction coefficient k of the AgszAsSs
crystal calculated using the GGA functional.
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Conclusions

In the study, the band structure calculation in the
points of high symmetry of the first Brillouin zone and
along the lines connecting them have been prepared using
CASTEP program based on pseudo potential method with
basis in the form of plane waves. The calculated and
measured parameters of the lattice are correlated well.
According to the band structure of the AgsAsSscrystal that
was built using GGA functional method, the band gap is
indirect. The calculated value of band gap is Eq=1.22 ¢V.
The experimental value of band gap estimated by Tauc’s
method is E"=2.01 eV and EJ"=2.17 eV, respectively.
The full and partial density of states N(E) for contributions
of individual atoms have been calculated. As a result, the
top of the valence band formed by 3p-states of S and the
bottom of the conduction band formed by 5s-states of
silver and 3p-states of sulfur. A spectral dependences of
the optical function has been calculated. Shown a good
agreement with the experimental data.
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30HHA CTPYKTYpa Ta ONTHYHI BJACTUBOCTI KpUcTaJiB Ag3ASS3

LBonuncokuii nayionanvuuii ynisepcumem imeni Jleci Ypainku, Jlyyox, Yxpaina, myronchuk.halyna@vnu.edu.ua
2Iymanimapro-npupoonuyutl ynieepcumen imeni Ana Jnyzowa ¢ Yencmoxosi, Yencmoxoea, Honvuwa
3 /Ivgigcoruii nayionansnuii ynisepcumem imeni lsana ®panka, Jveis, Yepaina

VY po6oTi MpoBEeNEHO PO3paxyHOK 30HHOI CTPYKTYPH y TOUYKaX BHCOKOI cuMeTpii mepmiol 300U bpimtoena i
B3JIOBXK JIiHIH, M0 X 3’€AHYIOTH 32 pomomororo nmporpamMu CASTEP B sikiii peanizoBaHuUil 1CeBI0 MOTEHIIATEHUI
MeTox 3 0a3ucoM y BUIIIAI TUIOCKUX XBUIIb. Po3paxoBaHi 3HaUeHHs TapaMeTpiB IpaTKi 3 BUKOpUCTaHHAM GGA
(GyHKIIOHANIB T0OpEe Y3rOMKYIOThCA 3 CKCIICPUMEHTAILHUMHI JaHUMH. 3TiTHO 30HHOI aiarpamu, moOyqoBaHOi
BukopucroByoun GGA meron ms kpucrana AgsAsSs, 3a00poHEHa 30Ha € HENPMPOro TUITy. Po3paxoBane HaMu
3HA4Y€HHs WIMPUHA 3a00pOHEHOi 30HM cTaHOoBHTH Eg= 1,22 eB. ExcmepuMeHTanbHe 3HAYEHHS MIMPHHA
3a00pOHEHO] 30HM oLiHeHoT MeTofom Tayna cranosuts EX' = 2,01 eB, 7= 2,17 eB.

Po3paxoBano moBHy Ta mapuianbHy ryctuad craniB N(E) mis BHeckiB OkpeMux aTOMiB BCTAHOBICHO, IO
BEpIIMHA BAJICHTHOI 30HM YTBOpEHa 3p-CTaHAMH CipKH, a JHO 30HH MPOBIAHOCTI yTBOpPEHE S5S-cTaHamu cpibia Ta
3p-cTaHaMu CipKH.

KnrouoBi cioBa: AQsAsSs, 30HHa CTPYKTypa, Teopis GyHKI[iOHATA TYCTHHH, ONTUYHI CIIEKTPH.
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High-density polyethylene sheets (HDPE), HDPE/GaAs and HDPE/ GaAs<Te> composites with GaAs and
GaAs<Te> semiconductor fillers were studied by X-ray diffractometry at room temperature. The degree of
crystallization of these samples was calculated and it was determined that the inclusion of fillers in the polymer
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results are explained by the change of the upper molecular structure of the polymer.
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Introduction

It is known that the introduction of new fillers leads
to the expansion of the possibility of using composite
materials. From this point of view, polymer-
semiconductor filler polymer composite materials are of
special interest [1-3]. The introduction of semiconductor
fillers into the polymer matrix leads to changes in its
structure and properties. From this aspect, composites
based on high-density polyethylene HDPE/GaAs and
HDPE/GaAs<Te> semiconductor fillers are important
[4,5]. Using these materials as modifying additives for
polymers can lead to the production of new composites
with different properties. X-ray diffraction (XRD)
analysis is the most reliable experimental method for
obtaining information about the structure and dynamics of
the crystal lattice of solid bodies. It gives a three-
dimensional image of macromolecules, which is necessary
for understanding the features of structure formation in
polymer composites. An important technological
application of XRD analysis is the measurement of the
degree of crystallinity in polymer composites. This
method is considered an ideal analytical method for
studying any type of sample. The reviewed article presents
the results of X-ray diffractometric analysis of
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HDPE/GaAs and HDPE/GaAs<Te> composites.

I. Experimental part

The diffractograms of the primary HDPE,
HDPE/xwt.%GaAs and YSPE/X wt.%GaAS<Te> (x=1-
10% composite) layers were obtained on a D2 Phaser
(Bruker company, Germany) X-ray diffractometer. CuKa
source and Ni filters were used during the experiment. The
values of the degree of crystallization in the studied
samples were calculated by the program. This method
allows to monitor structural changes caused by the
introduction of microparticles into the composition of the
polymer matrix [6].

I1. Discussion of results

The diffractogram of the initial HDPE (1) layer is
given in figure 1 (a). As can be seen from Figure 1(a), the
initial HDPE layers are characterized by a set of
reflections: 26=220 and 240. The given lines are
characteristic lines for HDPE polymer.



N.N. Gadzhieva, G.B. Ahmadova, S.Z. Melikova, F.G. Asadov

a)

[\ | 3
..a—-——’/ V‘M__./\m

Commander Sample ID

b)

Fig. 1. Diffractograms of HDPE (a) and GaAs (b) samples.

Incorporating 2 wt.% GaAs microparticles into the
matrix results in stronger 270 and 450 as well as weaker
lines compared to the new 53.50 and 72.50. The observed
new lines belong to GaAs (Fig. 1b). When GaAs alloyed
with 2 wt.% tellurium is included in the matrix, the same
diffraction lines (reflexes) are observed in the
diffractogram, they are distributed as in HDPE/GaAs.
When the concentration of microparticles included in the
composition of the polymer matrix is increased from 2
wt.% to 6 wt.%, the diffraction lines shift (Fig. 2 and 3).
The strongest lines are considered to be: 20=27; 45 and
53.50.
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Fig. 2. Comparative diffractograms of HDPE polymer
matrix, HDPE/2wt%GaAs and HDPE/6wt%GaAs
composites.
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Fig. 3. Comparative diffractograms of HDPE polymer
matrix, HDPE/2wt%GaAs<Te> and
HDPE/6wt%GaAs<Te> composites.

At this time, a noticeable change in the intensities of
the lines of the crystalline phase of HDPE is observed.
Based on the data, the degrees of crystallization of the
primary HDPE layer, HDPE/GaAs and HDPE/GaAS<Te>
composite layers were calculated using a known program.
At this time, it was determined that with increasing
concentration, the degree of crystallization of
HDPE/GaAs composite materials increased by 1.3 times
(from 54 to 71.4%) compared to the initial sample, and in
HDPE/GaAS<Te> composites by ~1.4 times ( from 54 to
73.9%) increases (table).

Table 1.
Crystallization degree values of HDPE,
HDPE/wt.%GaAs and HDPE/wt.%GaAs<Te>

composites
Crystallization

No Sample degree.%

1 HDPE 54

2 HDPE/2wt.%GaAs 68,7

3 HDPE/6wt.%GaAs 71,4

4 HDPE/2wt.%GaAs<Te> 70,2

5 | HDPE/6wt.%GaAs<Te> 73,9

The observed increase in the degree of crystallization
is due to the possibility of a decrease in the size of the
crystallites and an increase in their dispersion. The
obtained experimental results are in good agreement with
the results of Fourier-IR spectroscopic studies [7, 8].

Thus, on the basis of comparative X-ray
diffractometric analysis, it was determined that the degree
of crystallization of composite layers increases by x=12-
16% compared to the degree of crystallization of primary
layers. The observed effects are related to the change of
the molecular structure and degree of crystallization (K)
of the polymer, so that GaAs and GaAS<Te> fillers with
adispersion of 50 um increase the degree of crystallization
in polyethylene composites (these microparticles play a
central role in crystallization) and the molecular structure
of the polymer. it plays the role of creating a structure in
its change. The increase in the degree of crystallization can
occur due to the formation of the third transition phase [7].



X-ray diffractometric study of HDPE/GaAs and HDPE/GaAs<Te> composites

According to X-ray results, AB (aligned bonds) have a
three-dimensional structure with a periodicity of A=50-60
nm [4]. AB is an integral part of highly oriented PE. For
HDPE fibers, the quantity A corresponds to the length of
the trans-sequences in the crystalline region of the
lamellae. Apparently, the concentration of 2-6 wt.% of
GaAs microparticles and 2-8 wt.% of GaAS<Te>
microparticles in HDPE leads to an increase in the amount
of AB in the transitional crystalline layer of HDPE. This
is due to the fact that at these concentrations GaAs and
GaAS<Te> microparticles act as centers of additional
crystallization. When the concentration of microparticles
of fillers in HDPE increases, the sizes of clusters become
larger than the values of periodicity.

Conclusion

Pure HDPE, GaAs, GaAs<Te>, HDPE/GaAs and
HDPE/ GaAs<Te> composites with semiconductor filler
were studied by diffractometry method. Crystallization
degrees of these samples were calculated. It was
determined that the inclusion of fillers in the polymer
matrix leads to an increase in the degree of crystallization.
This increase is related to the change of the upper
molecular structure of the polymer.
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JIucti momietnneny Bucokoi uiinpHOcTi (HDPE), kommosutn HDPE/GaAs i HDPE/ GaAs<Te> 3
HamiBNpoBiTHUKOBUMK HamoBHIOBadamu GaAs 1 GaAs<Te> pocmiukyBanu METOZOM PEHTTeHIBCHKOT
nmudpakToMeTpii mpu KiMHATHIA Temneparypi. Po3paxoBaHo cTymiHb KpHcTali3alii IUX 3pa3KiB i BCTAHOBICHO,
10 BKJIIOYEHHS JI0 TOJiMEpHOT MaTpHili HarmoBHIOBauiB (x=1-10% ckiamy) mpu3BOIUTE 10 301IBIICHHS CTYICHS
kpucrtamzanii B 1,3-1,4 pasu. OTpuMani pe3ynbTaTé MOSICHIOIOTHCS 3MIHOIO BHCOKOi MOJIEKYJISIPHOI CTPYKTYpH

moJiimMepy.

KimouoBi ciioBa: mosmietreH Bucokoi minbHOCTI, GaAs, GaAs<Te>, KOMIO3UTH, METOJ| PEHTTECHIBCHKOT

nudpakTomMeTpii.
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Previous research presented the effect of nanomaterials on the mechanical properties of composite materials
with various volume fraction effects; in addition, their research presented the effect of nanomaterials on the same
mechanical characteristics for a composite plate structure, such as vibration and thermal buckling behavior.
Therefore, since the use of shell structures is for large applications, it is necessary to investigate the modification
of the vibration characteristics of its design with the effect of nanomaterials and study the influence of other
reinforced nanoparticle types on its features. Therefore, in this work, silicon nanoparticles were selected to
investigate their effect on the vibration behavior of a shell structure. As a result, this work included studying the
vibration behavior by testing the shell structure with a vibration test machine. In addition, after manufacturing the
composite material shell with various silicon volume fractions, the mechanical properties were evaluated. In
addition, the finite element technique with the Ansys program was used to assess and compare the vibration
behavior of the shell structure using the numerical technique. The comparison of the results gave an acceptable
percentage error not exceeding 10.93%. Finally, the results evaluated showed that the modification with silicon
nanomaterials gave very good results since the nanomaterials improved about 65% of the shell's mechanical
properties and vibration characteristics.
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Introduction

The composite materials investigation in previous
years in different applications was due to the high strength
to weight ratio; therefore, this investigation for composite
materials being modified for mechanical properties for
composite materials by reinforcement with different
fibers, and then modified for composite by reinforcement
with varying concentrations of powder, [1-3]. Then, the
investigated different composite materials structures are
as a beam, plate, and other facilities with various
applications, such as the vibration of the plate with
different parameters, [4-5], buckling for a plate with
multiple parameters, [6-8], stress analysis for other
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structures, fatigue characterization with different
applications, [9], and prosthetic and orthotics structures.
Thus, due to the impartment for composite materials and
application, then it was necessary to investigate the
modification of the composite materials with
reinforcement by nanoparticle materials since this
modification with the composite materials leads to an
increase in the material mechanical properties with a high
value and with a low increasing for the weight of the
material, [10-11]. Therefore, one application for
composite materials was for a shell structure under
vibration behavior due to impartment for shell structure.
So, different nanomaterials can be used to modify the
mechanical properties of materials. Then one of the
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impartment materials can be used with silica nanoparticle
materials since these materials give high modifications
and change the structure's dynamic behavior. Also, due to
impartment for shell structure, then, work in this paper is
to modify the dynamic behavior of shell structure by
reinforcement with silica nanomaterials.

Therefore, many researchers studied the dynamic
behavior of shell structure with different techniques and
parameters effect, as mentioned below. A. A. Hamzah et
al. [12] investigated the effect of thermal load on the
dynamic characteristics of a cylindrical structure by using
the finite element technique.

In 2019, a semi-analytical method was used by
Fuzhen Pang et al. [13] to study the vibration
characterization of composite laminated cylindrical and
spherical shells. Then, in 2019, Haichao Li et al. [14]
investigated free vibration analysis of combined spherical
and cylindrical shells with non-uniform thickness based
on the Ritz method using a semi-analytical solution. Also,
in 2019, Zhaoye Qin et al. [15] studied analytically the
dynamic model for vibration analysis of a cylindrical shell
structure made of functionally graded materials with
arbitrary boundary conditions. The Rayleigh-Ritz method
was used, and the vibration response of a cylindrical shell
based on geometric parameters, the volume fraction of
carbon nanotubes, and boundary conditions were also
evaluated. M. Azmi et al. [16] studied the effect of SiO;
nanomaterials on the dynamic response by using an
analytical model. Thus, this investigation included
determining the dynamic behavior for the column with
various nanomaterials amounts; in addition, this study
involved the dynamic analysis for different supported
columns. The column's dynamic behavior was calculated
under the blast load applied. Xiao Li [17] examined the
stability conditions of composite laminated nonlinear
cylindrical shells under periodic axial loads and a
hygrothermal  environment.  Using  experimental,
numerical, and analytical techniques, M. Zarei et al. In
[18] investigated the vibrational characteristics of joined
stiffened conical-cylindrical composite shells.

Kwanghun Kim et al. [19] analyzed the natural
frequencies and mode shapes of the coupled laminated
composite elliptical-cylindrical-elliptical shells with
elastic boundary conditions using the finite element
method (FEM). Finally, Giuseppe Sciascia et al. [20] used
a multi-domain Ritz method and FEM for investigating
vibration characteristics and dynamic instability analysis
of stiffness laminated composite shell structures.

A review of studies shows that many researches have
been done on static and dynamic behavior for a shell
structure with different reinforcement fibers and
nanomaterials effect. But, they did not study the impact of
Silica nanomaterials reinforcement on the composite shell
structure. Therefore, the main aim of this paper is to
investigate the effects of different volume fractions for
Silica nanoparticle materials on the natural frequency and
deformation of a composite shell structure, combined with
the unidirectional fiber and epoxy resin materials. The
present research includes an experimental technique used
to manufacture a composite shell with nanoparticle
materials and then a tensile test and vibration rig to
calculate the composite material shell's mechanical
properties and natural frequency with the nano effect. The
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numerical technique will be used to compare the natural
frequency results for given agreement with the
experimental results and determine the deformation of the
shell structure with the nano effect.

I. Experimental Work

The experimental work included using a vibration rig
with a vibration machine to measure the natural frequency
of a cantilever shell cylinder with various nano silicon
volume fractions. Where the experimental work was
divided into three parts; firstly, manufacturing the shell
cylinder samples with various nanomaterials volume
fractions, using nano volume fractions from 0 to 2.5%,
secondly, calculating the mechanical properties for the
composite materials manufactured with the nanoparticle
effect, and finally, calculating the vibration
characterization (natural frequency) for the shell structure
sample.

1.1. Manufacturing of Samples

The manufacturing of nanocomposite samples
included two parts; firstly, samples for tensile test, as
shown in Fig. 1, according to the ASTM stander
(D3039/D03039M), [21], as shown in Fig. 2 (with sample
width=15 mm, overall length =250 mm,
thickness =1 mm, tab length =56 mm, tab thickness
=1.5mm and tab bevel angle =7° or 90°), for fiber
direction (0° and 90°), and secondly, the shell samples, as
shown in Fig. 3, with dimensions (shell length= 30 cm,
shell diameter = 15 cm, and shell thichness =4 mm).
Nanosilica (purity = 99%, particle size = 10-30 nm,
surface area = 30-60 m?/gm), obtained from Skyspring
Nanomaterials, Inc., is introduced into the matrix. All
tensile and shell manufactured samples were made with
different volume fractions for nano silicon materials as
(0, 0.5, 1, 1.5, 2, and 2.5%) In addition, the
reinforcement fiber used for manufacturing the composite
materials was unidirectional glass fiber with (30%)
reinforcement fiber volume fraction and (70%) decrease
with nano additive) epoxy resin material. Then, the
manufacturing of the composite material samples (tensile
and shell samples) combined the epoxy resin material with
the nano silicon materials to produce a composite matrix
using an ultrasonic machine and then reinforced the
composite matrix with a unidirectional glass fiber
material.

| 250 mm

Fig. 1. Composite Tensile Sample.
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Fig. 2. ASTM (D3039/D03039M), Tensile Sample Drawing.
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Fig. 3. Shell Composite Structure.

1.2. Mechanical Properties Testing
The mechanical properties testing included
calculating the modulus of elasticity for composite
materials with and without a nano parties effect. The
tensile samples are presented in Fig. 1 to test five models
for each volume fraction of nanoparticle effect and then
calculate the average value for composite materials, as
shown in Table 1. Also, the tensile test was done by using
a universal tensile test machine. Therefore, the mechanical
properties determined by the experimental work can be
used as a numerical technique to obtain the mechanical
behavior of the shell structure.
Table 1.

Mechanical Properties for Composite Materials with
Different Silica Nanoparticle Volume Fractions

Nano Modulus of Modulus of
No. Volume Elasticity E; Elasticity E,
Fraction (%) (GPa) (GPa)
1 0 12.6 3.3
2 0.5 13.3 4.1
3 1 15.9 5.6
4 1.5 175 7.3
5 2 18.9 9.2
6 2.5 21.4 111

([

b
MH'““

@ “\-/igraﬁ“c‘)n Siéwhal

1.3. Vibration Characterization Measurement

The vibration testing included using the vibration test
rig shown in Fig. 4 to calculate the natural frequency for
the shell structure, shown in Fig. 4, with various
Nanoparticle volume fractions. The vibration test rig
consists of the following parts: structure rig
accelerometer, amplifier, oscilloscope, and impact
hammer [22]. The natural frequency was calculated by
impacting the shell sample using an impact hammer and
then reading the voltage signal using (an oscilloscope).
Then, the natural frequency was calculated using FFT,
using the SIGVIEW program, as shown in Fig. 5.

Acc. sensors | Digital

Shell
Sample

Impact
Hammer )

Fig. 4. Vibration test-rig.

Il. Finite Element Technique

The numerical technique is an approximate solution
for the engineering problem with accepted error, and it can
be applied to the static and dynamic behavior of a structure
with different boundary conditions [23-24]. A numerical
technique used in this work comprised using finite
element technique using Ansys program Version 15. The
Ansys code needed first select the best element type
required for the case applied, input the mechanical
properties of the structure calculated from the
experimental technique, mesh the structure by section for

-

(b) FFT Signal

Fig. 5. Sigview Analysis of Signal Vibration.
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the best number of elements, depending on the mesh Uy \ ra; 0 0 —dily;  dily T
generation technique, and finally calculating the required uy by 0 0 —ely ely;
output for the problem [25-26]. So, the output of this work u, ¢ 0 0 —gly gl uy
included calculating the natural frequency and Vg 0 a, 0 —dm, dmy||v]
deformation of t_he co_mposite shgll structure, §upported as vyt =38 [0 b 0 —emy emy {w} (5)
a cantilever, with different silica nanoparticle volume v, 0 ¢ 0 —gm, gmy||a
fractions. In addition, a comparison of the numerical Wy 0 0 a -—dny, dng kﬁ}i
natural frequency with the experimental results was made w Lo e
; y 0 0 bi €iNy; €Ny
to obtain agreement for the results calculated. ., 0 0 ¢ —gny gny
Therefore, the best element can be used for the - ! el el
dynamic analysis of the shell structure is (Shell element Where
with eight nodes and 5 degrees for each node), as shown '
in Fig. 6, where this element has the global displacement _
. a; = J11Nj¢ +J12Njy
structure that can be listed as, ! '
b; = ]21Ni,c + ]22Ni,n
u ¢ = J31Nig + 32Ny
= hi
v {;’v} @ di == (@i +J13Ni)
h;
e; = < (biC +J23Ni)
And the local displacement is, by
P gi =5 (GG +]J33Ny)
u
v Then, by using the strain energy method and using Eq.
={dw for(i=1..8 2 , one can calculate the stiffness matrix as:
| o
\8J, [K] = f,,, [BI"[D][B]dV (6)
Therefore, the global displacement can be calculated Where,
from the local displacement as:
[ 0 0 —dily; —dily; 1
U s U s h (X 0 b 0 —€iMy; —€iMmy;
V=i Niy v + 25, NiC o {B}i (3) 0 0 ¢ —giny; —giny;
W

W7 [B: = [bi a; 0 —(ely+dimy) (ejly; +dimy;) |
i —(gimy; +eny)  (gimy; + ejny;)
a;  —(ding +gily)  (ding + gily;)

o

0 ¢
Where, N; is the shape faction, and p; can be L, 0
calculated from !

And, [D] is the rigidity stiffness matrix.

i L Also, the mass matrix can be calculated as:
M = |—Mp; My (4)
—Np; Ny

[M] = f, p[NI"[N]dV @)

Then, displacement for shell element can be

determined by using Egs. 1 to 4 as: After this, the natural frequency of the shell structure

can be calculated by solution for the general equation for
motion by eigenvalue technigue as:

[MI{U} + [KI{U} = 0 8)

z' §

(@) Shell element with 8-node (b) Nodal vector
Fig. 6. Element Type used for the Shell Structure
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I11. Results and Discussion

The present work results include investigating the
modification of vibration characterizations for a shell
structure using the effect of silica nanoparticle materials
made of composite materials combined with resin and
unidirectional glass fiber. This work included using
experimental and numerical techniques to calculate the
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Fig. 7. Natural Frequency for Shell Cylinder with
Different Nano Volume Fractions.
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results required. Thus, the experimental results showed the
effect of different volume fractions of nanoparticles on the
natural frequency of the composite shell structure,
supported as a cantilever, as shown in Fig. 7. Also, the
numerical technique used comprised calculating the
natural frequency of the shell tested in the experimental
methods and then comparing the results calculated by the
experimental measurements, as presented in Fig. 8. In

400
&350
g300
g 1
250 4
=
= 200
g 150 —e—Num erical Work
—s—Experimental Work
100
] 0.5 1 135 2 25
Nano Particle Volume Fraction (%40)

Fig. 8. Comparison between Experimental and
Numerical Natural Frequency Results.
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Fig. 9. Deformation for Shell Structure with Various Nanoparticle Reinforcement Volume Fractions.
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addition, the numerical technique also included
calculating the deformation of the shell structure, with the
effect of nanoparticle reinforcement, as in Fig. 9.

Then, from the figures presented, it can be seen that
the natural frequency for the shell structure increased with
the high values by reinforcing the composite materials
using silica nanoparticle materials. In addition, due to
increasing the natural frequency, it was found that the
deformation stress of the shell decreased with increasing
the volume fraction of nanoparticles. As demonstrated in
the results recorded in Table 1, the increase in the dynamic
response of the shell was caused by the rise in the effective
mechanical properties values of the composite materials
of the shell structure owing to reinforcement with
nanoparticle materials.

Conclusions

In this work, experimental techniques were presented
to show the effect of the silica nanoparticle materials on
the natural frequency of shell structure. In addition,
numerical work was introduced to obtain the agreement
for the experimental work by comparing the numerical
results of the natural frequency with the experimental
results evaluated. Thus, from the current work, the
following important conclusions can be drawn:

The experimental work was a perfect technique that
can be used to manufacture the composite materials and
the shell structure and determine the mechanical
properties of the composite materials and the vibration
behavior of composite shell structure, with various nano

volume fraction effects.

The comparison between experimental and numerical
results for natural frequency gave a good accepting error
with a maximum discrepancy that did not exceed
(10.93%).

The addition of silica nanoparticle materials improves
the mechanical properties (strength and modulus of
elasticity) of the entire composite material structure. A
nanomaterial-reinforced composite shell structure exhibits
extremely high dynamic modifications. A higher
nanomaterial volume fraction increases the natural
frequency of shell structures.

Due to the modified mechanical properties and
dynamic behavior of the composite materials with the
reinforcement by silica nanoparticles, the deformation of
the shell structure was decreased by increasing the
nanoparticle materials.

In future work, it is recommended to examine how
nanoparticle sizes and types affect the mechanical
performance of cylinders reinforced with nanoparticles.
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Free Vibration Analysis of Composite Cylindrical Shell Reinforced with Silicon Nano-Particles. ..
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AHaJIi3 BUIbHUX KOJIMBAHb KOMIIO3UTHOI UWJIIHAPUYHOI 000JI0HKH,
APMOBAaHOI KPEMHIEBUMH HAHOYACTUHKAMM:
a”HajiTuuHe Ta FEM nadamxenns

YVuisepcumem Anv-Dapaxioi, Texniunuii inocenepuuii koneoc, Ipax;
2Minicmepcmeo npomuciogocmi ma Kopuchux Konanun, Jlepacasna KomMnanis 2ymoseoi ma wiunnoi npomuciosocni, Ipax,
emad.njim@gmail.com;
SDaryrvmem mawunobydysanns, Texnonoziunuii ynieepcumem, Ipax;
Hnorcenepnuii koneodac bazoadcvkozo ynieepcumemy, gaxyromem mawunobyoysanus, Ipak;
SKagpeopa mawunobyoyeanns, inocenepnuii paxyromem, Yuisepcumem Kychu, Ipax

[MonepeaHi NOCTIKEHHS MOKA3aJIi BIUTUB HAHOMATEPialiB Ha MEXaHiYHI BIACTUBOCTI KOMITO3UTHHUX MaTepialliB
3 ehekTaMu pisHUX (pakiiii Mo 06’ eMy; KpiM TOTo, JOCIIIKCHHS MPOACMOHCTPYBAIM BILTHB HAHOMATEPialiB Ha Taki
MEeXaHI4HI XapaKTePUCTUKH KOMITO3UTHOI IIACTHHYACTOI CTPYKTYPH, SIK KOJIMBAHHS Ta TepMiyHa MOBeMiHKa. Takum
YIHOM, MEXaHI4Hi BIACTUBOCTI Ta MOBEIiHKA MOTU(IKYIOTHCS HAa BUCOKI 3HAUCHHS 32 PaXyHOK 3MIIlHCHHS 3 HU3BbKOIO
KIZBKICTIO JUIi HaHOMATepialiB, sfika He mepesuinye mpubmusHo (3%). 3aBOaHHA MOCHIMXKEHHS € BCTAHOBJICHHS
Moudikamnii BiOpaiifHuX XapakTePHCTHK KOHCTPYKIIi 3 eeKTOM HaHOMATepiaiiB i BUBUEHHS BIUIMBY iHIIUX THITIB
apMOBAaHMX HAHOYACTHHOK Ha XapaKTePHCTHKH. HaHOYacTHHKHM KpeMHifo oOpaHi IUId AOCTIKEHHS iX BIUIMBY Ha
BiOparliifHy moBeIiHKy 000JOHKOBOI CTPYKTYpH. TaKuM YHHOM, poOOTa BKIIIOYaIa BAKOPUCTAHHS €KCIIEPUMEHTANBHOL
METOUKHU BUITPOOYBaHHS KOHCTPYKIiT 000JIOHKH 3a JJOIIOMOTOI0 BiOpOMAILIMHY JUTsl BUBYCHHS BiOpaniitHOT TOBEIIHKH.
[Ticyis BUTOTOBJIEHHS 000JIOHKH 3 KOMIIO3UTHOTO MaTepiay i3 pi3HUMHU 00’ €EMHUMH YaCTKaMU HAHOYACTHHOK KPEMHIIO
OIIHIOBAJIM MEXaHIYHI BJIaCTHBOCTi. BUKOPHCTOBYIOUH YHCENBbHY TEXHIKY, 30KpEMa, METO]T CKIHUCHHUX CJIEMEHTIB 3a
JIOTIOMOTO0 cepeoBHIa ANSYS, BUKOHAHO OIIHKY BiOpaIliiiHOi MOBEIIHKA KOHCTPYKINi OOOJOHKH Ta 3AiHCHEHO
MOpPiBHSAHHSA pe3ynbTariB. [IopiBHIHHA Jano NpUiHATHY BiACOTKOBY NMOXHOKY, mo He nepeBunrye 10,93%. Onixeni
pe3yIbpTaTH MOKa3and, Mo Moaudikalis KpeMHIEBIMHA HaHOMaTepialaMy Jana Jy>Ke XOpOIIl pe3yNbTaTH, OCKUTBKI
HaHOMaTepiall TOKPAIIIHA IPHOIH3HO 65% MexaHIYHNX BIACTHBOCTEH 00OJIOHKHM Ta BiOpaIiiHi XapaKTePUCTHKH.
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The effect of orthophosphoric acid concentration as an activating agent on the porous structure of carbon
materials derived from apricot pits and energy-intensive parameters of electrochemical capacitors formed on their
basis is studied. It is found that changing the ratio of the mass of the activating agent to the mass of the raw material
in acid-activated porous carbon materials (PCMs), one can control the pore size distribution in the range of 0.5-20
nm and specific surface area in the range of 775-1830 m?/g. The use of cyclic voltammetry, impedance
spectroscopy and chronopotentiometry made it possible to set the capacitive nature of charge accumulation
processes in acid-activated PCMs, as well as to determine the contribution of a certain size of pores to the specific

capacitance of PCM/electrolyte system.
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Introduction

Porous carbon materials (PCMs), having a number of
unique properties, are widely used for purification of
drinking water from organic impurities [1, 2], separation
and storage of gases [3, 4], manufacturing electrodes of
electrochemical capacitors (ECs) [5-8] and lithium power
sources [9, 10]. Nowadays, PCMs are made from raw
materials (RMs) of natural and artificial origin. Preference
is given to the former because they are cheap and
environmentally friendly. In recent years, research has
been conducted to obtain PCMs from agricultural waste,
such as cherry and apricot pits [11], coconut shells [12],
corn cobs [13], flax and hemp fibers [14] and others.
Apricot fruit is an important RM in the food industry, its
seeds are used in medicine and cosmetology. Wastes of
this production are apricot pits, which can be used as raw
material for high-porosity carbon that also solves the
problem of disposal of food waste, which leads to
environmental pollution.

The most common methods for obtaining PCMs are
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physical or chemical activation of carbonaceous RMs [15-
17], as well as methods of template synthesis [18, 19].
Chemical activation usually occurs at temperatures
(400-800°C) and is accompanied by the use of
dehydrating agents (phosphoric acid, zinc chloride,
potassium hydroxide). Chemical activation is considered
as a reaction between a solid precursor and a chemical
reagent. The mass of the final product and its structure
depend on the concentration and ratio of the source
components, temperature and activation time. A necessary
condition for chemical activation is the removal of
residual activating reagents and inorganic residue
contained in the original carbonized material. When
chemically activating plant raw materials with
orthophosphoric acid, the latter acts as a dehydrating agent
that inhibits the formation of resin, which increases the
mass yield of porous carbon and reduces the temperature
and activation time compared to physical activation
methods [20]. Mixing orthophosphoric acid with crushed
apricot pits leads to fragmentation of cellulose,
hemicellulose and lignin. The acid separates the cellulose
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fibers and causes partial depolymerization of
hemicellulose and lignin, which leads to a decrease in the
mechanical strength of the particle and its swelling.
Orthophosphoric acid leads to the primary carbonization
of RM at this stage [20]. When obtaining activated carbon
by chemical activation of RM with orthophosphoric acid,
the ratio between the amount of acid and the precursor is
important for the development of the porous structure of
the product obtained. Therefore, the aim of this work is to
study the effect of orthophosphoric acid concentration on
the structure of PCM and energy-intensive parameters of
ECs formed on its basis.

I. Materials and methods

The RM for the production of porous carbon was
apricot pits, dried and ground to a fraction of 0.25-1 mm.
The resulting material was divided into portions weighing
8 g and mixed with 50 g of orthophosphoric acid. The acid
concentration varied from 4 to 32 % in increments of
4 %.The ratio of the mass of the activating agent to the
mass of the raw material Y =m(HsPO.s)/m(RM) was
respectively 0.25:1; 0.5:1; 0.75:1; 1:.1; 1.25:1; 1.5:1;
1.75:1 and 2:1. The resulting mixture was stirred
thoroughly for 1-2 hours, then dried at 100°C for 24 hours
until a constant mass was reached. Then the mixture was
placed in a vertical cylindrical furnace and heated to
550°C at speed of 10°C/min in an argon atmosphere at a
gas flow rate of 30 ml/min. When the set temperature was
reached, isothermal exposure was performed for 60
minutes. After cooling the material to room temperature,
it was washed with hot distilled water to neutral pH and
dried at 80°C until a constant mass was reached. The
materials obtained are marked according to the ratio of the
mass of acid to the mass of raw materials (Table 1).

Thermal transformations of the initial material and
materials modified with orthophosphoric acid were
studied using a synchronous thermal analyzer STA 449 F3
Jupiter (NETZSCH) in the linear heating mode at a rate of
10°C/min in an argon atmosphere at a gas flow rate of
30 ml/min and temperature range of 20-600°C. The
change in mass of the studied samples as a result of
heating is represented by the thermogravimetric (TG)
curve (measurement accuracy 1 mg), the rate of mass
change is represented by the differential
thermogravimetric (DTG) curve. An empty crucible of
Al>,O3 was used as a reference standard. The test sample
was heated together with the reference sample and the
current temperature of the test sample and the temperature
difference between the sample and the standard were
recorded, which allowed to record the processes
associated with the absorption or release of energy.

The textural characteristics of samples were analyzed
on the basis of low-temperature (77.4 K) nitrogen

for 24 h. The specific surface area (Sger) was calculated
according to the standard Brunauer-Emmett-Teller (BET)
method. The specific surface area (Smicro) and volume
(Vmicro) Of micropores was calculated by t-method, surface
(Smeso) and volume (Vmeso) OF mesopores were calculated
as the difference between the total surface area (volume)
of pores and micropores. The total pore volume V was
evaluated from the nitrogen adsorption at p/po~ 0.99,
where p and po denote the equilibrium and saturation
pressure of nitrogen at 77.4 K, respectively. Calculation of
pore size distribution was performed by NLDFT (nonlocal
density functional theory) method in the slit-shape pore
approximation.

Electrochemical studies of the PCM/electrolyte
system were performed in three-electrode cells (Fig. 1).
The working electrode (1) was formed of PCM,
conductive additive and binder material in a ratio of
75:20:5 wt. %, respectively. A silver chloride (Ag-AgCl)
electrode (2) was the reference electrode and the platinum
electrode (3) was as the auxiliary one. The silver chloride
electrode was placed in a 3.5 M aqueous KCI solution (6)
and combined with the working chamber via an agar-agar
salt bridge (5). A 30% aqueous solution of KOH was used
as the electrolyte (4). The potential of the working
electrode against the reference electrode was -0.33 —-
0.28 V at room temperature.

~1

Autolab

ABIN 4

Fig. 1. Scheme of a
electrochemical research.

three-electrode cell  for

The operational characteristics of laboratory samples
of ECs were determined in a two-electrode cell (Fig. 2).

Button-type EC electrodes were prepared by pressing
a mixture of PCM, conductive additive, and binder
material in a ratio of 75:20:5 wt. % respectively into a
nickel grid. The formed electrodes were separated by a
separator and placed in a two-electrode cell, which was

Table 1.
Designation of acid-activated PCMs
Y 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Sample C025 C050 C075 C100 C125 C150 C175 C200
adsorption-desorption isotherms recorded using a sealed after filling with electrolyte.

Quantachrome Autosorb Nova 2200c adsorption analyzer.
Before measurements, the samples were heated at 180°C
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Fig. 2. The scheme of the cell for measuring the capacity
of the EC: 1 — electrodes, 2 — separator, 3 — current taps, 4
— insulating cover.

Methods of cyclic voltammetry, impedance
spectroscopy and chronopotentiometry were used to study
the electrochemical properties of ECs with electrodes on
the basis of PCMs. Measurements were performed using
an Autolab spectrometer (“ECO CHEMIE”, the
Netherlands), equipped with GPES and FRA-2 software.

Cyclic voltammograms were obtained in the potential
range from -1 to 0.2 V for three-electrode cells and from
0 to 1V for two-electrode cells at a scan rate s
1 +50 mV/s. Voltammetry determines the dependence of
current on the applied potential, which changes
periodically and linearly over time with a rate s = + Z—It].
The corresponding current of capacitor with capacitance
C is determined as I = C'Z—ltl = C -s. The EC capacity is
determined as C = I/s at low scan rate [21]. The total
charge accumulated on the electrode surface is calculated
by integrating the function C(U, t) over time q=
f:; C(U)Z—lt'dt = f;‘; C(U)dU. Capacity is calculated as
the ratio of total charge to the magnitude of the potential
window C = q/U, in which the study is conducted. To
estimate the effectiveness of the EC the dependence of the
capacity on the scan rate is determined.

Impedance hodographs (or Nyquist diagrams)
2" =1(Z"), where Z' and Z" are real and imaginary parts of
the complex resistance of the system, respectively, were
obtained in the frequency range 102 - 10°Hz. The
amplitude of the sinusoidal voltage was 10 mV.

Chronopotentiometric studies were performed in the
voltage range 0 +~ 1 V, the charge/discharge current of the
capacitor varied in the range from 10 to 50 mA in
increments of 10 mA. The specific capacity of the
electrode material of the EC was calculated by the formula

21t
¢= (Umax—aU)m'
where [ — charge/discharge current, t — discharge time,
Umax — maximal voltage, AU — voltage drop when the
discharge circuit is closed, m — mass of PCM.

1. Results and discussion

Fig. 3 presents TG and DTG curves obtained for plant
raw materials due to heating to a temperature of 600°C. In
the range of 50-200°C the decrease in the mass of the test
samples by 8-10 % is due to the removal of sorbed water
contained in the material. When the temperature reaches
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250°C, the process of carbonization and decomposition of
hemicellulose and cellulose begins, which lasts up to
450°C and is accompanied by 55% weight loss.The next
temperature range (450-600°C) is associated with the
formation of semi-coke with a small weight loss of 5 %.

100 40

90 | < 14

80 42
£
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s S

- 60+ -4
o O
F 50 15 =
o
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Fig. 3. Thermogram of raw material.

The results of thermogravimetric studies for materials
impregnated with orthophosphoric acid at values of
Y =0.25 and 0.50 (samples C025, C050) are presented in
Fig. 4.

The first region of weight loss due to sorbed forms of
water is practically absent on these thermograms. Most
probably, orthophosphoric acid at low concentrations first
reacts with hemicellulose and lignin, which leads to a
sharp drop in mass starting from 100°C (Fig. 4, a). The
weight loss with increasing temperature slows down to
0.5 %/min after 450°C. The final oxidation of carbon
material after reaction with acid takes place at this stage.
The total weight loss of RM is 45% in this temperature
range. The temperature of cellulose carbonization
decreases at a higher content of orthophosphoric acid,
which follows from the presence of only one peak on the
DTG curve (Fig. 4, b). In the temperature range of 150-
500°C, micro- and mesopores are formed, which is a
consequence of the interaction of orthophosphoric acid
with biopolymers (lignin, hemicellulose and cellulose).
Further increase in the concentration of orthophosphoric
acid does not lead to differences in TG and DTG curves
for PCMs (Fig. 5). The total weight loss is 40-50 % for all
samples, which is less compared to the initial RM.

Orthophosphoric acid acts as an activating agent and
promotes dehydration of the primary material, which
reduces the degradation temperature of the material,
increases the mass of the obtained carbonized carbon
material and promotes the formation of its porous
structure.

According to low-temperature porometry (Table 2),
PCMs are characterized by a microporous structure (the
contribution of micropores is 95%) and a developed
surface area at low concentrations of orthophosphoric acid
(samples C025, C050, C075). Samples C100 and C125
have the maximum value of the specific surface area
(1600-1850 m?/g), which is mainly provided by
micropores (90-95 %). The maximum total pore volume
1.231 cm®/g, which is provided by mesopores (about
57 %), is typical for the sample C150. As Y increases
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Fig. 5. Thermogram of samples C075 (a), C100 (b), C125 (c), C150 (d), C175 (e), and C200 (f).

further, both the total surface area and the pore volume of
PCMs decrease (samples C175 and C200). Thus, changing
the ratio of Y from 0.25 to 1.25, one can obtain
microporous carbon material, and when Y =1.25 + 2.00
mesopores are formed, which are about 50% of the total
area and 75% of the total volume.

Table 2.
Structural and adsorption characteristics of PCMs

SBET, Smicro, Smesoy V, Vmicro, Vmeso,

Sample m2/g | m?/g | m?3g | cm®g | cm®/g | cm®/g
C025 | 775 | 745 30 |0.336 | 0.303 | 0.033
C050 | 880 | 870 10 |0.360 | 0.354 | 0.006
C075 | 1340 | 1290 | 50 | 0.575|0.535 | 0.040
C100 | 1635 | 1520 | 115 | 0.804 | 0.687 | 0.117
C125 | 1830 | 1760 | 70 | 0.856 | 0.779 | 0.077
C150 | 1510 | 645 | 865 | 1.231 | 0.319 | 0.912
C175 | 1335 | 712 | 623 | 1.095 | 0.334 | 0.761
C200 | 1120 | 560 | 560 | 0.851 | 0.243 | 0.608

According to cyclic voltammetry results (Fig. 6 and
Fig. 7) it follows that for acid-activated PCMs there are no
redox peaks in the studied potential range that indicates
the electrostatic interaction of electrolyte ions with the
developed electrode surface. There is a pronounced
asymmetry with respect to zero current depending on the
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scanning rate s, as well as a difference in the amount of
charge during anodic and cathodic polarization at low
values s (1-5 mV/s). The asymmetry of these curves with
respect to the potential of zero charge indicates the
difference between the value of the accumulated charge by
K* ions and OH™ groups. The magnitude of the current in
the negative potential range exceeds the value of the
corresponding currents in the positive region by 1.5-
2 times, which indicates the dominance of charge
accumulation due to K* ions, according to the reaction:

Co+ K +e o Cy | K,

where Cy — the surface of the porous structure of the
carbon material; K* — electrolyte cations; || — double
electric layer (DEL), where the charge accumulates due to
mechanism of physical adsorption [21].

There is an increase in the specific surface area from
770 to 1800 m?/g (Fig. 6, b, d, f) when 0.25 <Y < 1.25, but
a correlation between currents on voltammograms (Fig. 6,
a, ¢, €) and the specific surface area is not observed. The
voltammograms of PCMs are almost indistinguishable at
low scan rates and 0.25 <Y <1.00, although the surface
doubles. Samples C100 and C125 have a larger specific
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Fig. 6. Cyclic voltammograms and pore size distribution for samples C025 (a, b), C075 (c, d), C125 (e, f).

surface area compared to other materials, but the cycling
currents are slightly lower than for samples at Y < 1. One
of the reasons is the large number of pores smaller than 1
nm (Fig. 6, f), which make significant contribution to the
size of the surface area, but are difficult to access for
electrolyte ions during cycling. Increasing the scan rate
above 10 mV/s leads to distortion of voltammetry shapes,
which is a consequence of increased internal resistance
due to low electrical conductivity of these materials as
they are obtained at 550°C.

Voltammograms for mesoporous carbon materials are
close to rectangular ones in the positive potential range at
low scanning rates (Fig. 7). In this region the charge
accumulates due to the formation of DEL by hydroxyl
groups on the carbon surface. Low mobility of OH~ groups
leads to a change in the course of voltammograms when
the scan rate increases slightly.
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The values of the specific capacity of PCMs
depending on the scan rate are given in Table 3.

According to Table 3, the maximum capacity of the
PCM/KOH system is achieved when using PCM with a
pore distribution in the range of 1-3nm, i.e. for
microporous materials with a small proportion of transport
mesopores.

Laboratory models of EC were made on the basis of
samples with the maximum specific capacity (C075,
C100, and C125). The cyclic voltammograms of the ECs
show that their shape and magnitude of anode and cathode
currents are the same at low scan rates (1-5 mV/s) (Fig. 8).
An increase in scan rate over 5 mV/s leads to a maximum
on the voltammograms in the potential range of 0.2-0.6 V.
This effect is especially evident for a series of carbon
materials with a microporous structure and a large specific
surface area (Fig. 8, ¢).
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Fig. 7. Cyclic voltammograms and pore size distribution for samples for mesoporous carbon materials C175 (a, b)
and C200 (c, d).

Table 3.
Specific capacity (F/g) of acid-activated PCMs at different scan rate and a potential -0.4 V
Sample 1 mV/s 2 mV/s 3 mV/s 4 mV/s 5mV/s | 10 mV/s
C025 99.2 92.7 82.0 69.1 61.0 23.2
C050 132.8 119.8 101.7 84.1 72.8 25.7
C075 140.7 123.8 101.9 82.1 68.7 34.3
C100 148.4 130.4 108.0 85.3 69.7 40.0
Cl125 99.1 71.3 52.8 39.6 32.0 15.7
C150 61.4 25.9 16.6 115 8.8 4.0
Cl175 76.4 45.3 314 22.2 12.4 8.7
C200 68.6 45.8 26.3 18.5 9.3 7.0

The change in the shape of voltammograms is due to
the rapid increase in the concentration of ions on the
surface of the electrodes with a slight increase in the EC
potential, which leads to an increase in the current [22].
The largest value of the current corresponds to a potential
of 0.2 V (Fig. 8, ¢), around which the concentration of ions
is maximum. Further accumulation of ions on the surface
of the electrodes becomes more complicated and slows
down, which is manifested in a decrease in the current
value with increasing EC potential.

The internal resistance of the EC increases when
s> 20 mV/s. As a result, the shape of the voltammogram
changes during the transition from capacitive to resistive
one and the specific capacity of PCM decreases several
times (Fig. 9).

The properties of the electrochemical system
PCM/electrolyte depending on the applied electrode
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potential were studied by impedance spectroscopy
method. The obtained Nyquist diagrams (Fig. 10) make it
possible to estimate the effect of the porous structure of
carbon material and its electrical characteristics on the
system parameters depending on the ions of the electrolyte
used. The values of the specific capacity and electrical
resistance of PCM at different values of the electrode
potential provide important information about the
effectiveness of its use as an electrode material of EC.
The Nyquist diagrams have the form characteristic of
ECs with a dominant capacitive charge accumulation
process at the PCM/electrolyte interface in the potential
range -1 +-0.4 V (Fig. 10). It is expressed by an almost
vertical section on the diagram at low frequencies. When
the electrode potential increases from -0.4 to 0.2V, a
semicircle appears on all hodographs in the high-
frequency region, which is associated with the passing of
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Fig. 9. Dependence of the specific capacity of PCMs on
the scan rate for samples C075 (-o-), C100 (-0-), and C125
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Faraday processes at the electrode [23]. In this case, redox

. Ugel®T

T eiletre) T gy

where Uy, lo — voltage and current amplitudes, o — angular
frequency, ¢ — phase shift angle, j — imaginary unit

(G =v-1).

Yoe-i¢ = Zcosp —jZsing =2' —jZ",
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capacity using calculation formulas that do not require
model assumptions [24]. The total complex resistance in
an alternating current circuit according to Ohm's law is
equal to:

M
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Fig. 10. Nyquist diagrams for PCM/KOH systems based on samples C025 (a), C075 (b), C125 (c), and C200 (d) at
different applied potentials.

The electrical resistance R is the main element in
impedance models. In the frequency region Zg(jw) =R
simulates the proportional relationship between the
parameters of the state (current and voltage) and reflects
the lack of phase shift between these parameters. The
impedance of this element reflects the frequency-
independent component of the substance, i.e. Re Zr =R,
and Im Zg = 0.

The parameter 1/C is the coefficient of proportionality
between the voltage Uc and the integral from the function
of the time dependence of current, which passesthrough
this element and is characterized by the ratio
Uc(t) = %f; i(t)dt + Uq(ty,). This relationship is
1 J

oe = T ac in the frequency region.
Element Z¢ contains only the reactive component, which
for positive C values is negative one, i.e. reflects the phase
delay at #/2. The impedance Zc decreases proportionally
with increasing frequency. The voltage of the element is
proportional to the charge accumulated by it.

Impedance hodographs of studied electrochemical
systems (Fig. 10) indicate that there is a pseudo-capacitive
accumulation of energy in addition to the DEL capacity.
The obtained hodographs can be modeled by equivalent

written as (jw) =
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schemes shown in Fig. 11.
Theoretically, these schemes are described as follows
[25]:

1 1

_ joCp
zZ 1/jwCq

1 .
JwC JoRFCy T’ 2

Rp+1/jwCp

ar t

where Cq — DEL capacity, C, — pseudocapacity, Rr —
Faraday resistance.
At very low frequencies (o — 0), and/or low R

1_

Z

jo(Ca + Cp), C = Cqy + Cp.

At sufficiently high frequencies (jwRgC, >> 1)

— RF
- 1+ijFCdl.

The total capacity of the system is calculated using
equation (2) at w — 0 (Fig. 12).

The specific capacity of PCMs depends on the
magnitude of the electrode potential (Fig. 12), due to
changes in the free charge of the surface during its
polarization in the positive or negative direction.
Conducting electrochemical studies in a three-electrode
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Fig. 12. Dependence of the specific capacity of PCMs on the electrode potential.

cell, it was found that the potential of carbon material
against the reference electrode was -0.33 —-0.28 V. There
is the minimum on volt-farad dependences in range of
these potentials. This minimum corresponds to the
potential of zero charge in the absence of specific effects
on the electrode surface [26] and is shifted to the positive
side, which is due to the adsorption of molecular oxygen
on the PCM surface in the KOH electrolyte [27]. The
specific capacity of PCMs is 15-45 F/g at the potential of
zero charge that indicates the ability to spontaneous
charge of the porous structure, which occurs according to
electrostatic mechanism.

The maximum specific capacitance of PCMs is
150 F/g at negative polarization and decreases with
increasing of electrode potential. The capacity is reduced
by 25-40 % in the region of positive potentials (0.1-0.2 V).
Stationary potentials of carbon materials are in the range
of -0.25-0.05V, in which DEL is formed by hydrated
electrolyte ions [21]. This region is characterized by an
increase in capacity at negative polarization and its
decreasing at positive polarization. The use of an aqueous
solution of KOH as an electrolyte leads to a change in the
chemical potentials of ions. As a result the window of
potentials of the DEL charge according to the electrostatic
mechanism expands from -0.01 +-0.25 V [21] to -0.01 + -
0.49V [27]) and the shift of work potentials with the
contribution of electrosorption of hydrogen (from -
0.25 +-0.65V to -0.49 +~ -0.9 V). Positive polarization in
the range of -0.01+0.1V leads to electrosorption of
hydroxyl groups [27]. At high positive potentials (above
0.2 V) the electrosorption process can lead to an increase
in irreversible reactions, such as the formation of water
molecules.

To set the correlation between the specific surface
area of pores of different diameters and the capacity of the
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PCM/electrolyte system, the specific capacity of PCMs
was determined by chronopotentiometric method at
different operating currents (Fig. 13).

Given that the potassium ion may have two hydrate
shells with radii of 0.266 and 0.36 nm [28], it is assumed
that pores with a diameter greater than 0.5nm are
electrochemically available for charge in the KOH
electrolyte [29]. Both the size of the electrolyte ion and the
pore size will affect the maximum DEL. The highest
energy of adsorption interaction of PCM with electrolyte
molecules is observed in narrow pores of 0.5-1 nmin size.
Pores larger than 2 nm are as transport channels for the
electrolyte to enter the working pores.

The relationship between the specific surface area of
PCM (Table 4) and the specific capacity value (Fig. 13)
can be traced.

As follows from Table 4, an increase in the pore area
of 1.25-1.65 nm in size leads to an increase in the specific
capacity of PCM. For samples CO75 and C100, in addition
to a given range of pores, a significant contribution to the
total area is made by pores of 2.05-2.65 nm in size, which
serve as transport channels for the electrolyte. The
contribution of transport pores is manifested in the
minimal reduction of the specific capacitance with
increasing  discharge current. Carbon  materials
C125 + C175, in which pores with a size of 1.05-1.25 nm
predominate, have a specific capacity of 35-50 % lower
than previous samples, which is probably due to the
presence of pores only in a narrow range. The presence of
pores of 1.25-1.45nm in size with significant area
(554 m?/g) for sample C200 provides to the increase in the
capacity of PCM. However, a small number of pores in the
range of 1.65-1.85 nm leads to a sharp decline in its
specific capacity with a slight increase in discharge
current. Thus, by changing the ratio of the mass of the
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Table 4.
Dependence of the specific surface area (m?/g) of PCMs on the pore size
Pore size, Sample
nm C025 C050 CO075 C100 C125 C150 C175 C200

1.05-1.25 0 0 0 0 1048 486 414 0

1.25-1.45 620 751 885 790 118 6 15 554

1.45-1.65 9 20 40 54 3 57 1 2

1.65-1.85 2 12 24 26 60 65 43 48

1.85-2.05 7 14 22 13 17 27 21 23

2.05-2.25 27 23 62 67 0 1 0 0

2.25-2.45 26 20 64 107 0 35 0 0

2.45-2.65 15 7 37 75 23 47 9 10

2.65-2.85 12 9 36 68 81 53 36 41

2.85-3.05 6 2 15 40 37 36 26 29

3.05-3.25 4 2 9 32 31 31 23 25

activating agent (orthophosphoric acid) to the mass of
plant raw materials, one can effect the pore size
distribution of PCM, which in turn allows you to control
its specific electrical capacity.

Conclusions

According to thermogravimetric studies, the addition
of 4-8% orthophosphoric acid to the raw material leads to
a sharper drop in mass with increasing temperature
compared to the initial material, due to the simultaneous
interaction of acid with sorbed water, hemicellulose and
lignin. Orthophosphoric acid causes the dehydration of the
initial material, which leads to a decrease in the
temperature of material degradation, increase the mass of
the PCM obtained and promotes the formation of its
porous structure.

Carbon material with a microporous structure and a
total pore volume 0.86 cm®/g is formed at a growth of Y
from 0.25 to 1.25. A further increase Yfrom 1.25 to 2
results in the formation of mesopores 5-50 nm in size,
which is 75 % of the total pore volume.

It was found that the accumulation of capacity in the

ECs is due to the formation of DEL at the

electrode/electrolyte interface and pseudocapacity. The
maximum capacity of the PCM/KOH system is achieved
by using microporous carbon materials C075-C125 with a
small proportion of transport mesopores, which have a
pore distribution in the range of 1-3 nm.
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Piperazine (bis) p-toluenesulfonate (PPTSA), an organic single crystal was synthesized and grown at
environmental temperature by slow evaporation process using methanol as the solvent. The grown PPTSA crystal
is from the triclinic system and belongs to the space group P1. Powder X-ray diffraction was performed to ensure
lattice parameters. Analysis and confirmation of functional groups and bonds were carried out through FT-IR
spectral study. The optical characteristics were investigated using the UV-Vis spectrum such as the optical
absorption, cut-off wavelength were calculated. The photoluminescence investigation was conducted to assess the
luminous characteristics of grown crystal. The calculated NLO parameters like B, n2, and x® were found to be
0.0495x10 (cm/W), 8.705x1071° (cm?/W), 5.316x1077 (esu) and Optical Limiting threshold value was found to be
3.074x107 (Wem-2). Antibacterial studies were carried out to investigate the biological significance against selected

foodborne germs.
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Introduction

Nonlinear optical (NLO) materials received a lot of
attention over decades owing to the numerous uses in
photonics, such as light-emitting diodes,
telecommunication system, high data storage, optical
switching and drug delivery [1-3]. Organic nonlinear
optical material researches have gained significant
attention owing to its usage in optical devices. They have
considerable optical susceptibilities and an inherent quick
response time as compared to inorganic compound.
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Because of the delocalized electrons at =m-m*orbitals,
organic materials are anticipated to have rather significant
nonlinear optical characteristics. This anticipation
motivates the considerable search among organic crystals
for improved NLO materials. When compared to
inorganic materials, NLO chromophores are implanted in
organic materials in a noncentrosymmetric way, revealing
excellent nonlinear activity [3-6]. Tosylic acid, also
known as p-toluene sulfonic acid, is an organic acid
available in solid phase. Charge transfer has been achieved
due to the presence of CHs group as an electron donor and
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sulfonate group serves as an acceptor in the title
compound. Complexes including organic and inorganic
bases that may aid in the induction of high NLO behavior
[7-10]. On the other side of NLO materials, organic
molecules with full conjugated bonds agree to form a
group. Over the previous two decades, The NLO features
of big organic molecules have been the subject of
considerable research. Piperazine is an aromatic ring
where nitrogen atoms are located in 1, 4 of the ring that
makes up an organic molecule [11].

The grown PPTSA crystal was studied by powder X-
ray diffraction (PXRD), FTIR, optical absorption,
photoluminescence, and Z-scan analysis. Furthermore, the
grown crystal was tested for antibacterial activity against
some bacterial species.

I. Experimental procedures

1.1. Materials synthesis and crystal growth

PPTSA title crystal was grown by conventional slow
evaporation method from the purchased chemicals
piperazine and p-toluenesulfonic acid in &% equimolar
ratio taking methanol as solvent at ambient temperature.
Fig. 1 depicts the chemical reaction process of the
produced PPTSA substance. After dissolving the reactants
in methanol, the mixture was stirred for 6 hours using a
magnetic stirrer to achieve homogeneous solution before
being filtered through standard filter paper. The
impurities-free saturated solution was wrapped with a
perforated sheet and allowed to evaporate in a dust-free
environment. The grown crystal was reaped after a span
of four weeks and harvested crystal in depicted in Fig. 2.

: I w ii
{ j + n‘('@—s—rm — [ ] H;C §— O]
) | . I
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Piperazinium p-toluenesulfonate

(=2

Piperazine p-toluenesulfonicacid

Fig. 1. Reaction scheme of PPTSA.

Fig. . Photograph of the grown PPTSA single crystal.

1.2. Instrumentation
Investigation of crystal structure was performed by an
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XPERT-PRO powder X-ray diffractometer with CuKa
radiation (A=1.5406 A, 0.1 min™, 10° to 80°). Perkin—
Elmer (model: Spectrum Two) FTIR spectrophotometer
with KBr pellet, the presence of chemical bonding and
vibrational modes in the title sample PPTSA were
affirmed. The spectra showing optical absorption were
recorded using a Perkin Elmer UV-Visible spectrometer
(model: Lambda 35) with a wavelength range of 190-
1100 nm. The spectra of luminescence were captured
using a spectrofluorophotometer (Shimadzu/RF6000)
with a xenon lamp as the excitation of cause. Under CW
laser (532 nm) stimulation, optical characteristics of
nonlinear third-order were determined using a Z-scan
experiment. The disc diffusion technique was used to
explore the biological activity against chosen bacterial
species.

I1. Results and discussion

Fig. 3 depicts the powder X-ray diffraction pattern of
grown PPTSA crystal. This experiment validated the
triclinic crystal structure with the space group P1 and
lattice factors a = 5.9644 A, b = 13.1731 A, ¢=13.5968 A,
and V = 934.32 A3, which are similar to the published
values Table 1 [12, 13].

Intensity (arb.unit)

o

T
40

10 20 30 50 60
20 (degree)
Fig. 3. X-ray diffraction pattern of PPTSA crystal.
D = (kA/BcosB) Q)
B cosB = 1% + 47 Sinf 2

The micro strain () in the grown PPTSA crystal's
lattice was estimated using the Hall-Williamson equation
B cosB = 4nsind + kA/D. The slope plotted between B cosd
versus 4sinf as depicted in Fig. 4. The existence of tensile
strain in the developed crystal is indicated by a positive
strain value 6.70x10 of the grown PPTSA crystal.

§=r3 @)
The dislocation density (8§) influences the
characteristics of the crystal and its value is

3.4408x10 (lines/m?) [14].
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Table 1.

Crystallographic data for PPTSA single crystal

Parameters Present work Reported reference [13]
a=5.9644 A a=5.9697 A
b=13.1731 A b= 13.1609 A
Unit cell dimensions c=13.5968 A c=13.6027 A
a=73.680°, B = 110.310°, a=73.665°, B = 110.2650°,
y = 83.390° y = 83.348°
\olume V=934.32 A3 V=1017.71 A3
Space group P1 P1
System Triclinic Triclinic
Crystallite Size (D) nm 53.91 nm
Dislocation Density (5) 3.4408 x 10 lines/m?

0.0055

0.0050 ~

Strain (n) = 6.70 x 107

0.0045 -+

0.0040 4

0.0035 -~

Bcose

0.0030 4

0.0025 -+

0.0020 T T
0.2 0.4 0.6

T T
0.8 1.0 1.2 14 1.6

4Sing
Fig. 4. Williamson-Hall plot of PPTSA crystal.

Fig. 5 displays FT-IR spectrum of grown PPTSA
crystal. The N-H stretching of piperazine ions corresponds
to vibrations at 3435 cm™ [15]. The peaks at 3001 cm™* and
2753 cm! suggest the absorption of C-H symmetric and
asymmetric bending vibration. The peak of p-
toluenesulfonic acid C=C-H stretching mode is 3001 cm"
!, Bands at 2816 and 2753 cm! suggest attenuation of the
C-H stretching mode. The minor peak at 1916 cm™ is due
to the aromatic overtones of p-toluenesulfonic acid [16-
17]. The NH,* deformation is responsible for the peaks at
1624 and 1558 cm™. At 1459 cm, the C=C stretching
phase occurred. The peak of the N-H asymmetric bending
vibration is 1495 cm. Stretching of CH, has a peak at
1439 cmt. At 1396 cm™?, the sulphonate group revealed its
stretching vibration. The peak at 1380 cm™ is caused by
CH, deformation. The asymmetric and symmetric
stretching peaks for the C-N group were 1317 and 1189
cmt, correspondingly. The C-H group's in-plane and out-
of-plane bending modes were 1085 and 737 cm,
respectively [18]. Table 2 lists all of the wavenumbers as
well as the functional groups to which they belong.

The fundamental and crucial quality for piezoelectric,
photonic and electro-optic materials is the transparent
nature of the formed crystal in the whole spectrum.
Electronic transitions in the crystal PPTSA could be
understood when incident radiation interacts with the
grown crystal. Light absorption allows electrons for the
transition in ¢ and = orbitals from the lower to the higher
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energy states. For laser frequency conversion applications,
optical transmission window, cut-off wavelength and
absorption peak are critical characteristics [19]. The
absorption spectrum of PPTSA has been recorded and the
lower cut-off wavelength was recorded as 305 nm and no
absorbance was found beyond this limit that is displayed
in Fig. 6. The suggested value of lower cut-off wavelength
should lie between 200-400 nm which could be suitable
for the fabrication of laser diodes. The electronic
excitations between N and H atoms in piperazine cause the
cut-off. The low optical absorption value in the whole
visible band implies that grown PPTSA crystals are suited
for the production of nonlinear optical systems. The
formula is used to calculate the band gap [20],

100 4 w
g ﬂ [{
~ 804 h If 11
X |
Py z |7
=
N 60-
£
£ i
w) —
= - o
< 404 S o =
= - LE 2
I 2
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h L 2
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4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm-l)
Fig. 5. FTIR spectrum of PPTSA crystal.

1240

E

g AeV

(4)

It is determined to be 4.06 eV. The measured spectra
and band gap value accord well with the published value.
The increased optical transmittance might be owing to
fewer flaws, which raises the output intensity. This is more
appropriate for NLO applications. The optical absorption
co-efficient on photon energy could be calculated using
the equation below [21],

_ 23026

100

log10 (T)
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Table 2.
Vibration wavenumbers and their associated assignments of PPTSA title compound
Wavenumber (cm™) Assignments
3435 N-H stretching
3001 C=C-H symmetric stretching mode
2816 C-H stretching mode
2753 Asymmetric stretching vibrations
1916 p-toluenesulfonic acid
1624 NH,* deformation
1558 NH,* deformation
1495 N-H asymmetric bending vibration
1459 C=C stretching
1439 Stretching of CH>
1396 Stretching vibration
1380 CH; deformation
1317 C-N group’s asymmetric
1189 Symmetric stretching
1126 Asymmetric stretching vibrations of the C-C group
1085 C-H group’s in-plane bending modes
1038 C-C group’s bending vibration
1010 C-S stretching vibration
950 S-O-C stretching vibration
814 p-toluenesulfonic acid
737 Symmetric and out-of-plane bending modes
686 N-H wagging vibration
596 C-C-N deformations
494 C-N-C deformations
6x10"
Lower cut-off wavelength (A,,;,,) =305 nm il
£ S
; —"E 4x10° 4
= & ]
~ D 210 E,=4.06 eV
2 N; 3x10 g
2 3 2x10"
2
=
< 1x10"' 4
— 0
316 3?8 4f0 4:2 44

] I 1
350 400 450
Wavelength (nm)

Fig. 6. Absorption spectrum of PPTSA crystal.

1
300 500

Where t is the sample thickness and T is the
transmittance (percent). The energy band gap values was
calculated using standard relation [22],

(ahv)? = A(hv — E,)" (6)
Where Eq indicates the band gap and A indicates the
constant. The band gap values are determined by plotting
against (ahv)? verses hv, as shown in Fig. 7, and it is 4.06
eV. The theoretically computed band gap value agrees
with the observed value. The band gap of the PPTSA
crystal demonstrates its better visible field properties.
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Photon energy (eV)
Fig. 7. Tauc’s plot of PPTSA crystal.

Fluorescence is vital in medical and scientific studies
in aromatic compounds or with many conjugated double
bonds that have a high degree of permanence [23]. Good
quality of crystal can be analyzed with this
instrumentation. The inherent properties of the crystal like
crystalline nature, dislocations, structural arrangement and
impurities are attributed with the intensity of the emission
spectra of the sample [24]. The Photoluminescence
spectrum was recorded with the aid of spectrofluorometer
for the grown title compound PPTSA and depicted in Fig.
8. When the sample was stimulated with 280 nm, the
spectra illustrate a wide elevation pinpointed at 571 nm,
indicating yellow radiation. The increased intensity of
emission can be used to detect organic organisms. The
inclusion of electron-donating group NH and electron-
drawing carboxylic group which might increase electron
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mobility would result in greater PL emission.

571 Excitation = 280 nm

FL Intensity (arb.unit)

T T T T T
560 570 580 590 600

Wavelength (nm)
Fig. 8. Luminescence spectra of PPTSA crystal.
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The third-order NLO characteristics of PPTSA
sample were studied by Z-scan measurements to calculate
the nonlinear absorption co-efficient (B), refractive index
(n2), and susceptibility (¥¥) [25-28]. CW laser (532 nm)
with a laser intensity of 100 mW was employed. The title
crystal was attached to 90° and displaced along the
negative axis. The propagation direction is along the -Z to
+Z axis. The sample table can be translated in a variety of
ways. Each movement is precisely controlled by a
computer. The sample’s transmitted intensity was
measured and it is sensed by light detector and quantified.

The predicted intensity in a closed aperture (CA) is
proportional to the aperture radius (2 mm) and remains

constant throughout the operation. Using an open aperture
(OA) approach, intensity was directly recorded by placing
a lens in front of the detector to determine the nonlinear
absorption co-efficient (B) and an aperture was located
between the lens and the front of the detector to determine
NLR (n2). Fig. 9 (a & b) shows the PPTSA crystals CA
and OA Z-scan curves, respectively. The refractive index
of the grown crystal and their absorption nature directly
affect the power of a laser beam. According to the NLR
values, the sample generates further focusing or
defocusing. The samples CA pattern demonstrates self-
defocusing behavior. The OA pattern exhibits reverse
saturable absorption. Third-order NLO parameters were
calculated using the standard relation [29]. B was
determined using OA readings as follows,

2V2AT
B =

(m/w) 9)

IoLeff

The following equation estimates the samples
susceptibility.

X(3) = \/(Rex(3))2 + (ImX(3))2 (10)

Where the components in the expression are given as

—4 2.2
Re(X(S)) = 108011& (CmZ/W) (11)
@) _ 1072goc?n3AB
In(x®) = =25 (cm/W) (12)

Where &, (8.854x102 F/m), no and ¢ are obvious
notations. The calculated NLO susceptibility value was
found to be 5.316x107 (esu). Table 3 shows the third-
order NLO parameters for the grown PPTSA crystal. The
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Fig. 9. (a) Closed aperture, (b) Open aperture, (c) Ratio of closed to open aperture z-scan and (d) Optical limiting
pattern of PPTSA sample.
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material's nonlinear optical properties indicate that it
might be employed in optoelectronics devices such as
optical limiting, night vision devices, and light emitting
diode applications.

The variation of normalized transmittance with
respect to the input intensity of laser beam has been
displayed in Fig. 9d, is known as optical limiting curve
which is plotted from the data extracted from open
aperture scan. The plot suggests that the normalized
transmittance is linear at low input intensity when the
intensity starts increasing at one particular intensity the
nonlinearity arises called as onset limiting threshold. The
normalized transmittance approaches minimum at Z=0.
The limiting threshold intensity is found different for
different input intensities. This investigation is a valuable
tool to fabricate optical limiting devices. The synthesized
single crystal has been acknowledged as a potential
candidate for optical limiting applications.

In recent years researchers focus on the biomedical

applications in addition to the NLO applications, one
among them is antibacterial activity. The titular compound
PPTSA was examined against human pathogens gram
+Ve (Klebsiella pneumoniae, Escherichia coli), and gram
—Ve (Streptococcus aureus, Streptococcus Pneumoniae)
through disc diffusion method. The observed inhibition
zones in the diffusion plate have been displayed in Fig. 10.
Zone of inhibition for evaluating antibacterial activity was
taken in the order 40, 50, and 60 pL respectively in which
the grown PPTSA shows an excellent response 24.5 mm
(60 uL) against gram negative Streptococcus aureus. This
result ensures concentration makes significant impact on
inhibition zone (Table 4). As a matter of fact commercially
available amoxicillin shows only 15 mm

(60uL). Characteristics such as intermolecular interaction,
solubility, and conductivity may be important in
antibacterial activity. Investigating the title compound's
for antibacterial properties has demonstrate that the
existence of hydrogen bonding interactions boost

Table 3.
NLO parameters of the grown PPTSA single crystal
Third-order NLO parameters Values
Laser wavelength 532 (nm)
Focal length of lens used 130 (mm)
Radius of aperture used 1.5 (mm)
Radius of the beam on aperture 3 (mm)
Intensity of the laser at the focus 0.01478 (MW/cm?)
Reighley range (Zr) 1.271 (mm)

Nonlinear absorption coefficient ()

0.0495 x 10~* cm/W

Nonlinear refractive index (n,)

8.705 x 10710 cm? /W

Real part of the third order susceptibility [R,(x®)] cm?/W

2.039 x 1077 esu

Imaginary part of the third order susceptibility [I,,(x®)) ] cm/W

4910 x 1077 esu

Third order nonlinear optical susceptibility [y®]

5.316 X 10~ 7esu

Optical Limiting threshold values (OL)

3.074 x 102 (Wem™2)

€0

Klebsiella pneumoniae

Escherichia coli

Fig. 10. Antibacterial plate photos of the grown PPTSA crystal (a) Streptococcus aureus, (b) Streptococcus
pneumoniae, (c) Klebsiella pneumoniae and (d) Escherichia coli.
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Table 4
The antibacterial activity of PPTSA single crystal
Test microorganism Gra_m Zone of inhibition (mm)
reaction 40 (uL) 50 (uL) 60 (uL) Amx (uL)
Klebsiella pneumoniae G+ 21 21 22 16
Escherichia coli G+ 19 19 19 11
Streptococcus aureus G- 24 23 24 15
Streptococcus Pneumoniae G- 20 20 20 13
antibacterial ~ effectiveness  significantly = [31-35]. subjected to antibacterial activity against human pathogen

Furthermore, the presence of a free HNCCO moiety
promotes the delocalization of m-electrons over the
PPTSA molecule, increasing lipophilicity [36]. The
enhancement of lipophilicity of the compound retards the
normal cell processes via degradation of cell’s
permeability in turn pathogens are made destroyed. Hence
the titular compound could be an effective material for bio
medical applications [37-40].

Conclusions

Piperazine (bis) p-toluenesulfonate (PPTSA) crystals
were successfully grown at ambient temperature using a
slow evaporation approach. Crystallinity of the crystal
was confirmed with PXRD and crystallizes triclinic and
belong to P1. The functional groups of PPTSA crystal was
affirmed by FTIR spectra. The UV-Vis spectrum reveals
that the energy band gap value is 4.06 eV. The
photoluminescence measurements confirmed that the
produced crystal could be used to fabricate LEDs. The
grown PPTSA crystal exhibits RSA and self-defocusing

and found that it is a efficient material for drug
manufacturing.
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nature which are inevitable for optical limiting and
switching applications. The title crystal PPTSA was
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Kaprix Kannar®, I1. T'ita®, I. Binita’, I1. [Ipasin Kymap®, I1. Pamemxymap®”

JlocaiizKkeHHs CTPYKTYPHOI, ONITUYHOI HeJIiHIHOCTI Ta aHTHOAKTepiaJbHOI
AKTHBHOCTi MOHOKPHCTAJY Minepa3uHy
(bis) p-ToayoscyibdoHATY AJIsi ONTHYHUX 00MeKeHb Ta 0i0IOriYHIX
3aCTOCYBAHb

YVuieepcumem Bxapamioacany, ITymanamnammi, Inois;

ZYpﬂéoeud Koneda mucmeyme Apienap Anna, Hamaxkan, Taminnaoy, Inois;

3Tuorcenepnuii koneosc MAM, Cipyeanyp, Tipyuipannaani, Taminnady, Inois;

4llepoicasnuii konedac mucmeyme i nayxu, Komapananasm, Taminnady, Inois;

SBiooin ximiunux nayx i Llenmp paouxanvrux docnioscens, Apienvcokuil yrisepcumem, Apiens, I3pain;
8 Teporcasnuii scinouuii xonedc Kyeiio-I-Minnam (aemonomnuii), Taminnaoy, Inois;
"IlIxona nepedosux nayk, VIT Yennaii, Tamin Haoy, Inois;
8IIpesudenmeoruii konedc (asmonomuuii), Yenayx, Tpunnixan, Yennai, Taminnady, Indis, rameshkumarevr@gmail.com

Opraniunuit Monokpucran minepasud (bis) p-ronyoncynsdonar (PPTSA) cHMHTE30BaHO i BHPOLICHO MpH
TeMIIepaTypi HaBKOJIHMIIHBOTO CEPEOBHINA IUIIXOM IPOLECY MOBUIBHOIO BHIIAPOBYBAHHS 13 BHKOPHCTaHHAM
METaHOJY Y SKOCTi po3unHHHKA. Bupomeno kpucran PPTSA BiZHOCHTBCS 10 mpukaiHHOi CACTEMH 1 HAJICKUTH 0
npoctopoBoi rpymu P1. Jlns mepeBipku mapaMeTpiB IpaTKd 3aCTOCOBAHO METOJ IOPOIIKOBOI PEHTTCHIBCHKOT
mudpakiii. AHani3 1 KoHpopMario GyHKIIOHAIBHUX IPYI 1 3B'I3KiB MPOBOJMIN 33 JOIOMOTOIO CIEKTPAIHHOTO
nocmimkersst FT-IR. OntudHi XapakTepuCTHKU OCTIIKEHO i3 BHKOpHCTaHHsM crektpy UV-Vis, 30kpema,
JOCII/DKEHO ONTHYHE IIOTJIMHAHHS, pO3paxoBaHA JOBXKWHA XBHWII BiAcikaHHS. JIsl OWIHKM CBITJIIOBHX
XapaKTEePHUCTHK BUPOIICHOTO KPHUCTAJa IOCTIKCHO CIeKTpH (GoTomoMiHectieHii. Po3paxosani mapametpu NLO,
Taxi six B, N2 Ta ¥, 6ynu BcTaHoBIEHi, BiANOBiAHO, K 0.0495%10 (cm/W), 8.705x10710 (cm?/W), 5.316x1077 (esu),
BUSBJICHE IIOPOrOBE ONTHYHE OOMexeHHs ckao 3.074x10°3 (Wem-?). 3xilicHeHo anTMOaKTepiaabHi HOCIiIKEHHS
JUISL BUBYCHHS 010JIOT1YHOI aKTUBHOCTI MMPOTH BUOPAHUX MiKPOOIB Xap4OBOTO MOXOKEHHS.

KiouoBi ciioBa: BUpOIIyBaHHS KPUCTAIIB, ONTHYHUN Marepiai, ONTHYHE OOMEXEHHs, aHTHOaKTepialbHa
Tis.
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Using the methods of electron density functional and ab initio pseudopotential, the spatial distributions of
valence electron density, the density of electronic states, and Coulomb potentials along the specified directions
within the arrays of B-Ga203 nanowires with different cross-sectional shapes and positions in arrays were
calculated. Synergistic properties of arrays of wires are established. The degree of influence of the wires on each
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Introduction and formulation of the
problem

Today, nanotubes and nanowires are successfully
grown from various materials [1-16] and attract attention
due to their mesoscopic phases, which provide them with
new physical properties for use in devices [17]. Efforts
have been made to fabricate $-Ga,O3z nanotubes, but the
reported [18] nanotubes were mostly disordered or bent.

S NS :

Fig. 1. Scanning electron microscope image at high magnification of vertically aligned arrays of f-Ga,Oz nanowires

grown on a glass substrate coated with tin oxide with fluorine impurities (left - top view), and a cross-section of the
nanowire array (right) [29].

Growing large-scale arrays of 3-Ga,Os-based cylindrical
structures with uniform morphology is still a huge
challenge. At this point, there are few reports on the
fabrication of B-Ga.Os; nanowire arrays by inductively
coupled plasma etching [19-27]; the nanowires
synthesized using the chemical vapor deposition

technique using hydrogen [28]; the monoclinic, vertically
oriented B-Ga,Os; nanowires obtained by hydrothermal
method and annealed [29] (Fig. 1).
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Johnson et al. [30] improved the vapor-liquid—solid
growth method for the synthesis of indium oxide, gallium
oxide, and tin oxide nanowires by using chemical vapor
transport with gold nanoparticles as catalysts. They
managed to synthesize single-crystal nanowires with a
diameter of 40-100 nm and a length of more than 10-
100 microns.

Alkhalayli et al. [31] analyzed the characteristic
structure and morphology of B-Ga>Os nanowires for their
application in UV photodetectors. Nanowires have a large
surface area, small diameter, intrinsic scattering, and high
photoconductivity, enabling UV photodetectors to achieve
high sensitivity. Also, nanowires minimize the effects of
lattice defects and thermal mismatch during the growth
process,  simplifying  high-performance  devices'
production. In addition, one of the advantages of using
nanowires is the ability to enhance light absorption and
confine light to increase photosensitivity.

Due to their structural features and potential quantum
confinement effects, unique electrical and optical
properties are realized in semiconductor nanowires and
nanotubes. Matt Low et al. [32], Hao Zeng et al. [33]
believe that these semiconductor nanostructures are
important elements in a wide range of promising
applications for nanoscale devices due to their wide range
of compositions and band structures. Current research
focuses on rational synthetic control of one-dimensional
nanoscale building blocks, novel property characterization
and device fabrication based on nanowire building blocks,
and integration of nanowire elements into complex
functional architecture.

A comprehensive understanding of the synergistic
relationship between the structural morphology of B-
Ga,03 nanowire arrays and the electronic properties of the
array as a whole is necessary. Our work is devoted to the
numerical determination of the characteristics of the
electronic subsystem of model arrays of [(-GaOs
nanowires of various cross-sections and packing
geometries. The main research methods were electron
density functional and ab initio pseudopotential theories.
Using the author's program [34], the spatial distributions
of the density of valence electrons, distributions of the
density of electronic states, and Coulomb potentials along
the specified directions within the array of nanowires were
calculated.

I. Models and calculation methods

The numerical experiments from the first principles
were performed according to the algorithm described in
works [35-37]. Since the calculation algorithm assumed
translational symmetry in the studied atomic system, an
artificial superlattice of the orthorhombic type was first
created. The symmetry of the superlattice made it possible
to match the Cartesian system to the crystallographic one.
The objects of the study determined the parameters of the
unit cell of the superlattice and the atomic basis. The
objects of the calculation were infinite arrays of B-Ga»>O3
nanowires of different diameters, the same height, and
different cross-sectional shapes: cylindrical and
parallelogram. The wires were located relative to each
other with respect to rectangular symmetry.
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The ground states of the subsystem of valence
electrons of model arrays of nanowires were determined
using the self-consistent solution of the Kohn-Sham
equations in the local approximation with fixed atomic
cores. The calculations were performed under the
following conditions: the integration over the Brillouin
zone of the artificial superlattice was replaced by the
calculation at the [I-point; self-alignment iterations
stopped if the calculation results of the current iteration
coincided with the previous one with a predetermined
error, their number varied depending on the object being
calculated, but usually our results converged after 3-6
iterations; Kohn-Sham wave functions should be written
in the form of Bloch functions, expanded on the basis of
plane waves; the number of plane waves in the distribution
of the wave function was reduced by means of trial
calculations and assessment of the physicality of the
obtained results (spatial distribution of the electron
density, the size of the gap in the energy electronic
spectrum between the last occupied state and the first
unoccupied one, general ideas about the modeled
nanostructure or evaluation of the obtained results in
comparison with the results, obtained by other authors),
the number of plane waves was chosen to be
approximately 20-25 waves per one base atom; the atomic
basis was not optimized; the interaction of valence
electrons with ionic cores was processed using a
pseudopotential from the first principles of Bechelet-
Hemann-Schleter.

The synergistic properties of the electronic subsystem
of the array of wires were studied, that is, the degree of
influence of the wires on each other was determined
depending on the geometric parameters of their mutual
location in the array and the electronic characteristics of
the array of wires as a whole. The influence of the possible
growth substrate of the array of wires was not taken into
account.

The corresponding values of the parameters of the unit
cell of the superlattice and the coordinates of atoms in the
basis allowed us to model infinite arrays of B-Ga,Os wires.
On Fig. 2 images from different angles of numerically
reproduced cylindrical nanowires are given. The
nanowires periodically arranged in the XY plane, they
have a height equal to h = 1.57 nm, different diameters
2*R (0.61 or 0.95 nm, “thin” or “thick”). The nanowires
separated by a vacuum and located relative to each other
one according to square symmetry at variable distances r
(the distance between the centers of the cylinders is
marked as "a" in the figure). Wires in the form of a
cylinder had a symmetrical cross-section — a circle, other
types of wires - prism-shaped - had spatial angles between
the limiting faces and the dimensions of the faces
corresponding to the monoclinic 3-Ga,Os syngonia.

The parameter "c" (Z direction) of the unit cell of the
superlattice was chosen so as to avoid the interaction
between the atoms of the nanowire array translating in the
Z direction, while the interaction in the X, Y directions
was detected. The number of atoms in the base was 60
atoms for thin cylindrical and prismatic wires, and 120
atoms for thick cylindrical wires.
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Fig. 2. Fragments of an infinite array of 3-Ga,Os wires. Thick nanowires are shown in different angles: on
the left — in the ZY plane, on the right — in the XY plane. Gray spheres are Ga atoms, white spheres are O atoms.

I1. Results and discussion

To determine the quantitative characteristics of the
interaction between nanowires in the array due to long-
range electric forces, Coulomb potentials induced by
valence electrons were calculated along different
directions of nanowire arrays (Fig. 3). As a sign that the
interaction between the electronic subsystem of the wires
disappears, we considered the equality of the Coulomb
potential to be zero in the region between the wires.

It was established that the interaction between the
cylindrical wires is manifested starting from the distance
between them from 0.71 nm for thin wires, from 0.37 nm
for thick ones (Fig. 4-5

An obvious increase in the values of the Coulomb

.
X

potentials induced by the electronic subsystem was
observed when the wires in the array approached each
other. At the same time, this growth occurred more
intensively for thin wires. The similarity of the change in
the Coulomb potentials, calculated in different directions
of the array of cylindrical wires, and the closeness of their
numerical values indicate the isotropic nature of the
electrical properties of the array, and some difference is
associated with an irregular circle in the cross-section of
the wire and with different types of atoms lining its side
surface. An increase in the values of the Coulomb
potentials, induced by the electronic subsystem and
proportional to its charge density, in the region between
the wires correlates with a decrease in the intensity of the
spatial distributions of the density of valence electrons
inside the wires, especially this is noticeable in the array

of thin wires (Fig. 6).
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Fig. 3. Directions along arrays of thin (left) and thick (right) nanowires for calculating Coulomb potentials and their
designation: OX, QY. A unit cell with the maximum iso-value electron density containing one wire is given; the
translation operation involved in the calculation algorithm implements an infinite array of wires in the XY plane.

Examples of the obtained potential distributions are given.
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Fig. 4. Values of the Coulomb potentials depending on the distance between thin wires. Coulomb potentials are
calculated in the middle between the wires in the directions indicated on fig. 2 in the array of wires.
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Fig. 5. Values of the Coulomb potentials depending on the distance between thick wires. Coulomb potentials are
calculated in the middle between the wires in the directions indicated on fig. 2 in the array of wires.
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Fig. 6. Spatial distributions of valence electron density in the interval of iso-values 0.8-0.7 from the maximum in the
array of thin 3-Ga»Os wires when the distance between them changes from 0.21 nm to 0.68 nm.
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A decrease in the width of the electronic band gap is
evidence of the presence of a synergistic (collective) effect
in the electronic properties of an array of closely spaced
thick B-Ga,O3z wires. Namely, wires located far from each
other exhibit the properties of a single cluster and have a
significant width of the band gap (HOMO-LUMO) - about
180 eV. Whereas closely located wires demonstrate the
properties of an ordered interacting metastructure and a
much smaller size of the band gap - about 40 eV (Fig. 7).
At the same time, the change in the value of the band gap
depending on the reduction in the distance between the
wires is monotonic.

As for the array of thin wires, the nature of the change
in the value of the electronic band gap depending on the
distance between the wires is non-monotonic, and when
the distance between them is about 0.50 nm, the value of
the band gap was the largest. The rest of the obtained
values were almost an order of magnitude smaller than for
the array of thick wires (Fig. 8).

Arrays of prism-like wires bounded by faces
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Ee.
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0,21 0,24 0,27

characteristic of the p-Ga,0s; monoclinic syngony have
anisotropic electrical properties, since, firstly, the surface
area of the interacting faces of the prism wires in the OY
direction is four times larger than in the OX direction and,
secondly, the wires are located relative to each other
according to rectangular, but not square, symmetry
(Fig. 9). This fact is reflected in the distributions of
Coulomb potentials (Fig. 10-11). Namely, all distributions
are different in shape and numerical values. At the same
time, the expected greater intensity of interaction between
the faces of the wires, which have a larger area, did not
come true. On the contrary, smaller potentials were fixed
between these faces, which was apparently determined by
incomplete atomic bonds, which were more active on the
faces of a smaller area, i.e. in the OX direction. As for the
values of the electronic band gap of the array of prism-
shaped wires, they are non-monotonic depending on the
distance between them.

0.29 0,32 0,35 0,37

. nm

Fig. 7. Dependence of the width of the electronic band gap of the ordered metastructure (an array of thick
cylindrical B-Ga,O3 wires) on the distance between the wires.
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Fig. 8. Dependence of the width of the electronic band gap of the ordered metastructure (an array of thin cylindrical
B-Ga,03 wires) on the distance between the wires.
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Fig. 9. Directions along arrays of prism-shaped nanowires bounded by faces characteristic of f-Ga>,0Os monoclinic
syngonia for calculation of Coulomb potentials and their designation: OX, OY. The symbols "a", "b" indicate the
distances between the wires.
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a, nm

Fig. 10. Values of the Coulomb potentials depending on the distance between the prism-shaped wires. Coulomb
potentials are calculated in the middle between the wires in the directions indicated on fig. 9 in the array of wires.
The distance "a" between the wires was changed, the distance "b" was fixed at 1.8 nm.
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Fig. 11. Values of the Coulomb potentials depending on the distance between the prism-shaped wires. Coulomb
potentials are calculated in the middle between the wires in the directions indicated on fig. 9 in the array of wires.
The distance "b" between the wires was changed, the distance "a" was fixed at 0.9 nm.
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Conclusions

Using the methods of electron density functional
theory and ab initio pseudopotential, the spatial
distributions of the valence electron density, the
distributions of the density of electronic states, and the
Coulomb potentials along the specified directions within
the arrays of B-Ga,O3 hanowires of various cross-sectional
shapes and positions relative to each other were
calculated. Synergistic properties of arrays of wires are

parameters of their mutual location in the array, and the
electronic characteristics of the array of wires as a whole.
Arrays of B-GayOs wires of cylindrical shape and larger
diameter reveal more controlled and physically justified
synergistic electronic characteristics than arrays of
cylindrical wires of smaller diameter and prismatic shape.
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CuHepreTu4Hi BJacTUBOCTI MacuBiB HaAaHOAPOTIB B-Ga,0O3
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Merogamu Teopil (yHKIiOHaNY enekTpoHHOI TyctHHH Ta ab initio mcepgomoTeHmiany po3paxoBaHO
MIPOCTOPOBI PO3MOIITH TYCTUHH BAICHTHUX €JIEKTPOHIB, PO3IOJIUIN T'YCTHHH €JIeKTPOHHHX CTaHIB Ta KynoHiBCEKi
MOTEHINIaIA B3[IOBXK BU3HAYCHUX HATPSAMKIB y MeXax MacWBIB HaHOAPOTIB -Gax0s3 pisHUX GopMm mepepizy Ta
pO3TalllyBaHHS OJMH BiJHOCHO OJHOTO. BCTaHOBIECHI CHHEPreTHYHI BJIACTHBOCTI MAacHBIB JPOTIB, BU3HAYCHA
CTYIIiHb BIUIMBY IPOTIB OJMH Ha O/THOTO B 3aJIC)KHOCTI BiJl FCOMETPHYHHUX NApaMeTPiB X B3aEMHOTO PO3TAIIyBaHHS
B MacHBIi Ta eNEKTPOHHI XapaKTEPUCTHUKN MAaCHBY JIPOTIB SIK €IMHOTO LIiJIOTO.
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Introduction

Optical gas sensors based on liquid crystal sensitive
elements are a promising research direction in the field of
electronics today [1-3]. Such sensors can detect substances
in a gaseous state, in particular gases-markers of
pathological conditions, as well as a whole range of organic
substances, exceeding the concentration of which is
unacceptable in production.

Alcohols, particularly methanol, ethanol, and
isopropanol, which have been investigated, are flammable,
colorless, and readily soluble in water. Their main
application is in the medical and chemical industries, and
also they can be used as fuel. All these substances are toxic
to the human body to varying degrees [4, 5].

Thus, ethanol can be present in the mixture of human
exhaled gases and serve as a biomarker of pathological
conditions, the most obvious of which is alcohol
intoxication. In addition, measurement of ethanol
concentration may be necessary in other industries, for
example, in chemical industries, distilleries, etc.

Methanol, in turn, is more toxic than ethanol, so it
represents a greater danger for people [5]. Measuring its
concentration in production is also important, in addition,
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due to the liquid crystal sensitive element, it is possible to
distinguish between methanol and ethanol by the type of
characteristic graphs. Such an opportunity can be useful for
detecting low-quality alcohol, where more expensive
ethanol can be replaced by methanol.

Chromatography and mass spectrometry methods are
currently used to perform the above measurements [6, 7].
These methods require the presence of qualified personnel
to perform measurements, are time-consuming, and also
require specialized and expensive equipment. The
introduction of new technologies for the analysis of the
exalted gases mixture for the diagnosis of diseases is
currently limited by a number of factors, in particular, the
sensitivity to certain substances and the relative
universality of the sensors.

. Sensitive element

In the conducted research, the sensitive element of the
optical sensor is a liquid crystalline cholesteric-nematic
mixture consisting of a nematic liquid crystal E7 and an
active impurity CB15 [8]. Quantitatively, the presence of
an optically active impurity in the mixture is 37%. This
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amount of cholesteric impurity allows the mixture to be
stable and respond well to changes in the concentration of
the analyte substance in the environment.

The determination of the presence and concentration
of alcohol vapors in the studied volume is based on the
change in the optical properties of the liquid crystal
mixture under the influence of the analyte.

Analysis of the interaction of alcohols, as large and
structurally similar organic molecules with a liquid crystal
mixture of a sensitive element, is close to the interaction of
a similar sensor with acetone vapors [9].

Alcohols are derivatives of hydrocarbons in the
molecules of which one or more hydrogen atoms are
replaced by hydroxyl groups -OH. Alcohols can be
classified according to the number of hydroxyl groups
present - monoatomic, diatomic, and polyatomic [10, 11].
Thus, in this work, monoatomic alcohols are presented as

the studied substances - methyl (CH3OH), ethyl
(C2H50H), and isopropyl (CH3CH(OH)CH3).
Alcohols exhibit weak acidic properties, such

properties are due to the high polarity of the bond in the
hydroxyl group. The polarity of alcohol molecules can be
characterized by dipole moments, so ethyl alcohol has a
dipole moment of 1.68 D, methyl alcohol - 1.69 D, and
isopropyl alcohol - 1.66 D [12, 13].

Thus, considering the E7 liquid crystal mixture, which
consists of four different, but structurally similar, liquid
crystal substances - derivatives of cyanobiphenyls (4-
alkyl-4-cyanobiphenyls), we can consider it homogeneous,
since there is no specific interaction between different
components. The general structure and percentage
composition of the E7 mixture are shown in Fig. 1.

51% 5CB cm-{cnz \ /=N
25% 7CB cna{-Csz—@-Q =N
16% 8OCB CH3—(-CH2}— c=N

8% 5CT CH3-fCH24 O O C=N

Fig. 1. Liquid crystalline substances contained in the E7
mixture and their percentage ratio.

The optically active admixture of cholesteric liquid
crystal CB15 has a general structure similar to the
components of the E7 mixture [14]. Namely, CB15 differs
from 5CB by replacing the pentyl radical with a branched
2-methylbutyl with an asymmetric carbon atom, thanks to
which it induces helical twisting in the system, but
significant changes in orientational ordering are not
observed. In general, the used liquid crystal mixture E7 and
SV15 can be considered qualitatively homogeneous. That
is, we get a cholesteric matrix that can interact with alcohol
molecules.

The process of changing the optical characteristics of
the liquid crystal mixture under the influence of alcohols is
based on the change in the pitch of the cholesteric spiral
during the interaction, which is described by expression
(1). This expression reflects the change in the pitch of the
cholesteric spiral in the first approximation.
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The further principle of the interaction of alcohols with
a liquid crystal mixture is similar to the interaction with
acetone [15]. Thus, when the concentration of alcohol
vapors increases and a certain critical concentration is
reached, the orientational order parameter of the liquid
crystal mixture decreases to a threshold value, after which
the mixture transitions into an isotropic phase [16-18]. The
reverse phase transition occurs similarly when the
concentration of alcohol vapors decreases, in which case
we observe the recovery of the initial color of the liquid
crystal mixture. These processes reflect the basis of the
operation of the presented liquid crystal optical sensor.

Also, based on previous experiments with similar
sensors, it can be concluded that changes over time in the
process of absorption of evaporated substances are
qualitatively the same for all three color curves and to some
extent reflect changes in the degree of optical transmittance
[19-21]. We accept these changes as an analytical criterion
for the action of alcohols.

I1. Photodiode receiver for determining

the transient characteristics of a
sensitive liquid crystalline element

Determination of the intensities of the three spectral
components and subsequent construction of graphs of the
transition of the liquid crystal sensitive element to the
isotropic state is carried out using the receiving photodiode
module TCS3490 [22].

The basis of the receiver is a segmented circular
photodiode module consisting of 16 separate photodiodes.
4 photodiodes for each spectral component - red, green,
blue and infrared (Fig. 2).

Voo 1 6 SDA
SCL 2 5 INT
GND 3 4 LDR

Fig. 2. Appearance and general structure of the TCS34903
photosensitive element

Each spectral component is served by a separate
analog-to-digital converter. The high dynamic range of 1
to 1,000,000 and high speed allow the module to be used
for measuring the level of ambient light, determining color
temperature, controlling industrial processes, and medical
diagnostics.

The spectral characteristics of the module are quite
satisfactory for obtaining the transient characteristics of the
liquid crystal sensitive element. The general spectral
characteristics of the receiving module are shown in Fig. 3.
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Fig. 3. Spectral characteristics of the receiving photodiode
module TCS34903 [22].

In this case, we remove three spectral components for
the study. The infrared spectrum is not used, due to the
much smaller, about one hundred times, intensity obtained,
but in general it repeats the typical appearance and
characteristic points of the other three components. Other
components and the general structure of the hardware part
of the sensor are given in [9]

1. Experiment

The measurements of the change in transmission
intensities of the optical liquid crystal sensor under the
influence of various alcohols also showed similarities with
similar studies of the interaction of the liquid crystal sensor
with acetone.

Thus, the experiment with ethanol, the results of which
are shown in Fig. 4, 5 clearly visualize the transient
processes occurring in the sensitive element.
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Yac BMMmiprOBaHHA, C

Fig. 4. The curve of change in the transmission intensity of
a sensitive liquid crystal element under the influence of
ethanol with a concentration of 0.5 ml.

In general, we can observe several typical areas during
the transition of a sensitive element to an isotropic state.
Thus, the first section represents a slow increase in the
transmission intensities of all three components of the
spectrum. The second section represents the trigger peak,
which indicates the beginning of the intense transition of
the mixture into the isotropic state, while the transmission
intensities initially decrease slightly, especially for the red
component. The next plot shows a sharp transition and
increase in transmission intensities, especially for the green
and blue components. The next peak reflects the moment
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of the beginning of the reverse process and, accordingly,
the transition of the sensitive element to the initial state.
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Fig. 5. The curve of changes in transmission intensities for
a sensitive liquid crystal element under the influence of
ethanol with a concentration of 1 ml.

For the one shown in fig. 5 of the experiment with an
increased concentration of ethyl alcohol to 1 ml, a slight
decrease in the transition time can be observed. In addition,
there is a special characteristic point that appeared in
experiments with acetone, namely the intersection of the
intensities of the green and blue components of the
spectrum.

The interaction with methyl alcohol, as can be seen in
Fig. 6, is much weaker - despite the higher concentration
(2 ml), the registered changes in transmission intensity are
significantly smaller, and there are no signs of a change in
the phase state.
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Fig. 6. Graph of changes in transmission intensities of a
liquid crystal sensitive element when interacting with
vapors of methyl alcohol, concentration 2 ml.

Next, a mixture of methyl and isopropyl alcohol in the
proportions of 50 to 50 was placed in the volume of the
sensor. The reaction of this mixture is close to the
interaction of the sensitive element with ethyl alcohol. The
concentration of the mixture in the studies was 0.5 (Fig. 7)
and 1 ml (Fig. 8)
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Fig. 7. Graph of the transition to the isotropic state of a
sensitive liquid crystal element under the action of a
mixture of methyl and isopropyl alcohol with a
concentration of 0.5 ml.
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Fig. 8. Graph of the transition to the isotropic state of a
sensitive liquid crystal element under the action of a
mixture of methyl and isopropyl alcohol with a
concentration of 1 ml.

The results of the measurements coincide with the
expectations and correspond to similar results that were
carried out with other organic solvents, in particular -
acetone.

Conclusions

As a result of the study on the interaction of alcohol
vapors with a liquid crystal sensitive element, we obtained
results that correlate well with previous studies. The
relatively low interaction of methyl alcohol with the
sensitive element of the sensor can be compensated by
heating the alcohol before placing it in the measuring
volume of the sensor. In general, when interacting with
alcohols, the liquid crystal mixture based on E7 nematic
and CB15 cholesteric shows somewhat worse sensitivity
than when interacting with acetone.

Another important result is the confirmation of the
general typical form of graphs illustrating the transition of
a liquid crystal mixture to an isotropic state. In contrast to
the predicted linear transition, with a quick jump-like
reaction of the sensitive element upon reaching the critical
concentration of the analyte substance, already in the
second series of experiments we obtained a clear reaction
stretched over time, with characteristic points.

The obtained results are very similar to the
manifestation of the so-called "blue phase” of the used
liquid crystal mixture [23-25]. It was previously
established that the "blue phase" for some liquid crystal
mixtures is manifested in the vast majority under the
influence of temperature, and not during interaction with
surrounding substances, but research continues [26].
Further research will be aimed at establishing the
correspondence between the known transition of this
liquid crystal mixture into the "blue phase” under the
influence of temperature, and the resulting transitions
during interaction with substances and analytes.
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[IpoBeneHo nociikeHHS POOOTH ONTUYHOTO AATYMKA Ul BU3HAYCHHS KOHIIGHTpAIii CHHPTIB, 30KpeMa,
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Lead tin telluride solid solutions are excellent candidates for the p-type conduction legs of the thermoelectric
generator modules. The investigation of their microstructure properties is an important issue, that can effectively
modify their electronic and thermal transport properties. In this work, we show the experimental dependences of
the Pb1xSnxTe component distribution, which were identified as periodic nanostructures with an amplitude of
L =~ 50-500 nm. The observed periodicity is explained by the generation and recombination of point defects due to
diffusion processes during the synthesis, sintering, and annealing of samples. A model describing the formation of
such inhomogeneities in Pbi1-xSnxTe ternary alloys during isothermal annealing is proposed.
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Introduction

Lead telluride-based compounds are among the best
materials  for medium-temperature  thermoelectric
applications [1-4]. The electronic and thermal transport
properties of these materials can well-tuned using the
point defects and nano-inclusions [5-8]. However, a much
more interesting effect is the formation of the self-
organized nano-inclusions, which may have a significant
effect on the physical properties. Particularly, the
formation of periodic structures was observed in PbS,
PbSe, and PbTe thin films grown by the thermal
deposition method [8-11]. The observed changes of the
Seebeck coefficient S(d) and electrical conductivity o(d)
at minima and maxima of the thickness dependences of
the film were up to ~2 times. The authors associated this
periodicity (Ad ~30 nm) with the dimensional quantum
effect. However, if the amplitude of oscillations at the
level of ten nanometers can still be explained by the
dimensional quantum effect, the value of Ad at the level
of hundreds of nanometers is questionable. In particular,
in ref. [11], an increase in the electron concentration by ~
2 times leads to a decrease in the period of oscillations also
by ~ 2 times (from 200 to 100 nm), which is 5 times higher
than the values estimated from the quantization
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conditions.

The organization of periodic nanostructures not for
film material, but bulk CdHgTe crystals, was established
in ref. [12]. The authors claimed that the period of
oscillation can vary from nanometers to micrometers. The
main factor influencing this value is the absolute values
and the ratio between concentrations of vacancies and
interstitial atoms. The concentration of interstitial atoms
may be several orders of magnitude lower than the
concentration of vacancies. Therefore, the interstitial
atoms, practically without affecting the properties of the
material, determine the periodicity of vacancy
distribution, which in turn determines the periodicity of
nanostructures in the material. Other factors, i.e. the nature
of the initial inhomogeneities in material, are less
important.

Herein, in the case of the PbTe-based materials, we
developed a model, which suggests that the carrier
concentration is the main parameter to control the
periodicity of the formed nanostructures. By tuning the
carrier concentration of Pb1.xSnxTe by I-doping we were
able to establish the periodic structure of the material with
an amplitude A = 50-500 nm, which is confirmed by TEM
analysis.



Periodic nanostructures induced by point defects in Pbi.xSnyTe

I. Experimental section

Synthesis and characterization of materials

Materials were synthesized in quartz ampoules
evacuated to a residual pressure of 10° mbar. The
ampoules were subjected to rigorous purification, which
included washing in a 1HNO3:3HCI concentrated acid
mixture and frequent cleaning with distilled water and
isopropanol. Polycrystalline Pb;xSnyTeyly materials
were synthesized by melting Pb (99.999%), Te (99.999%),
Sn (99.99%), and Pbl, (99.999%) at 1273 K . Each
ampoule was shaken at the liquid state to force the mixing
of the components and then taken from the furnace and
quenched in cold water. The obtained ingots were crushed
into a fine powder via hand milling in an agate mortar and
then densified using the spark plasma sintering technique
at 873 K for 20 min in a 10 mm diameter graphite mold
under axial compressive stress of 50 MPa in an argon
atmosphere. The heating/cooling rate was 50 K/min. For
homogenization, all samples were annealed for 20 hours
at 873 K in an argon atmosphere.

The structural analyses of the samples were studied
using X-ray diffractometer STOE STADI P (by STOE
&Cie GmbH, Germany) according to the modified
Guinier geometry scheme using the transmission mode
(CuKay-radiation, concave Ge-monochromator (111) of
the Johann type; 26/w-scan, angle interval
10.000°< 20 <85.000 ° with the step of scanning of
0.015°; the scan time in step 100-2305s). The initial
processing of experimental diffraction arrays was
performed using PowderCell (version 2.4) software
packages.

For SEM and EDX analyses, the samples were
embedded in conductive resin, and subsequently polished,
using 0.1 um diamond powder in a slurry. The analysis of
the samples’ chemical composition was carried out using
a scanning electron microscope (JEOL JSM-6460LV
Scanning Electron Microscope) equipped with energy-
dispersive X-ray spectroscopy capabilities.

The specimen for TEM investigations was prepared
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with the FIB technique. For TEM investigations, Titan
Cubed G2 60-300 (FEI), a probe Cs-corrected (S)TEM
was used. The microscope was equipped with the
ChemiSTEM EDX system based on four windowless
Silicon Drift Detectors (Super X). Phase identification
based on Selected Area Electron Diffraction (SAED)
patterns was performed using JEMS v4.7830 software
(Pierre Stadelmann, JEMS-SAS, Switzerland).

1. Results and discussion

Fig. 1a presents powder X-ray diffraction patterns of
pristine PbTe, Pbo7SnosTe, and Pbg7Sng3Teggsloor solid
solutions, normalized to the most intense (200) reflection.
XRD results prove that all alloys have a structure of cubic
PbTe. The estimated compositional dependence of the
lattice parameter a for PbixSnTe agrees well with
Vegard’s law, as was already observed in earlier works
[13].

SEM analysis of sintered samples (Fig. 1b) shows that
there are no large macro defects, in particular, micrometer-
sized pores, indicating the high homogeneity of the
sample. This conclusion is also confirmed by the density
measurements. In particular, for the Pbo7SngsTeo.gslo.o1
sample, the value of p determined by the Archimedes
method was equal to 99% compared with the theoretical
XRD density.

The investigation of the structure using TEM
indicates the presence of periodic formations (Fig. 2). The
distance between them is up to 100 nm. The fact that the
formation of these inclusions is caused by periodicity in
the distribution of components is confirmed by the
quantitative chemical composition analysis using EDX
(Fig. 3-4). 1t is important to note that these

inhomogeneities are not inclusions of another phase. Their
crystal structure is similar to the structure of the matrix
material.

Fig 1. (2) The powder X-ray diffraction patterns for PbTe, Pbo7SnosTe, and Pbo7SngsTeosslo.o1 specimens; (b) the
Scanning Electronic Microscopy image for the representative Pbo7SnosTeo.gslo.01 Sample.
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Fig. 2. Transmission electronic microscopy image of the p-Pbo.7ShosTeo.g9lo.01 Specimen after spark plasma
sintering.
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According to the EDX analysis data presented in
Fig. 3, the Fourier analysis was performed. The results are
shown in Fig. 4. It can be seen from the calculations that
the distribution of the components of the solid solution
along the direction of the quantitative elemental analysis
has a well-defined periodic character. The theoretically
determined oscillation period for tin and tellurium is
approximately the same (=42 nm), for lead, it is somewhat
larger, but of the same order (=50 nm). The most
important thing here is that the distributions of Te and Sn
are in antiphase with each other.

It is worth noting that the 1/3 part of the line along
which the analysis was carried out is located at the grain
boundary. In addition, in this area, a contrasting area is
observed, which, according to elemental analysis, is
enriched with tin and, accordingly, with a reduced content
of lead and tellurium. This explains the slightly more
intense oscillations in the concentration of components in
this area. It is also important that a satisfactory correlation
between the modeled curve and experimental ones was
achieved when taking into account two harmonics - the
main one, which almost completely determines the main
characteristic features of the experimental dependence,
and the additional one, which leads to some improvement
of the corresponding correlation. Such a regularity may
indicate the possibility of the existence of several (at least
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two) factors that determine the periodic distribution of
components in a solid solution. Moreover, one of them is
dominant.

Model for diffusion instability of tellurium atoms
distribution in Pb1xSnxTe

The essentially nonlinear nature of mutual diffusion
processes in the ternary alloys results in the
inhomogeneity of the distribution of components and
defects [14]. A theoretical model describing the formation
of the periodic distribution of mercury atoms in
Cd;xHgxTe during post-growth cooling is proposed in ref.
[12, 15]. The mechanism of phenomena is based on the
diffusion instability in a system containing vacancies and
interstitial atoms. It was estimated, that if the initial
concentration of interstitial mercury atoms is higher than
some limit value of 3 x 10% cm™ for CdosHgo 2 Te at long-
time annealing (T=473 K), the periodic distribution of
mercury atoms appears from the insignificant fluctuation.
The spatial and temporal scale of the distribution is
determined by the equilibrium concentration of vacancies
and does not depend on the specific type of fluctuation.
The period increases from 10 nm to 3000 nm with a
decrease in the equilibrium concentration of vacancies
from 10 to 10" cm?3 At low concentrations, the
formation of the periodic structures takes a much longer
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Fig. 4. The element distribution along the EDX line scanning. The dashed line indicates the experimental
measurements, the solid lines indicate the simulation using the sinusoidal function. (a) — Te distribution (the main
harmonic A = 40.3 nm, the amplitude p, = 2.4 at. %, the second harmonic A = 185 nm); (b) — Te distribution (the
main harmonic A = 40.3 nm, the amplitude p. = 2.4 at. %, the second harmonic A = 23 nm); (c) Sn distribution (the
main harmonic A = 42.8 nm, the amplitude p, = 1.1 at. %, the second harmonic A = 138 nm); (d) Pb distribution (the
main harmonic A = 50.9 nm, the amplitude p. = 1.0 at. %, the second harmonic A = 106.9 nm). The inset shows that
distributions of Te and Sn are in antiphase with an almost identical oscillation period of 41.5 + 1.2 nm.

time.
Considering the concentration of free charge carriers,

we can assume that the p-Pbo7SnosTeossloor
semiconductor possesses a concentration of lead acceptor
vacancies Vo= 2 x 10 cm® and donor interstitial lead
atoms lpp = 10%® cm?®. This material has a crystalline
structure of the NaCl type with a lattice constant
a=6.4611 A [16], and therefore the concentration of the
metal atoms is So = No = 1.48 x 10??> cm?®. Parameters of
the diffusion coefficient of lead vacancies
Do=29x10° cm? st and Ep=0.60 eV [10] and the
diffusion coefficient of interstitial lead atoms
D¢=6.64x102cm? s and Ep=1.02eV [17].
Technological temperatures range from 600 K to 1300 K.
A system of equations describing the evolution of the
concentration of Frenkel pairs, which considers the
diffusion of each component, as well as their generation
with the constant k; and recombination with the constant
ko, has the following form [12,15]:

O]
®)

DAV = kS — k,VI,

where S, I, and V are the volume concentrations of lead
atoms at lattice sites, interstitial lead atoms, and vacancies,

respectively;  k, = 4maD;, ky = k,Vyly/S,. The
formation time of the Frenkel pair is T = ki .
With the change of variables V =vVq, | =ily, and

S = sSy, the original system of equations will be rewritten
in the following form:

(4)
(®)

A2Av = s — i,

AAi =vi—s,

where A2 = D,/4maD;l,, 2% = 1/4naV,. Taking the
scale length | = A;, in the units of I, we will receive:

yAv = s — i, (6)

Ai =vi—s, (7

where y = 22/1% = 1073,
From this system of equations, after summation, it
follows that yAv + Ai = 0. Given that, at zero time, the

relative concentrations are unit, we have:
ywH+i=y+1, (8)

therefore
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i=1+y(d—-v). 9
The connection between s and v is as follows [12,15]:

AE _ S-S
V = Vyexp (E X 0), (10)

So

in dimensionless variables v = exp(o(s-1)), where a is
determined by the part of the vacancy formation energy
that depends on the deviation of the concentration of
lattice site atoms from the equilibrium value, and it is also
determined by temperature. Therefore:

n(w)

=1+ (11)
For small deviations, v = 1 + &v, the system of
equations will be reduced to the equation of a harmonic
oscillator for the concentration of vacancies in the
coordinate space, and the solution will take the form:

21X

v =1+ dv, cos (T) (12)
where dvo is the amplitude of the initial deviation at the
point x =0, and A is the spatial period of oscillations,

which have to be estimated. The concentration of nodal
atoms:

27X
8vq cos(—=—
s=1 G ), (13)
a
and interstitial
A, HM
1 2 3
200 |
100 F
D i i '
900 1000 1100 1200 1300 T, K

a)

i =1-ydv,cos (2%) (14)

Substituting the approximate solutions into the
differential equation for the concentration of vacancies,
and leaving the terms with linear deviations from the
equilibrium value, the period of spatial oscillations can be
obtained as follows:

2T . (15)

From the formula (15), we can see, that a significant
impact on the period has y. If y << 1 and a >1, then in
dimensionless units:

A= 2myt/2, (16)
That is, in the dimensional units:
Dym
A= 2nA, = /aD—LIO a7

Ify —» 1-1/a, then A — oo.

Figs. 5-6 show the results of calculations of the
distribution period depending on the temperature and
vacancy concentration for different energies AE.

The solution of the system of equations by numerical
methods confirms the received analytical solutions for
small deviations at the crystallite boundary.

A strongly inhomogeneous interacting system with

A Hm 1 2 3 4

200

100 F

900 1000 1100

b)

1200 T,K

Fig. 5. Dependence of the period of oscillations on the technological temperature for: (a) AE = 0.3 eV, with vacancy
concentration 1-10%° cm® (1), 210 ¢cm3 (2), and 3-10%° cm3(3); (b) AE = 0.6 eV, with vacancy concentration
1-10¥ cm3 (1), 1.5-10° cm® (2), 2-10%° cm™ (3), and 3-10° cm™® (4).
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Fig. 6. Dependence of the period of oscillations on the technological temperature and vacancy concentration for
AE= 0.3 eV (with vacancy concentration 2-10'° ¢cm (1) and 3-10° cm (2)) and AE = 0.6 eV (with vacancy
concentration 2-10%° cm™ (3) and 3-10%° cm (4)).
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diffusion can undergo a nonequilibrium phase transition.
The system is open, it consumes vacancies formed from
the outside media. The source of vacancies supports the
existence of inhomogeneous structures. The described
model was applied to describe the behavior of point
defects in Pb1.xSnxTe. The theoretical prediction suggests
that the instability leads to inhomogeneous spatial
structures and significant inhomogeneities in the
distribution of interstitial lead atoms. Even if relatively
small changes around 5-10% are observed, the
concentration of interstitial defects changes remarkably,
up to 2 - 3 times. This may have a crucial effect on the
electrophysical properties of Pb1.xSnxTe due to possible
compensation effects. Areas depleted of interstitial lead
are enriched in cationic vacancies and may have p-type of
conduction, while the rest of the sample is n-type. In Pb;.
xSnxTe, the degree of compensation is usually quite high,
which provides a low concentration of carriers. For
example, small (approximately 0.1%) deviations from the
homogeneous spatial distribution of donors can lead to
significant (several times) differences in the Hall
coefficient for two parts of one sample. As a result, the
transition to the impurity type when the local
concentration of interstitial tellurium atoms changes by 2-
3 times is possible and the instability mechanism provides
a natural explanation for the formation of n-type
inclusions in p-type conductivity materials.

Conclusions

In summary, the diffusion instability of the
inhomogeneous distribution of lead in PbixSniTe was

[1] V. Horichok, V.V. Prokopiv, R.l. Zapukhlyak, O.M. Matkivskyj, T.0. Semko,

studied. A model for tellurium diffusion which includes
two flows (fast interstitial defects and slow substitutions
with preservation of lattice nodes) interacting with each
other through cationic vacancies, is proposed. Vacancies
may come, for example, from the surface, resulting in the
fact, that their local concentration is always consistent
with the local composition. For the exponential
dependence of the concentration of vacancies on the
composition, the homogeneous distribution can become
unstable and turn into a certain inhomogeneous structure.
With the available data for diffusion coefficients, it was
found that the instability forms a layered structure with the
concentration of internodal lead. Due to the presence of
acceptor cationic vacancies, this observation can lead to
the formation of internal p-n junctions.
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Ilepiogn4yHi HAHOCTPYKTYPH, IHAYKOBAHI TOYKOBUMH J1e(peKTaMH B
Pb1xSnxTe

Ulpuxapnamcvruil nayionanvuul ynieepcumem imeni Bacuns Cmegpanuxa, leano-®panxiscvk, Yipaina,
ihor.horichok@pnu.edu.ua
2Vuieepcumem nayxu ma mexnonozii AGH, Kpaxie, Honvwa
3leano-Dpanxiecokuii nayionansnuii meouynuii yuisepcumem leano-Ppankiscok, Yipaina

TBepai po34rHU HA OCHOBI TENYPHIIB CBHHIIIO Ta 0JI0BA € BiIMIHHUMH KaHIUIATaMH [Tl CTBOPEHHS BITOK P-
TUIY TIPOBIAHOCTI MOAYIIB TEPMOEICKTPUYHOTO TeHepaTopa. JocmimkeHHs X MIKpOCTPYKTYPHHUX BIaCTHBOCTEH
€ B)XJIMBUM IUTAHHSM, OCKLIBKH JI03BOJIsA€ €(EKTUBHO 3MIHIOBATH TXHi €JIEKTPOHHI BIACTHBOCTI Ta EPEHECEHHS
Teria. Y gaHii  po0OTI MOKa3aHO — eKCHEePUMEHTAJbHI  3aJIeKHOCTI  PO3MOJiTYy  KOMIIOHEHTIB
Pb1-xSnxTe, siki ineHTHdiKOBaHI SIK IEpioJUYHI HAHOCTPYKTYPH i3 aMIuTiTy 1010 A = 50-500 M. CriocTepexyBaHa
MEPiOUYHICTD MOSICHIOETHCS TEHEPAIli€l0 Ta PEKOMOIHAI[I€F0 TOUKOBHX TE(EKTiB BHACTIIOK qu(y3iiHUX MPOIIEeCiB
M 4Yac CHHTE3y, CHIKaHHA Ta BiIHanxy 3pa3KiB. 3armporNOHOBAaHO MOJENb, IO OMKHCYE YTBOPEHHS TaKUX
HEOJJHOPIHOCTEH y NOTpiitHuX crnoiykax Phi1-xSnxTe min yac i3oTepmiuHoro Biamany.

KuarouoBi ciioBa: Toukosi nedexru, HaHOCTpyKTYpH, PhSnTe.
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In this study, MnxZnu-xFe204 ferrite samples with x = 0.4 and 0.6 were synthesized using a solid-state
method and co-precipitation method. In order to determine the effects of various concentrations (x) on the ferrite's
structure, particle size, and crystalline phases, prepared samples were analyzed using X-ray diffraction (XRD). The
XRD patterns revealed that the synthesized samples display a single-phase cubic spinel structure. FTIR analysis
showed for both synthesis method have absorption band in the range 400 to 1000 cm-1.SEM analysis shows
extreme homogeneity of all the samples. EDX analysis was used to examine for Mno.sZnosFe204. The prepared
ferrites powders contain Mn, Zn, and Fe, as shown in both synthesis methods. In this approach, alternative synthesis
routes for these ferrites are suggested in this study in order to get around some limitations of the traditional

preparation method.
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Introduction

Ferrites are a class of substances that have attracted a
lot of attention recently because of their magnetic [1] and
electrical characteristics [2,3], which make them perfect
for a variety of applications in industries including
electrical ~ engineering,  electronics, and tele
communications [4,5]. Ferrites have been extensively
used as magnetic cores in transformers, inductors, and
other electrical components, and have been the subject of
many studies due to their potential applications in
magnetic data storage, microwave devices, and
biomedical engineering. The properties of ferrites can be
tailored by controlling the synthesis methods and particle
size. In this context, micro and nano-sized ferrites have
become increasingly popular due to their unique
properties that differ from their bulk counterparts. The
small particle size of micro and nano ferrites results in
high surface-to-volume ratios, leading to enhanced

77

magnetic and electrical properties, as well as increased
reactivity. The synthesis method used to produce ferrites
has a significant impact on the structural and magnetic
properties of the resulting material. For example, the
synthesis process can determine the particle size,
crystalline structure, and magnetic properties of ferrites
[6-8]. Solid-state and solution-based approaches are the
two primary groups into which ferrites' synthesis
techniques may be divided. Solid-state methods, such as
ceramic and sintering processes, produce ferrites with a
dense and homogeneous structure, while solution-based
methods, such as sol-gel, precipitation, and co-
precipitation, produce ferrites with a more porous
structure [9,10].

In this study, we aim to provide a comprehensive
introduction to the effect of synthesis methods on the
structural properties of ferrites and a comparative study of
the structural properties of micro and nano ferrites [11,12].
The study will focus on the synthesis methods used to
produce ferrites and the resulting structural properties,
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including particle size, crystalline structure, and magnetic
properties. The article will begin by providing an
overview of the different synthesis methods used to
produce ferrites, including solid-state and solution-based
methods. The impact of various synthesis techniques on
the crystalline structure, magnetic properties, and particle
size of ferrites will thereafter be the main topic of
discussion [13]. The structural characteristics of micro and
nano ferrites will next be compared, with a focus on the
variations in particle size, crystalline structure, and
magnetic properties between these two categories of
ferrites.

In  conclusion, this article will provide a
comprehensive overview of the effect of synthesis
methods and a comparative study of the structural
properties of micro and nano ferrites. By understanding
the relationship between synthesis methods and structural
properties, it is possible to optimize the synthesis process
and tailor the properties of ferrites for specific applications
[14,15]. MngZnq-xFe204 Co-precipitation and ceramic
methods have been used to synthesis ferrites [10,16,17].
The physical and structural, of these samples have been
investigated and the final ferrite product has been
identified using established analytical and experimental
techniques.

. Experimental

Samples preparation:

A. Wet-chemical

method):

Wet chemical (co-precipitation approach) procedure
were used to create manganese zinc ferrites from the series
of MnyZnuxFe20s (X = 0.4, and 0.6). The Schematic
diagram of co-precipitation method shown in fig 1. NaOH
and FeCls; concentrations for each sample were held
constant. Fe:Na ratios were obtained at a 1:4 ratio for each
sample. For each sample, varying amounts of the salts

method  (co-precipitation

[ + 11
! MnCL, 4H,0 1
! 1

B

NaOH solution in a 100 ml beaker was
stirred at room temperature using a

E j magnetic stirrer

- -

MnCl, 4H,0, ZnCl,, and FeCl; were dissolved in distilled
and deionized water. NaOH solution in a 100 ml beaker
was stirred at room temperature using a magnetic stirrer at
a speed of 60rpm. Drop by drop, the metallic ion solution
was poured into the beaker holding the NaOH solution.
Dark grey precipitates were produced during addition. The
beaker containing the dark grey precipitates was set into a
bath of water and ethylene glycol that had been preheated.
Each sample received a different water bath temperature
60 minutes were spent on. After 60 minutes, the particles
finally settled to the bottom of the beaker. After being
removed from the water bath, the beaker was allowed to
cool to a moderate temperature. Filtration was used to
obtain the particles. The filtered particles were baked for
18 hours at 80°C to dry them out. When the fine materials
were finally produced, they were in powder form Cu Ka
radiation (A= 1.5405 ) was used in the x-ray powder
diffraction technique to characterise these materials.
These prepared samples (x = 0.4 and 0.6) compositions
had their lattice parameter computed. The Debye-Scherrer
formula was used to estimate the average crystallite size
of each sample [18-20].

B. Ceramic method (Solid state method):

The synthesis of MnyZna.nFe.0s by solid-state
method involves the following steps which showed in Fig
2:

Weighing and mixing: Weigh the required amounts of
high-purity MnO, ZnO, Fe,0s3, and a suitable dispersant
(e.g. polyvinyl alcohol). The powders are then mixed
thoroughly in a ball mill or mortar and pestle to ensure a
homogeneous mixture.

Grinding and calcination: The powder mixture is then
ground to a fine powder and calcined in air at a
temperature of 800-1000°C for 5 hours to obtain the
desired spinel phase.

Milling and pelletizing: The calcined powder is then
ground again to obtain a fine powder obtain a dense and
homogeneous Mn)Zn-xFe204 ceramic.

—_—

The filtered particles were
baked
for 18 hours at 80°C to dry

them out.
—_—
b e o
Powder Formed

Dark grey precipitates
were produced during
addition

Fig.1. Schematic diagram of co-precipitation method.

Powder

Mixing
—— Milling

MnO, 700 Fe,0, \ l
R
Powder 4~ (alcination < Drying
Formed

Fig. 2. Schematic diagram of Solid state method.
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Characterization: The synthesized ceramic is
characterized using techniques such as X-ray diffraction
(XRD), scanning electron microscopy (SEM), and EDX
analysis to determine its crystal structure, morphology and
elemental composition [21.22].

Overall, the solid-state method is a simple and cost-
effective method for synthesizing MnyZnu-xFe204
ceramic with good magnetic properties. These samples of
x = 0.4 and 0.6 compositions had their lattice parameter
computed. The Debye-Scherrer formula was used to
estimate the average crystallite size of each sample [23].

I1. Results and discussion

2.1 X-ray diffraction analysis

The sample was investigated by using X-ray
diffraction techniques. The powder X-ray diffraction
method observed reflections between 20° and 80° angles.
The Mn-Zn ferrite samples were synthesized by
conventional solid-state, and the Co-precipitation methods
prepared were examined. For all compositions of
MngyZna-xFe204, single-phase cubic spinel structure
development is not shown in XRD patterns for all samples
created by the ceramic technique but with some impurity
peaks are observed its due to low sintering temperature
and precursors used as started materials. Fig.3 displays the
X-ray spectra of these materials (a and b). The
development of ferrites is demonstrated by comparing
Figures 3 (a) and 3(b) of the mixture's XRD pattern. As a
result, it is discovered that the ceramic approach is not that
much helpful in the synthesis of ferrites [24].

The co-precipitation method was used to manufacture
samples of MnyZn(i-xFe20awith compositions (x=0.4 &
0.6) and the X-ray diffraction spectra show that Mn-Zn
ferrite formed as a single phase in each case. The patterns
observed match the XRD patterns for Mn-Zn ferrite that
have been described in the literature. Figures 3 (a) and 3(b)

s Solid state method — A1(0.4)
[ A2(0.6)
2
@
c
2
£ |
Lo
-
T T T T T
20 30 40 50 60 70 80
20(Deg)
(a)

depict the X-ray diffraction pattern for MnyZna.
»Fe204(x=0.4, 0.6) for the samples Al, A2, and S1, S2.
The synthesized ferrite sample is supported by the
diffraction lines. Wide lines show that the particles are
nanoscale. The average particle size for each composition
was calculated from the line width of a number of peaks
using the Scherrer formula [22]. Table 1 lists the values
for the particle size and lattice parameter derived from the
X-ray data.The errors listed are the sizes' standard
deviations from the mean value. The relative ionic radius
can be used to explain why the lattice parameter increases
with zinc concentration. Zn?* ions have an ionic radius of
0.82, which is less than Mn?* ions' ionic radius of 0.91 As
the concentration of Zn?* ions in the Mn-Zn ferrite
increases (i.e., X in MnpyZn-xFe204 becomes larger), the
average ionic radius of the A and B site metal ions in the
crystal structure increases. This is because the ionic radius
of Zn (0.74 A) is larger than that of Mn (0.83 A). When
the size of the Zn?* ions increases, the lattice parameter of
the crystal also increases, since the larger ions require a
larger lattice to maintain the same crystal structure. This
is known as the "size effect" [25-27].

The Scherer formula was used to compute the lattice
constants 'a' for samples generated using the two different
procedures and the results were found to be in good
agreement with the reported values. According to
calculated lattice parameter values for the ferrite samples,
the lattice constant value increased as the concentration
(X) of manganese increased (Tablel). For instance, the
lattice constant for Mn, 4Zn, sFe204 in the ceramic method
progressively rises to 8.44A for MnogZnosFe204. Similar
to this, the lattice constant "a" for Mng.4Zno ¢Fe204, which
is 8.45A, climbs to 8.46A for MngsZno sFe,0, when using
the wet chemical approach (Table 1). This increase may
be a result of the Mn?* and Zn?*cations larger ionic radii.
Larger Mn?*cations (0.83A) replace smaller Zn?* cations
(0.73A) in the samples when Mn?* concentration rises. In
their investigation of Mn-Zn ferrites, various researchers

Intensity

——51(0.4)
——52(0.6)

Co-precipitation method

<

20

| i
N A s
M ‘wwl'w :’ T t‘*«wﬁv"w-m
T T T T T
30 40 20( Dg?;) 60 70 80
(b)

Fig. 3. The X-ray diffraction pattern for MnyZn;.xFe,O4 (x = 0.4, 0.6) prepared by ceramic method and co-
precipitation method.

Table 1.

Lattice constant (a) for Mn-Zn ferrites obtained by (a) ceramic methodand (b) the co-precipitation method

X Composition Ceramic method Co-precipitation method
. Crystallite size . Crystallite size
ain A (a) nm(b) ain A (b) nm(b)
0.4 MngsZng.sFez04 8.44 27.40 8.46 29.76
0.6 Mng.sZno.4Fe-04 8.41 37.16 8.45 56.80
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reported comparable observations.

2.2 Scanning Electron Microscopic Analysis
(SEM)

The properties of ferrites are significantly influenced
by the surface shape, grain size, and elemental makeup of
the samples. More details on the grain nature of the
samples are revealed by looking at the surface
morphology and grain size variation of the system
MnyZn1xFe;04 (x=0.4) with regard to Mn content. Figures
4.1-4.2 display typical micrographs for both series (A2
and S2) for the samples with x=0.4 along with the
accompanying EDX spectra. The results of the SEM
analysis demonstrate the extreme homogeneity of all the
samples and shows micro powder with bead like structure
formation. Additionally, there are no secondary phases, as
seen by the sharp SEM pictures of all the samples. The
lack of extra peaks in the XRD patterns supports this. The
lack of extra peaks in the XRD patterns supports this. All
of the samples' micrographs demonstrate the presence of
numerous smaller grains with numerous interfaces, which
directly affect the properties of these ferrites [28].

Fig. 4.1SEM images and EDAX Spectra of
Mno.4ZnosFe204 (x=0.4) ferrite sample prepared by co-
precipitation method

2.3 EDAX Analysis

P Flecwon kmage |

Fig 4.1(a)

EDX analysis was used to examine the compounds'
semi-quantitative elemental makeup. In Figures 4.1 and
4.2, the EDX spectra of each sample are displayed (b). The
spectra demonstrate that Zn, Mn, and Fe are present in the
produced ferrite powders. There is a small variation in the
samples compositions levels of Zn, Mn, and Fe, according
to the analysis. The mutual quantitative ratio of the
elements, however, shows that the composition of the
synthesized materials is quite near to the one assumed.
Possible Zn evaporation during the synthesis at high
temperatures may be the cause of the small disproportions
[29,30].

Table 2.
Mass contents of individual ions in Mn-Zn ferrites as
determined from EDAX analysis

Element A2(x=0.4) S2(x=0.4)
W?%ght Atomic% | Weight% A“j /me
OK 24.71 54.57 25.35 55.37
Mn L 12.06 7.76 12.54 7.98
FelL 37.99 24.03 37.83 23.67
ZnL 25.24 13.64 24.28 12.98

2 . 6 8 10

Full Scale 1710 cts Cursor: 0.000 keV

Fig.4.1(b)

Fig. 4.1.SEM images and EDAX Spectra of MnosZngsFe.04 (X = 0.4) ferrite sample prepared by co-precipitation
method.

e Crecron image 1

Fig. 4.2 (a)

6
Full Scale 1710 cts Cursor: 0.000
Fig.4.2 (b)

Fig. 4.2. SEM images and EDAX Spectra of MngsZngsFe>O4 (X = 0.4) ferrite sample prepared by ceramic method.
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Fig.5. FTIR analysis of Mng.4ZnosFe,04 samples (A- Solid state, B- Co-ppt method).

2.4 FTIR Analysis

Figure 5 demonstrates the FTIR spectra of the solid
state (Fig. 5A) and chemical method (Fig.4B) samples
ferrite samples with X = 0.4 in the range from 400 to 1000
cmL. The spectra show two main absorption bands below
600 cm™* which is a common characteristic of ferrites[30].
Metal- oxygen stretching vibrations both the samples
confirms the cubic structure [31]. The high frequency
band lies in the range 573-589 cm™ while the low
frequency band lies in the range 442—-453 cm™. Normal
ferrites both absorption bands depend on the nature of
octahedral Me-O stretching (where Me-metal) vibration
and nature of tetrahedral Me—O stretching vibration
reveals formation ferrites [33,34]. These two observed
bands (vi1and v) correspond to the intrinsic vibrations of
tetrahedral and octahedral Fe%*-0% complexes,
respectively. Thus FTIR confirms the cubic nature of
ferrite samples [35].

Conclusions

Cubic Spinel MnyZni.xFe204 (x=0.4 & 0.6) particles

have been successfully prepared by both the co-
precipitation process and the Solid state method. Samples
examined using XRD, SEM and EDX consequences
confirmationof formation of pure cubic-phase spinel-type
by using Co-precipitation process
MnyZni«Fe20astructure with well-crystalline nature by
comparing both the synthesis methods Co-precipitation
method is the best Mn-Zn synthesis. The average
crystallite size was observed in the range from 27 to 37 nm
for the ceramic method and 29 to 56 nm for Co-
precipitation method. FTIR analysis showed for both
synthesis method have absorption band in the range of
442-453cm? (v4) and 573-589cm™ (v2).SEM images
showed the ferrites samples particles-like morphology of
the samples, shows micro powder with bead like structure
formation. The quantitative mutual ratio of the elements
(EDX) demonstrates that the composition of the
synthesized materials.
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3pasku heputy MnxZna-xFe204i3 x = 0,4 ta 0,6 CHHTE30BaHO TBEPAOTIIHHUM METOIOM 1 METOJOM CITiB-
ocajukeHHs. 11[00 BHM3HAYMTH BIUTMB DPi3HUX KOHIEHTpALild (X) Ha CTPYKTYypy (epuTy, po3Mmip HacTHHOK i
KpUCTaliyHi a3y, MiATOTOBICHI 3pa3Kd aHaTi3yBald 3a JIOMOMOTOK PEHTreHiBChbkoi mudpakiiii (XRD).
PenTtreHorpamu rmoka3saim, 110 CHHTE30BaHi 3pa3Ki MAroTh 0JJHO(A3Hy CTPYKTYpy KyOiuHO1 mimineni. Anani3z FTIR
HOKa3aB, 110 IS 060X METOMIB CUHTE3y XapaKkTEpPHOIO € CMyra IOIIMHAHHA B Aianasoni iz 400 go 1000 cm™.
Amnari3 SEM MOKa3ye Ha/I3BUYalHY OJTHOPIHICTH ycix 3pasKiB. Junst JIOCITITDKEHHS
Mno.4ZnoeFe204BuKopucroByBann EDXananiz. [Ipuroroani ¢eputosi nopomxku mictate Mn, Zn i Fe, sk Oyno
MOKa3aHo B 000X METOJax CHHTE3y. Y IIbOMY JOCIiIKEHHI MPOIOHYIOThCS aNbTEPHATUBHI LIIIXH CHHTE3Y LHX
(bepuTiB, 00 OOINTH eIkl 0OMEKEHHS TPAIUIIIHHOTO METOTY IIPUTOTYBAHHS.

KurouoBi ciioBa: dpeputr, XRD, TBepAOTINEHUN METO CHHTE3Y, METO]] CIIBOCAIMKESHHSI.
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crystallographic positions in different ratios, generating structural defects of acceptor and donor nature. This creates
corresponding acceptor and donor bands in the bandgap &g of Lu1xVxNiSh. The mechanism of the formation of two
acceptor bands with different depths of occurrence has been established: a small acceptor band ea?, formed by
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Introduction

The presented work continues the program of finding
new thermoelectric materials based on half-Heusler
phases (space group F43m [1]). It is known that
thermoelectric materials based on half-Heusler phases
have high efficiency in converting thermal energy into
electrical energy. The thermoelectric figure of merit Z for
some samples of solid solutions reaches values of ZT ~ 1.4
at a temperature of 7=800 K [2], which corresponds to the
best characteristics of thermoelectric materials based on
tellurides, clathrates, skutterudites, etc. (Z=o?-ofx, where
o— electrical conductivity, a— coefficient of
thermopower, and x — thermal conductivity) [3].

The study of the structural, electrokinetic, energetic,
and magnetic properties of semiconductive substitutional
solid solutions based on half-Heusler phases, in particular,
based on RNiSb (R - Y, Gd — Lu) compounds [4-11],
allows us to understand the nature of processes of charges
transport. After all, the optimization of the electrokinetic
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characteristics of thermoelectric materials to increase the
efficiency of the conversion of thermal energy into
electrical energy is carried out by appropriate doping of
half-Heusler phases with donor and/or acceptor impurities
[12].

It was shown in Refs. [1, 4-11] that the crystal
structure of half-Heusler RNiSb phases is defective.
Vacancies are present in crystallographic positions 4a of
R atoms and 4c of Ni atoms, which are structural defects
of an acceptor nature. The presence of vacancies creates a
corresponding acceptor band &' in the band gap ¢y of
RNiSh, which is indicated by positive values of the
thermopower coefficient «(T). Understanding the
peculiarities of the spatial arrangement of atoms in the
nodes of the unit cell of half-Heusler RNiSb phases, in
particular, the degree of occupancy of crystallographic
positions, allows us to understand the processes of
transformation of crystal and electronic structures and the
mechanisms of electrical conductivity during the
formation of solid solutions.
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Thus, the introduction of Sc atoms (3d'4s?) into the
structure of the half-Heusler LuNiSb phase by substituting
Lu atoms (5d'6s?) in the 4a position simultaneously
generates various structural defects in Lui-«ScxNiSbh,
x =0-0.10 [9]. Since Lu and Sc atoms are located in the
same group of the Periodic System of chemical elements,
the substitution of Lu atoms by Sc atoms in position 4a
generates structural defects of a neutral nature. In the event
that Sc atoms occupy vacancies in position 4a, structural
defects of the acceptor nature caused by the vacancies are
eliminated, and defects of the donor nature are generated,
and the corresponding donor band ep? appears. Moreover,
at concentrations x>0.07, the number of donors in
Lu;xScxNiSb grows ~2 times faster than in the range
x = 0-0.07. However, at all concentrations, the Fermi level
er lies in the band gap &4 near the valence band &y, and
holes are the main current carriers. Occupation of
vacancies by Sc atoms is also accompanied by a slight
increase in the lattice parameter a(x) Lu;xScxNiSb.

In the case of introducing into the structure of the half-
Heusler LuNiSbh phase, the lowest concentration of Zr
atoms (4d?5s?), x = 0.01, the behavior of the electrokinetic
characteristics is fundamentally different than when Sc
atoms are introduced [10, 11]. The metallic (non-
activation) nature of the behavior of the temperature
dependences of the resistivity p(T,x) and the negative
values of the thermopower coefficient a(Tx) of
Lu;xZrNiSb at all concentrations of Zr atoms indicate
that the Fermi level e crossed the percolation level of the
conduction band ec. This behavior of electrokinetic and
energetic properties is caused by the following changes in
the crystal and electronic structures:

— substitution of Lu atoms by Zr atoms in the 4a
position generates structural defects of the donor nature,
which is associated with a higher number of d-electrons of
Zr. At the same time, a donor band ep® appears in the band
gap ég;

— occupation of vacancies in position 4a by Zr atoms
simultaneously eliminates structural defects of the
acceptor nature generated by the vacancies and generates
defects of the donor nature and the donor band ep?.
Occupation of vacancies by Zr atoms is also accompanied
by a slight increase in the parameter of the unit cell a(x) of
LuixZr«NiSh samples.

In this context, it seems interesting to study when V
atoms (3d%4s?) will be introduced into the structure of the
half-Heusler LuNiSb phase by replacing Lu atoms in the
4a position. A priori, as in the case of LuixZrNiSb [10,
11], we expected the generation of only donor defects in
the Lu;xVxNiSb structure, x=0-0.10, since the V atom has
a higher number of d-electrons than Lu. On the other hand,
the atomic radius of V (rv=0.134 nm) is much smaller than
that of Lu (r.,=0.173 nm) and close to the atomic radius
of Ni (rni=0.125 nm). This may be a precondition for more
complex structural changes in LuixVxNiSb, associated
with the possible partial occupation by V atoms of the 4c
position by occupation of vacancies and/or replacement of
Ni atoms. The latter can lead to the generation of defects
of an acceptor nature, which will be reflected in the
experiment by positive values of the thermopower
coefficient a(7T,x). In the case of Lui«ScyNiSb and Lus.
«ZryNiSb solid solutions, it was impossible to occupy the
crystallographic position 4c with atoms of impurities Sc
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(rsc=0.164 nm) and Zr (rz=0.160nm) due to a
significant difference with the atomic radius of Ni.

The following results of the study of the structural,
electrokinetic, energetic, and magnetic properties of the
semiconductive solid solution Lui.«VxNiSb, x =0-0.10,
will allow us to establish the factors that have a decisive
influence on the crystal and electronic structures. The
latter will make it possible to model and obtain
thermoelectric materials with high efficiency in
converting thermal energy into electrical energy.

I. Methods and materials

Lu;«VxNiSb solid solution samples, x=0.01-0.10,
were prepared by arc-melting a batch of components
weighed with an accuracy of £0.001 g in an electric arc
furnace with a tungsten electrode (cathode) in purified
argon atmosphere under a pressure of 0.1 kPa on a copper
water-cooled bottom (anode). For homogenization, the
obtained alloys were sealed in vacuumed (up to 1.0 Pa)
quartz ampoules and annealed in muffle electric furnaces
with temperature control with an accuracy of +10 K at a
temperature of 1073 K for 720 h, followed by quenching
in cold water. For X-ray phase analysis, diffraction data
were obtained on a STOE STADI-P powder
diffractometer (Cu Kal radiation).  Structural
characteristics of Lui«VxNiSb samples were calculated
using the Fullprof program package [13]. Control of the
chemical and phase composition of the samples was
carried out using energy dispersive X-ray spectroscopy
(EDRS) (scanning electron microscope Tescan Vega 3
LMU). Measurements of the temperature dependences of
the electrical resistivity p(7,x) of Lu1xVxNiSb were carried
out by the two-probe method in the temperature range of
80+400 K on samples in the form of rectangular
parallelepipeds measuring ~1.0x1.0 x5 mm?®. The values
of the thermopower coefficient were measured using the
potentiometric method relative to copper. Measurements
of the voltage drop on the samples were carried out in
different directions of the electric current [2] to reduce the
influence of “parasitic” effects at the contact points, as
well as the influence of a possible p-n transition. The
specific magnetic susceptibility y of Lu;«VxNiSh samples
was measured by the relative Faraday method at a
temperature of 293 K in magnetic fields up to 10 kOe.

Il. Study of the structural properties of
LU1-xVxNiSb

X-ray phase analysis of the samples LuiVxNiSh,
x =0-0.10, indicated the absence of traces of impurity
phases, except for the main phase, which is indexed in the
structure type MgAgAs [1]. According to microprobe
analysis data, the concentration of atoms on the surface of
Lu;«VxNiSb samples corresponds to the initial
composition of the charge.

X-ray structural studies of the Lu;xVxNiSb solid
solution, x=0-0.10, exhibited the complex behavior of the
unit cell parameter a(x) with an increasing concentration
of V atoms (Fig. 1). Based on the fact that the atomic
radius of Lu significantly exceeds that of V, it was logical
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to expect a decrease in the values of the unit cell parameter
a(x) LuixVxNiSh when replacing Lu atoms with V atoms
in the 4a position. However, as can be seen from Fig. 1, in
the concentration range x=0-0.03, the values of a(x) for
Lu;xVxNiSb increase, pass through a maximum, and
rapidly decrease at x>0.03. By the way, we observed a
similar behavior of the unit cell parameter a(x) in the
LuixZrNiSb solid solution [10, 11] (Fig. 1, inset). The
presence of maximum on the dependence a(x) of
LuixVxNiSb (Fig. 1) allows us to assume that the V atoms
introduced into the matrix of the half-Heusler LuNiSh
phase can simultaneously, in different ratios, partially
occupy both different crystallographic positions and
tetrahedral voids of the structure which make up ~24% of
the volume of a unit cell [2].

Since the atomic radius of Ni (rnj=0.124 nm) is the
smallest among the components of the Lu1-xVxNiSb solid
solution (rsy=0.159 nm), the increase in the unit cell
parameter a(x) in the concentration range x = 0-0.03 can
be caused by only partial occupation by V atoms
crystallographic position 4c, and also vacancies in
position 4a. In the case of substitution of Ni atoms (3d%4s?)
by V atoms (3d%4s?) in Luy<VNiSh, structural defects of
an acceptor nature are generated, since the V atom
contains fewer d-electrons. At the same time, an additional
acceptor band e42 will appear in the band gap of Lu;-
xVxNiSh. On the other hand, the possible occupation of
vacancies in position 4c by V atoms will also lead to an
increase in the values of the lattice parameter a(x) for Lui-
«VxNiSh. At the same time, the structural defect of the
acceptor nature (vacancy) and the corresponding acceptor
band ea! disappear. Atom V, occupying a vacancy in
position 4c, generates a structural defect of the donor
nature. Therefore, the semiconductor Lui«VxNiSbh,
x =0-0.03, will simultaneously contain donors and
acceptors, and their ratio during ionization will determine
the sign of the thermopower coefficient a(x,T) and the type
of the main current carriers.
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Fig. 1. Variation of the unit cell parameter a(x) with
increasing impurity content in LuixVyNiSb and
LuixZrNiSb [11] (upper inset).

A decrease in the values of the unit cell parameter a(x)
Lu;xVxNiSb, which occurs at x> 0.03 (Fig. 1), can be
caused only by the occupation of crystallographic position
4a by V atoms. At the same time, structural defects of a
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donor nature will be generated in the crystal both during
the substitution of Lu atoms and the occupation of
vacancies. The latter eliminates the structural defect in the
form of a vacancy and the corresponding acceptor band.
The maximum on the dependence a(x) of LuixVxNiSb at
a concentration of x~0.03 is the result of two competing
processes in the structure of the semiconductor, associated
with the simultaneous occupation of crystallographic
positions 4c and 4a by V atoms in different ratios.

Therefore, structural studies of the semiconductive
solid solution Lui«VxNiSb, x=0-0.10, indicate that V
atoms can  simultaneously  occupy  different
crystallographic positions in different ratios, generating at
the same time structural defects of a donor and/or acceptor
nature.

The above considerations regarding the changes in the
structure of the Lu;«VxNiSb solid solution based on the
behavior of the unit cell parameter a(x) are of an
evaluative nature, since the accuracy of X-ray structural
studies does not allow to unambiguously identify the
causes of these changes. The results of the study of the
electrokinetic, energetic and magnetic properties of
Lui«VxNiSb, x=0-0.10, presented below, will
complement the results of structural studies, which will
allow modeling of crystal and electronic structures as
close as possible to the real state of the substance.

I11. Study of electrokinetic, energetic and
magnetic properties of LuixVxNiSb

The temperature dependences of the electrical
resistivity In(p(1/T,x)) and the thermopower coefficient
a(1/Tx) of the Lu1xVxNiSb solid solution, x = 0-0.10, are
shown in Fig. 2. At all concentrations of Lui.xVxNiSb,
high-temperature activation parts are presented on the
temperature dependences In(p(1/T,x)) and «a(1/Tx)
(Fig. 2). This is evidence that the investigated samples are
doped and compensated semiconductors [14]. The
presence of high-temperature activation on the
dependences In(p(1/T,x)) of LuixScyNiSb indicates the
location of the Fermi level & in the band gap &y For
samples with concentrations x = 0-<0.07, the Fermi level
er lies near the valence band ey, as indicated by the
positive values of the thermopower coefficient o at high
temperatures (Fig. 2). At concentrations x >0.07, the
Fermi level e moved to the conduction band &c, which is
indicated by the negative values of the thermopower
coefficient o at all temperatures.

The temperature dependences In(p(1/T,x)) of
Lu;«VxNiSb (Fig. 2) can be described by the well-known

expression (1) [14]:
o)+ esten (<)

where the first high-temperature term describes the
activation of current carriers &°(x) from the Fermi level &¢
into the valence band &y, and the second, low-temperature
term, describes the jump conduction &3°(x) with energies

(1) = pytexp (- @
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Fig. 2. Temperature dependences of specific electrical resistivity In(p(1/7,x))(1) and
thermopower coefficient a(1/7,x) (2) of LuixVxNiSh.

close to the Fermi level ¢r. The temperature dependence
of the thermopower coefficient a(1/7,x) for LuixVxNiSb
(Fig. 2) is described by formula (2) [15]:

)

kg [ €F
a=-=E (_l
e \kpgT

-y + 1)
where y is a parameter that depends on the nature of the
scattering mechanism. Based on formula (2), the values of
activation energies £1%(x) and &*(x) were calculated from
the high- and low-temperature activation parts of the
dependence a(1/Tx). In Ref. [12], it was established that
the values of the activation energies a(1/7,x) are
proportional to the amplitude of the large-scale fluctuation
of the continuous energy bands and the small-scale
fluctuation of the doped and compensated semiconductor.
The compensation degree of semiconductor is evaluated
by the modulation amplitude of the bands.

The existence of the hopping es’-conductivity
mechanism at low temperatures in the LuNiSb samples
indicates the presence of a significant number of ionized
acceptors in the semiconductor (positive values of the

thermopower coefficient «) and compensating donors of
unknown origin, which actually ensures carrier jumps in
localized states in the vicinity of the Fermi energy &r. In
this case, the Fermi level & in LuNiSb is at a distance of
10.2 meV from the percolation level of the valence band
ev (Fig. 3). At the same time, a feature of the temperature
dependences of the electrical resistivity In(p(1/T,x)) for all
doped samples (x > 0) of Luy«VxNiSb is the absence of
low-temperature activation parts, i.e the hopping
gz”-conductivity mechanism. We can see that in the
samples LuixVxNiSb, x>0, at low temperatures, the
values of electrical resistivity p increase with increasing
temperature (Fig. 2), which is characteristic of a metallic
type of conductivity.

In doped and compensated semiconductors, the
metallization of low-temperature conductivity indicates
the closeness of the Fermi energy & and the percolation
level of continuous energy bands [14]. In the case of
Lu:ixVxNiSb doped samples, x=0.01-<0.07, this energy
proximity facilitates the ionization of acceptors and the
appearance of a significant number of free holes in the
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valence band &y, which causes the overlap of the wave
functions of impurity states near the Fermi energy er.
Using the terminology of the traditional approach to
describe semiconductors, let’s rephrase what has been
said: the e4? acceptor band, generated by defects due to the
substitution of Ni atoms by V ones, intersects with the gy
valence band, forming a “tail” that leads to the
metallization of conductivity.

At higher temperatures, holes are activated from the
Fermi level e, which is now fixed by another acceptor
band ea!, generated by vacancies in the structure of the
half-Heusler LuUNiSb phase. This acceptor band is located
deep in the band gap g and the high-temperature
activation parts of In(p(1/T,x) for Lui«VxNiSb reflect the
process of hole activation exactly from the acceptor band
eal. And if in LuNiSb the depth of the Fermi level &
relative to the percolation level of the valence band ey is
~10.2 meV, then, for example, in the semiconductor
Luo.osVo.02NiSh it is about 45 meV (Fig. 3a).

As seen from Fig. 3a, in the concentration range
x =0-0.03, the hole activation energy &:i°(x) from the
Fermi level ee to the percolation level of the valence band
ev increases almost linearly. This makes it possible to
determine the motion rate of the Fermi level & from the
valence band ey, which is Aer/Ax=16.4 meV/%V. At
concentrations x>0.07, the motion rate of the Fermi level
er to the percolation level of the conduction band &c
(negative values of the thermopower coefficient a) is
Aee/AX=6.1 meV/%V.

The temperature dependence of the thermopower
coefficient a(1/T,x) of the semiconductor Luo.93Vo.07NiSb
(Fig. 2) revealed two acceptor bands with different depths
of occurrence in the band gap &g, as well as a donor band,
the existence of which we assumed based on results of
structural studies. The growth of the thermopower
coefficient dependence a(1/7,x) in the temperature range
T=80-190 K shows that donors are generated in the
semiconductor LuogsVoo7NiSb even at low temperatures.
The presence of an extremum (maximum) on the
dependence «(1/Tx) at T=190 K indicates that the
growth rate of the concentration of ionized donors is
greater than the rate of increase in the concentration of
ionized acceptors. Obviously, the depletion of the ea®
acceptor band, generated by vacancies in the structure of
the half-Heusler LuNiSb phase, takes place. Such
dynamics of growth in the concentration of ionized donors
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leads to a change in the sign of the thermopower
coefficient a(1/Tx) at T=294 K, and the growth of
negative values of the thermopower coefficient in the
range T =294-316 K indicates a change of type of
semiconductor conductivity, when free electrons become
the main carriers.

The minimum on the dependence of a(1/T,x) at the
temperature T=316 K indicates the beginning of ionization
of acceptor states &£x?, generated by defects in the
replacement of Ni atoms with atoms V and depletion of
donor states. Repeated complete compensation of the
semiconductor Lugg3Voo7NiSb occurs at 7~ 346 K when
the sign of the thermopower coefficient changes from
negative to positive. At the same time, at temperatures
T>346 K, the holes again become the main current
carriers.

The absence at low temperatures of the hopping
gz-conductivity mechanism in Lui«VxNiSb, x>0.07,
indicates the location of the Fermi level & at a distance of
ke-T from the percolation level of the conduction band &c
(negative values of the thermopower coefficient a(1/7,x)).
This leads to an overlap of the wave functions of the
impurity states near the Fermi energy e In the
semiconductor  LuixVxNiSb, x>0.07, a high
concentration of free electrons appears due to the
simplified ionization of generated donors as a result of the
corresponding structural transformations.

Experimental studies of the magnetic susceptibility
x(x) showed that the samples of both the LuNiSh
compound and the LuixVxNiSb solid solution at all
concentrations are Pauli paramagnets (Fig. 3b). In this
case, the similarity of the behavior of the dependences of
the resistivity p(x,7), the thermopower coefficient o(x,T)
(Fig. 4b) and the magnetic susceptibility x(x) (Fig. 3b) is
clear and associated with a change in the density of states
at the Fermi level g(er).

The behavior of the concentration dependences of the
electrical resistivity p(x,7) and the thermopower
coefficient a(x, T) of Lu1.VxNiSb at different temperatures
is interesting and informative (Fig. 4). An increase of the
electrical resistivity p(x,7) in the concentration range
x =0-0.03 in a semiconductor of p-type conductivity is
possible only if the concentration of free holes decreases.
This reason is the generation of donors in the
semiconductor that capture holes. This leads to an increase
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Fig. 4. Variation of the electrical resistivity p(x, 7) (a) and the thermopower coefficient a(x, 7) (b) of
Lu:«VxNiSb at different temperatures: 1 — 7=380 K; 2 — 7=300 K; 3 - 7=250 K; 4 — 7=160 K; 5 — 7=80 K.

in the compensation degree of the semiconductor, as
indicated by the behavior of the activation energy &%(x),
calculated from the high-temperature part of the
dependencies a(1/Tx) of LuixVxNiSb (Fig. 3a, curve 2).
At higher modulation amplitude of the continuous energy
bands &%x), the higher compensation degree of the
semiconductor was observed [14]. We can see that in the
concentration range x=0-0.03, the values of the
activation energy &1%(x) increase, and the reason is the
appearance of donors in the semiconductor.

The results of the electrokinetic and energetic
properties of LuixVxNiSb in the concentration range
x = 0-0.03 are consistent and clarify the conclusions of the
structural studies. Thus, based on an analysis of the
structural  characteristics of LuixVxNiSb, it was
established that the increase of the lattice parameter a(x)
in the concentration range x = 0-0.03 can be caused by the
only partial occupation of the 4c position by V atoms.
Since donors are generated in the semiconductor in this
case, V atoms in the concentration range x =0-0.03
occupy vacancies in position 4c (substitution of Ni atoms
generates acceptors). At the same time, as follows from
the behavior of the thermopower coefficient a(x,T), the
concentration of acceptors dominates the concentration of
generated donors.

At a concentration x=0.04 and temperature of 80 K,
an extremum appears on the dependence of the electrical
resistivity p(x, 7), which shifts with increasing temperature
to the region of lower concentrations of V atoms. The
appearance of an extremum on the p(x,7) dependence is
the result of changes in the ratio of ionized acceptors and
donors available in the semiconductor. The fact that as the
temperature increases, the maximum on the p(x,7)
dependence shifts to the region of lower concentrations of
V atoms is understandable, since the increase of
temperature simplifies the ionization of acceptors and
donors and the increase in the concentration of free
carriers. We can assume that at all temperatures in
semiconductors LuixVxNiSh, x > 0.03, such concentration
of free carriers of both types appears that even with a slight
increase of the compensation degree up to x~0.05
(Fig. 3a, curve 2) the total conductivity of semiconductors
increases rapidly and continues up to concentration
x =0.07.
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Since the semiconductor LUo.93Vo.07NiSh
simultaneously contains significant concentrations of
electrons and holes and is heavily doped and compensated,
with an increase of the concentration of V atoms
(x > 0.07), the type of main carriers changes from holes to
electrons (Fig. 3b), however, high concentrations of free
electrons provide high conductivity, which has little effect
on the change in the values of electrical resistivity p(x,7)
at all temperatures (Fig. 3a).

Therefore, studies of the electrokinetic, energetic, and
magnetic properties of the LuixVxNiSb solid solution,
x=0-0.10, confirm the conclusions of structural studies
regarding the simultaneous occupation of V atoms in
different ratios of crystallographic positions 4a and 4c,
generating at the same time structural defects of a donor
and/or acceptor nature. Understanding the mechanism of
structural transformations in LuixVxNiSb will make it
possible to model and obtain thermoelectric materials with
high efficiency in converting thermal energy into
electrical energy.

Conclusions

According to the results of a complex study of the
structural, electrokinetic, energetic, and magnetic
properties of the semiconductive solid solution
Lui«VxNiSh, obtained by introducing V atoms into the
structure of the LuUNiSb compound by substitution of Lu
atoms in the crystallographic position 4a, a complicated
character of structural changes was revealed. It is shown
that V atoms can simultaneously occupy different
crystallographic positions in different ratios, generating
structural defects of acceptor and donor nature. This gives
rise to the corresponding acceptor and donor bands in the
band gap &g of LuixVxNiSb. The mechanism of the
formation of two acceptor bands with different depth of
occurrence in LuixVxNiSb has been established: a small
acceptor band e42, formed by defects upon the substitution
of Ni atoms by V in the 4c position, and band &al,
generated by vacancies in the structure of the half-Heusler
LuNiSb phase. The ratio of the concentrations of
generated defects determines the position of the Fermi
level er and the conduction mechanisms. The investigated
solid solution LuixV/xNiSb is a promising thermoelectric
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Oco0/MBOCTI CTPYKTYPHHUX, €J1eKTPOKIHETUYHHUX, EHEPreTHYHUX TA
MATHITHUX BJIACTHBOCTEl HANIBIPOBIAHMKOBOI0 TBEPAOr0 PO3YHHY

Lu1-xVxNiSb

Hayionanvnuii ynisepcumem “Jlvsiccoxa nonimexnixa”, Jlveis, Vipaina, volodymyr.romaka@gmail.com;
2JIvsiscoruii nayionanshuti ynisepcumem im. I. @panka, Jveis, Ypaina, lyubov.romaka@gmail.com;
3Tpuxapnamcviuti nayionanvrut ynieepcumem imeni Bacuns Cmeganuxa, leano-®panxiscvk, Ypaina

JlocnmimKeHo  CTPYKTYpHI, €NeKTPOKIHETHYHi, CHEepPreTWYHi Ta MarHiTHI BJACTUBOCTI  HOBOTO
HamiBIpOBiTHUKOBOTO TBepaoro pozunny LuixVxNiSb, x = 0-0.10. IToka3zaHo, 110 aToMi V MOXKYTh OJJHOYACHO y
pI3HHMX CHIBBIIHOIIGHHSAX 3aiiMaTé pi3HI KpucTanorpadiyHi NO3ULii, TeHepyUd CTPYKTYpHI nedextn
aKIenTopHOI Ta JoHOpHOT mpupoau. Ile mopomkye y 3a60poHeHil 30Hi &g LU1-xVxNiSb BiINOBIiIHI aKIIENTOPHI Ta
JOHOpHI 30HH. BcTaHOBIEHO MexaHi3M (OPMyBaHHS JBOX aKLENTOPHUX 30H 3 PIi3HOIO INIMOMHOIO 3aJIATaHHSA:
NpibHa akuenTopHa 30Ha £A?, yTBOpeHa Jedekramu TpH 3amimenHi y mosuuii 4c atomis Ni Ha V, Ta 30Ha al,
nopojpkeHa Bakaucissmu y ctpykrypi LUNiISh. CriiBBigHOIIEHHS KOHIEHTpAIIi#f reHepOBaHUX Je(EKTIB BU3HAYAE
nonokeHHss piBHs Depmi ¢F Ta MexaHisMu mpoBimHocTi. Jocmimkenuit TBepamit posunmH LuixVxNiSb e
MEPCIEKTUBHUM TEPMOCIICKTPUYHUM MaTepianoM.

KorodoBi ci1oBa: HaIiBIPOBITHUK, €IEKTPONPOBITHICTE, KOe(ilieHT TepMo-epc, piBeHb Depmi.
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The solid-state Cdo.7sXo.2sTe (X= Cu, Ag, and Au) solutions crystallize in the cubic structure and are studied
in the framework of density functional theory. The theoretical first-principle calculations of the electronic band
structure, density of states, and refractive index of solid-state Cdo.7sXo.2sTe (X= Cu, Ag, and Au) solutions are
estimated by the generalized gradient approximation (GGA). A Perdew—Burke—Ernzerhof functional (PBE) was
utilized. Formation energy is calculated based on the results of the total energy of the study samples. The effective
mass of the electrons and holes was calculated based on the electronic band structure. The influence of atom
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dielectric function e(hw). The spectral behaviour of the refractive index was calculated based on the dielectric

function.
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Introduction

Cadmium chalcogenides (CdY, with Y=S, Se and Te)
represent the A"BY' group of crystalline materials that
reveal a semiconducting behaviour. These materials
embrace large and important research fields because of
their wide application potential in various fields of
optoelectronic devices [1]. CdTe semiconductor has
proven to be a leading compound for manufacturing cost-
effective second-generation photovoltaic devices [1].
Cadmium telluride is having a direct band gap with an
energy of ~1.45eV and a high absorbance (above
105cm?) [2-4]. This makes it an excellent light-absorbing
layer for solar cells. Now, for building solar cells use the
low dimensions of the photovoltaic cells. In particular, it's
a thin film. Usually, CdTe is deposited on glass, quarts,
mica, silicon or many other substrates. But it can also be
deposited on substrates like metal foil or polymer sheets
[5-7]. Also, Ref. [7] quoted that the formation of a low
resistive contact on the CdTe surface is one of the most
critical issues for the fabrication of a highly efficient CdTe
thin film solar cell. Schottky energy barrier is higher than
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~0.4 eV, and is formed at the CdTe/metal back contact
interface [7—9]. Schottky barrier can be efficiently lowed
by doping the CdTe surface using a thin layer of Cu [6, 7,
9]. Cu can diffuse from the back contact into the CdTe thin
film. As a result, Cu cans entry in CdTe as a doping
element, which is a donor. Also, copper can substitute
cadmium atoms or free position of Cd vacancy. In literature
found many experimental works with studies of Cu and/or
Ag doping/substitution in CdTe [10-17]. About
identification of Cu and Ag acceptor levels in CdTe was a
study in Ref. [18].

A new step in studies of low-dimension systems is
quantum dots (QDs) or nanocrystals (NCs) [19, 20]. Also,
QDs based on CdTe have potential applications in novel
light emitters, next-generation solar cells, sensing, and
biomedical diagnostics [19]. This research branch has a
perspective using doped QDs, such as CdTe:Au [19].

In the present work, the electronic band structure,
formation energy, density of states and refractive index of
the solid-state Cdg.75Xo025Te (X= Cu, Ag and Au) solutions
have been calculated for the first time. In the literature was
founded information about studies of physical properties of
the CdTe with Cr-doped [21-23], Sn-doped [24], V and P-
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doped [25], Cu-doped [26], VV-dopes [23, 27], As and P-
doped [28], Cl-doped [29]. In the case of substitution of Cd
atom in CdTe usually using atoms of Mn [30, 31], Ti [32],
Zn [33], et al. Only diffusion of Cd vacancies and
interstitials of Cd, Cu, Ag, Au and Mo in CdTe was studied
in Ref. [34].

The paper is organized as follows. The next section
introduces the calculation techniques used. The first
subsection in the second section reports the main results of
the structure analysis of solid-state Cdo75Xo25Te (X= Cu,
Ag and Au) solutions. Ab initio calculations of the
formation energy of solid-state Cdo.7sXo25Te (X= Cu, Ag
and Au) solutions are elucidated in the second subsection.
The third subsection in the second section is the study of
the electronic band structure of the solid solutions. The
density of states and refractive index of the solid-state
Cdo7sXo25Te (X= Cu, Ag and Au) solutions are elucidated
in the fourth and five subsections, respectively. Finally, the
conclusions are drawn in the last section.

I. Methods of calculation

In preview work [35], was reported about electron,
phonon, optical and thermodynamic properties of the CdTe
crystal. In the present work, the electronic energy spectra
of the solid-state Cdo75Xo2sTe (X=Cu, Ag and Au)
solutions have been calculated for the first time. The
theoretical calculations were performed within the
framework of the density functional theory (DFT). To
calculate the properties of single-crystalline Cdo.7sXo.25Te,
a crystalline lattice with the basal parameters given below
in Table 1 was used. To describe the exchange-correlation
energy of the electronic subsystem, we used a functional
taken in the approximation of generalized gradient (GGA)
and Perdew —Burke—Ernzerhof (PBEsol) parameterization
[36]. Ultrasoft Vanderbilt’s pseudopotentials [37] served
as ionic potentials.

In our calculations, the value Ecuofr=880eV was
taken for the cutting-off energy of the plane waves (this
energy corresponded to the minimum value of the total
energy). The convergence of the total energy was about
5x10 eV/atom. Integration over the Brillouin zone (BZ)
was performed on a 2x2x2 grid of k points, using a
Monkhorst-Pack scheme [38]. At the initial stage of our
calculations, we optimized a starting CdTe structure for the
case of 3x3x3 supercell (see Ref. [35]). The atomic
coordinates and the unit-cell parameters were optimized
following a Broyden—Fletcher—Goldfarb—Shanno
technique. Optimization was continued until the forces
acting on atoms became less than 0.01 eV/A, the maximum
displacement less than 5.0x10* A, and the mechanical
stresses in the cell less than 0.02 GPa. The energy band
diagram was constructed using the points X(0.5, 0, 0.5),
R(0.5, 0.5, 0.5), M(0.5, 0.5, 0) and I'(0,0,0) of the Brillouin
zone in the reciprocal space (see Fig. 1).

The Cdo.75Xo025Te (X= Cu, Ag and Au) samples were
modelled as follows. First formed a 3x3x3 supercell of the
initial compound, CdTe, based on its already optimized
structure. The next stage was the theoretical construction
of solid-state Cdo.75Xo025Te (X= Cu, Ag and Au) solutions.
In the optimization structure CdTe, Cd atoms were
gradually replaced by X (X= Cu, Ag and Au). For such
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substitution, the crystal structure of optimization structure
CdTe was changed on a triclinic with symmetry P1.
Finally, structures of Cdo75Xo2sTe (X=Cu, Ag and Au)
were optimization with finding crystal structure. Obtained
of CdorsAgossTe structure is drawn in figure 2 for
visualization. Optimization lattice parameters and bulk
modules (B) are listed in Table 1 (see section 2.1).

| p
1

Fig. 1. BZ of cubic Cdo7sXo25Te (X=Cu, Ag and Au)
crystal.

Table 1.
Structure parameters of Cdo7sXo25Te (X= Cu, Ag and
Au) crystals

Sample a, A Vv, A3 B, GPa
Cdo.7sCUo.25Te 6.39181 261.14 46.3
Cdo.75AgosTe 6.45826 269.37 54.9
Cdo75AUg25Te 6.46845 270.65 43.3

I1. Results and Discussion

2.1. Crystal structure of solid-state Cdo.7sXo25Te
(X=Cu, Ag and Au) solutions

The X-ray diffraction data (XRD) of solid-state
Cdo.7sXo2sTe (X=Cu, Ag and Au) solutions was been
simulation and shown in figure 3. Theoretical XRD of
CdTe crystals with cubic structure is given for comparison.

The XRD (see Fig. 3(a)) show that all samples have
one intense reflection peak of approximately between 30°-
30.4°. If compared these data with the cubic CdTe, we can
see that the main peak shifts to a higher region. Also, the
maximum shifting of the main peak is obtained for sample
Cdo.7sCug2sTe (see Fig. 3(b))

As result, solid-state Cdo.7sXo.25Te (X= Cu, Ag and Au)
solutions crystallize in a cubic structure, with the unit-cell
dimensions for different samples and atoms position listed
in Table 1 and 2, respectively.

In Fig. 4, the structure parameters and bulk modules of
the solid-state Cdo.75Xo025Te (X= Cu, Ag and Au) solutions
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Fig. 3. Theoretical XRD (a) of solid-state Cdo75Xo25T€e (X= Cu, Ag and Au) solutions (see information in legend).

Table 2.
Atoms position of Cdg75Xo25Te (X= Cu, Ag and Au) crystals
Element Atom Number x/a y/b z/c
X= Cu/Ag/Au 1 0.0 0.0 0.0
Cd 1 0.0 0.5 0.5
Cd 2 0.5 0.0 0.5
Cd 3 0.5 0.5 0.0
Te 1 0.241779 0.241779 0.241779
Te 2 -0.241779 -0.241779 0.241779
Te 3 -0.241779 0.241779 -0.241779
Te 4 0.241779 -0.241779 -0.241779

are shown as a function of the atom radius X (X= Cu, Ag
and Au). This analysis is show that lattice parameters (a)
and volume cell (V) linearly increase with increasing atom
radius of substitutions element. But, the bulk module is
shown a maximum value, 54.9 GPa, for sample
Cdo.7AgoosTe. Also, the minimum value, 43.3 GPa, was
obtained for Cdo.7Auo.25 Te and not much higher (46.3 GPa)
for Cdo7CupzsTe. If compared these data with the data
obtained from a calculation using the same method for
CdTe (45.13 GPa [35]), we can see that the solid-state
Cdo.75Cuo2sTe solution shows a much close value.
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2.2 Formation energy of solid-state Cdo.75Xo.25Te
(X= Cu, Ag and Au) solutions

For solid-state Cdo.7sXo25Te solutions was considered
only one position of locating X (X= Cu, Ag and Au) atoms
in the structure of ‘parent' CdTe (see information in Table
2). The formation energy of solid-state Cdo75Xo2s5Te
solutions, when there is a substitution of Cd atom by X
(X=Cu, Ag and Au) atom is considered, is estimated
pursuant to the following equation:
— Ex,

Ef = Egss + Ecq — Ecare 1)
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where Esss correspond to the total energies of the solid-
state Cdo7sXo2sTe (X=Cu, Ag and Au) solutions (SSS
denoted as a solid-state solution), Ecqre is the total energies
of the 'parent’ CdTe compound and Ex and Ecq are total
energies of free X (X=Cu, Ag and Au) and Cd atoms,
respectively. The optimized free Cd and X (X= Cu, Ag and
Au) atoms energies were calculated in the same unit cell as
all samples. Positive formation energy denotes the
replacement process is endothermic, while negative
formation energy denotes the replacement process is
exothermic [39]. Formation energy was calculated for all
solid-state Cdo.75Xo025Te (X= Cu, Ag and Au) solutions are
presented in Table 3. As seen from Table 3, such position
of replacements (see Table 2) produces an endothermic
process for all studied samples. All studies samples
obtained large values of formation energy. Also, high
formation energy (1.1-15.0 eV) was reported for cubic SiC
samples with different point defects [40]. Defective
formation of atomic vacancy in solid-state Cdo.75Xo.25T€
(X= Cu, Ag and Au) solutions are not studied in this work.

Table 3.
Formation energy of Cdo.zsMeo2sTe (Me= Cu, Ag and
Au) crystals

Sample Etot™>S/Ert"T Er, eV
Cdo.7sCupasTe 0.997 11.05
Cdo,75Ago,25Te 1.491 11.86
Cdo7sAupsTe 0.949 11.22

B, GPa
'
A

1;10 1;0 . pm 1:50 1%0
Fig. 4. Crystal cell parameters and bulk modules of solid-
state Cdo7sXo2sTe (X=Cu, Ag and Au) solutions as

function atom radius of substitutions element.

2.3 Electron band energy structure of solid-state
Cdo.75Xo25Te (X= Cu, Ag and Au) solutions

In Fig. 5, the full energy band diagrams of the solid-
state Cdo.75X0.25Te (X= Cu, Ag and Au) solutions are shown
along the highly symmetric lines of the BZ. The energy in
this case is counted from the Fermi level. Analysis of the
results of theoretical calculations of the energy band
spectrum shows that the smallest optical band gap is
localized in the center of the BZ (the point I'). This means
that the crystal is characterized by a direct energy optical
band gap.

-10

X R

M

r R

Fig. 5. Electron band energy structure of solid-state Cdo.7sXo25Te (X= Cu, Ag and Au) solutions (see information
on legend). The red line corresponded to the position of the Fermi level.
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Position of the higher energy level of the valence band
(EJP), the lower energy level of the conduction band
(Ec*), and their difference (corresponded to optical band
gap; Ec°E,°P) at T-point of k-space as a function of the
atomic number (Z) of X (X= Cu, Ag and Au) for the solid-
state Cdo7sXo2sTe (X=Cu, Ag and Au) solutions are
presented on figure 6. As we can see from Fig. 6, the Fermi
level is shifted to the valence band on 0.32-0.37 eV.
Assumed to be this solid-state Cdo7sXo25Te (X= Cu, Ag
and Au) solutions are a degenerate semiconductor. But, this
result must be approved by other experimental studies.
Also, obtained decrease tendency of optical band gap with
increasing atomic number. Such behaviour Fermi level was
observed in the defection sample CdTe and with
substitution of Te on CI [29].
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Fig. 6. Position of the higher energy level of the valence
band (E.'°?), the lower energy level of the conduction band
(EcPY, and their difference (corresponded to optical band
gap; EcP°E,°P) for the solid-state Cdo7sXo25Te (X= Cu, Ag
and Au) solutions as a function of the atomic number,
obtained from ab initio calculations.

2.4 Dispersion of the electron band energy
structure of solid-state Cdo.7sXo2sTe (X=Cu, Ag and
Au) solutions

In addition, one can see a clear anisotropy difference
E(K) between the valence and conduction bands (see
Fig.5). The valence complex top is flatter, which is
explained by the fact that holes are less mobile than
electrons. This behaviour is caused by the inverse
relationship between the effective mass (m*) of the
electron(me*)/hole(my*) and the spread E(k) of energy
levels [41]:

1 _ 4n?d?E(k)
m*  hZ dk? '

O]

where h is the Planck constant, and E(K) is the dependence
of the band energy E on the electron wave vector k. As
result, we can see that the maximum dispersion of valence
and conduction bands was observed for '—-R and '->M
direction.

Information on the quantitative value of m* for a
material is important because this value determines the
dynamics of electron conductivity in it and therefore is
significant for the corresponding practical applications.
The effective masses of electrons and holes in solid-state
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Cdo.7sXo2sTe (X=Cu, Ag and Au) solutions have been
calculated by utilizing the Effective Mass Calculator [42].
The calculated effective masses are presented in Table 4
and figure 7. The resultant absolute value of the |m*| for the
conduction band is lower than that for the valence band.
Also, we can see that the value of electron (m¢*) effective
mass increases with the atom radius of X element.

Table 4.
Effective mass of the electron (m¢*) and hole (mn*) of
Cdo.7sX025Te (X= Cu, Ag and Au) crystals

Sample Effective mass
mc/mo my/mo
Cdo.75CuUp2s5Te 0.82 -2.29
Cdo,75Ago,25Te 0.99 -2.44
Cdo75AUg25Te 0.95 -2.24

In Ref. [43] was reported that the absolute value (Jm*])
of electron (m¢*) and hole (my*) effective mass is 0.096mg
and 0.35 mo. In this study, we obtained the absolute value
of the effective mass of the electron and hole value near
(0.82—-0.92)mg and (2.24-2.44)mo, respectively. This value
is much higher than for CdTe. Also, this behaviour will
influence the electrical conductivity of solid-state
Cdo.75X0.25Te (X= Cu, Ag and Au) solutions. According to
the semiconductor theory [41] the specific conductivity ¢
of a material is dependent on the charged particle’s

mobility (),
®3)

where q is the particle's charge and n is the charged
particle’s concentration. The electron mobility p is
associated with an impurity of the i-type may be presented
by the following relation [44, 45]:

o =nqu,

_a%
i =

m

(4)

where t; is the relaxation time, which is inversely
proportional to the ionized impurity concentration n;

T;00n7 1T3/2, ®)
Here T is the thermodynamic temperature. At this

time, the electron mobility p satisfies the following
relation:

qr3/2

—
m*n;

i (6)
Analysis of Eq. (6) and (3) shows that the electron
mobility and conductivity are higher than hole mobility and
conductivity (Jmn*/jme*|>1) for all studies compound,
increases with increasing temperature (pi~ T%?) and
decreases with increasing carrier concentration (pi~ Nnit).
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Fig. 7. Effective mass of the electron (me*) and hole (my*)
of solid-state Cdo.7sXo025Te (X= Cu, Ag and Au) solutions
as function atom radius of substitutions element.

2.5 Density of states of the solid-state Cdo.75Xo.25Te
(X= Cu, Ag and Au) solutions

Also, the electron density of states of solid-state
Cdo.7sXo25Te (X= Cu, Ag and Au) solutions for obtaining
the ‘nature’ of the band structure are studied. The analysis
of the partial contributions of individual levels to the
function of the total density of states (Fig. 8) and the partial
contributions of individual bands to the electronic density
allows us to find the genesis of the valence and conduction
bands for solid-state Cdo.7sXo25Te (X=Cu, Ag and Au)
solutions.

The lowest band near —10 eV is formed by the s states
of Te. The following bands dispersed at the energy marker
near —9 eV are formed because of the contributions of the
d states of Cd. Electron bands near 4 eV are formed by the
s-state of Cd and X element, and the p-state of Te. The peak
of the valence complex is practically formed by the p states
of Te, with ‘contamination’ of the p states of Cd and X
elements. But the conduction band bottom is mainly
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Fig. 8. Partial and total electron density of states of solid-state Cdo.7sXo25Te (X= Cu, Ag and Au) solutions.
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formed by the s— and p— states of the Cd and X elements.

2.6 Refractive index of the solid-state Cdo.75Xo25Te
(X= Cu, Ag and Au) solutions

Finally, in this work are present spectral behaviours of
the refractive index. To study the optical properties of
solid-state Cdo.75Xo25Te (X= Cu, Ag and Au) solutions is
use a complex dielectric function e(hw)= g1 +igx IS
imaginary part can be calculated as

_2e%nm
Veo

€ v WRIT- TR 8(ER — Ef — hw), (7)

while the real part can be obtained from the Kramers—
Kronig relation

2 oo tey(t)dt
770 t2—(hw)?’

1=

& — (8)

Using the data obtained for the real and imaginary
parts of the dielectric function, one can calculate the
spectral dependences of the refractive index n:

n o [Eed) e
/ e

Fig. 9(a) shows the spectral dependences of the
refractive index for solid-state Cdo7sXo2sTe (X=Cu, Ag
and Au) solutions. Need to be noted that a refractive index
below 300 nm are showing practically the same spectral
behaviour for all samples. In visible spectral region are
obtained three local maximums (see Fig. 9(b)). Also, the
maximum value of the refractive index (200-2500 nm) for
solid-state Cdo.75X0.25 Te solutions was obtained for X= Cu
and Ag near 280 nm, but for X= Au near 435 nm.

Analysis of the near infrared spectra (IR) region are
showing one broad maximum between 1500 and 1800 hm
(see Fig. 9(a)). The maximum value of the refractive index
in this region is shifting to a higher wavelength region with
decreasing atomic number (Au — Cu). The maximum
value is obtained for solid-state Cdo7sAup2sTe solutions
and the minimum for Cdo7sAgo2sTe in this IR region.
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Conclusion

The lattice parameters (a, V) linearly increase with
increasing atom radius of substitutions element. The bulk
module shows a maximum value for the sample with
substitutions atoms Cd on the Ag. Solid-state
Cdo.75CuUo25Te solution shows a much close value to ‘pure’
CdTe.

First-principle theoretical studies of the electron
energy spectrum for the solid-state Cdo7sXo25Te (X= Cu,
Ag and Au) solutions have been carried out using the
reliable techniques of density functional theory and known
approximations. It has been established that the smallest
optical band gap is localized at the center of the BZ and
should reveal direct optical transitions. The Fermi level is
shifted to the valence band on 0.32-0.37 eV for all studies
samples. Formation energy was calculated for solid-state
Cdo.75X0.25Te (X= Cu, Ag and Au) solutions and changed in
the range between 11.05 and 11.86 eV. The absolute value
of the effective mass of the electron (0.82-0.99mg) and
hole (2.24-2.44mo) was calculated based on the results of
the electronic structure. The electron mobility and
conductivity are higher than hole mobility and conductivity
(Imp*|/Ime*|>1) for all studied compounds. The biggest
value of the electron mobility and conductivity
corresponded to Cdo7sCuo2sTe. Based on the electron
density of states was obtained that the peak of the valence
complex formed by the p states of Te, with ‘contamination’
of the p states of Cd and X elements. The conduction
bottom band is mainly formed by the s— and p- states of
the Cd and X elements.

To study the optical properties was use a complex
dielectric function e(hw). Using Kramers—Kronig relation
was calculation refractive index. The maximum value of
the refractive index for solid-state Cdo.7sXo25Te solutions
was obtained for X= Au near 435 nm.
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Influence of metal atom substitution on the electronic and optical
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BruiuB 3amMilieHHS aTOMIB MeTAJIy HA eJIEKTPOHHI Ta ONTUYHI BJIACTUBOCTI
TBepaux po3unHiB Cdo.7sXo2sTe (X= Cu, Ag Ta Au)

Kageopa sazanvnoi ¢izuxu, Hayionanvnuil ynieepcumem “Jlvgiscoka nonimexnixa”, Jlvsis, Yikpaina, andrii.i.kashuba@Ipnu.ua

Tsepai pozunnan Cdo7sXozsTe (X= Cu, Ag i Au), KpucTanizoBaHi B KyOiuHIH CTPYKTYpi, JOCTIIKYIOTHCS B
pamMkax Teopii pyHKIIOHATY I'yCTHHH. PO3paxyHKH 3 IepIINX MPUHIHIIB eIeKTPOHHOT 30HHOI CTPYKTYpPH, TYCTUHH
craHiB i mokasHHKa 3amomieHHs TBepaux po3unHiB Cdo7sXozsTe (X=Cu, Ag i Au) ouiHeHi 3a JOIOMOTrO0
y3aranbHeHoro rpagieHtHoro HabmmkeHHs (GGA). Bymno Bukopuctano ¢yukuionan [lepasto—bepka—EpH3epxoda
(PBE). Enepris yTBopeHHs po3paxoBaHa 3a pe3yJbTaTaMH 3arajbHOi eHeprii JociIKyBaHuX 3pa3kiB. Ha ocHOBI
€JIEKTPOHHOI 30HHOI CTPYKTYpu OyII0 po3paxoBaHO e(EKTHBHY Macy €JeKTpPOHIB i Aipok. OOroBOpeHO BILIHB
3aMileHHS aTOMIB Ha EJIEKTPOHHY MHPOBITHICTH 1 PyXJIMBICTH. I MOCHIIKEHHS ONTHYHUX BIACTHBOCTEH
BHUKOPHCTOBYBaJIN KOMIUIEKCHY AienekTpuuHy ¢yHkuito &(he). CnekrpanbHa NOBeJiHKa NOKa3HUKA 3JIOMIICHHS
Oyla po3paxoBaHa Ha OCHOBI JIieJIEKTPUIHOT (PyHKIIIT.

KorouoBi ciioBa: Teopist GpyHKIIiOHANA T'YCTUHH, €ISKTPOHHA EHEpreTHYHa CTPYKTYpa, SHepris (OopMyBaHHS,
e(eKTHBHA Maca, IUTBHICTh CTaHIB, IOKa3HUK 3aJOMJICHHSI.
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This article presents a simple model that explains significant reduction of work function in MXenes Tin+1Cn
with hydroxyl termination and demonstrates matching results to ones in the existing literature, obtained via complex
computing based on the first principles. This model can be applied for results evaluation of the hydroxy
functionalization of various MXene types, due to prospects of the creation of novice emission electronics devices
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Introduction

MXenes are a type of two-dimensional materials that
has been firstly described in 2011 in work [1] co-authored
by Yuri Gogotsi, Ukrainian by origin, who still retains his
professor position at Sumy State University. Generalized
formula for MXene Mn+1 X, Tx includes n+1 atomic layers
of transition metal M (denoted as Mns1), with n
monoatomic layers of carbon or nitrogen in-between them
(Xn); such sandwich-like structure can include different
terminations (F, O, Cl, OH), denoted as Ty (see Fig. 1).
Currently, a term “multi-layer MXene” describes a
structure with five or more layers of transition metal.

The distinctive features of MXenes gained public
attention: within a decade after the discovery of MXenes,
articles about MXenes were published in more than 400
journals by more than 8300 researchers from 1450
institutions in 62 countries (according to estimations in
[2]). Due to the varying stoichiometry and surface
organization, MXenes have a range of physical and
chemical features that can be controlled. MXenes have a
variable band gap, which depends on the method of
surface termination, high electric conductivity, high
Young’s modulus, ultra-low optical attenuation etc.
Currently MXenes are used in modern energy storage and
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conversion devices, electronics, sensors, medicine etc (see
review article [3] with references therein).

Fig. 1. The first MXenes structure M3sX,Ty, described in
[1], that contains three layers of transition metal Ti (big
lighter balls), two carbon layers between them (small
darker balls), and surface termination of hydroxy groups
OH (oxygen atoms are located closer to atoms of metal,
while atoms of hydrogen are farther from atoms of metal)
above and below.

MXenes can potentially be used for the creation of
cathodes with low work function for emission electronics.
As per today, caesium is standard material with low work
function 2.1 eV [4], its usage, however, is limited due to
its high toxicity. Thus, alternative approaches for creation
of modern cathodes are considered that are based on the
adsorption of alkaline and rare earth metals (Ce, Gd, Eu),
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and co-adsorption on surfaces of Si, Ge, and Mo, also in
nanostructured state, where double-charged layers can be
created, which significantly reduce work function [5, 6].

Work function of MXenes with surface O, F, OH
functionalization was estimated in [7] based on the first
principles. It shows that oxygen or fluorine
functionalization leads to insignificant increase or
reduction of work function, while hydroxyl-terminated
MXenes can show low work function in 1,6-2,8 eV range.
Here, the intrinsic dipole moment of the OH hydroxyl
group is the main factor in work function reduction.

The computations in [7] were carried out with the use
of bulky computing packages, and therefore lack the
necessary clarity. Thus, a simple theoretical model is
needed that allows estimate a possible range of changes in
work  function affected by MXenes’ surface
functionalization by hydroxy groups.

Theoretical model

Generally, the change in work function under the
influence of adsorbates applied to the surface is caused by
three factors: a) redistribution of electronic charge
between the surface and adsorbates; b) relaxation of the
surface caused by adsorbates; c) polarity of adsorbates [8].
In this paper, we consider MXenes that can be associated
with lower work function, i.e., MXenes based on titan and
carbon layers (the type, first studied in [1]; see Fig. 1).

Generally, unterminated MXenes are metals or
semimetals (semiconductors with a zero-band gap); the
high value of density of electronic states close to the Fermi
level is caused by the outer layers of transition metals (see
[3]). However, already in [1] it was experimentally shown
that surface termination of TizC2 by a hydroxy group led
to the creation of a band gap of ca 50 meV, turning such
MXene into a semiconductor.

Thus, surface concentration of hydroxy groups

material. As Fig. 1 demonstrates, these hydroxy groups
create on the surface a monolayer with the same number
of dipoles as the number of atoms in the transition metal
layer under it. Since the band gap width exceeds 26 meV
(which is an energy at the room temperature), then under
ambient conditions, each of these metal atoms
corresponds to less than one conduction electron, while
each of the dipoles corresponds to a negative electronic
charge localized near the oxygen atom and a positive one
localized near the hydrogen atom. Terminalization shown
in Fig. 1, is also not accompanied by a noticeable surface
reconstruction of Ti atoms. This means that in the first
approximation for the functionalized MXenes based on
titanium and carbon, we can neglect the redistribution of
the electronic charge between the surface and the
adsorbates, and the relaxation of the surface caused by the
adsorbates, so that the work function reduction will be
caused mainly by the dipole moments of the hydroxyl
groups.

The energy level structure, which arises at the
boundary between hydroxyl terminated MXene and
vacuum, is shown in Fig. 2 (We presented a similar model
in [9] to explain the reduction of the electron affinity
caused by the presence of two layers of adsorbates,
negatively and positively charged, on the semiconductor
surface, which corresponds to the experimental situation
studied in [5, 6]). At the same time, we assume that the
Fermi level coincides with the edge of the conduction
band in MXenes).

Since the distance between the hydrogen and oxygen
atoms in the hydroxyl group is d = 0.97 A, this gap is
tunnel-transparent for thermal electrons near the bottom of
the conduction band in the MXene (whose wavelength is
an order of magnitude longer), and they freely tunnel from
the MXene into vacuum. Therefore, the effective work
function from hydroxylfunctionalized MXene (see Fig. 2)
is equal to:

exceeds concentration of conductivity carriers in this ed, = ed, — eAD. )
A A
e, eAP
vacuum
A 4
c ed,
«—>
vV
MXene

()

(+)

Fig. 2. MXene’s work function reduction affected by dipole moment of the hydroxyl group on the surface.
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A® in the right-hand side of (1) can be estimated from the surfaces [7].

flat capacitor formula: Thus, the proposed model not only provide qualitative
explanation of the significant work function reduction in

AD = ﬂ, ) Tin+1Cn with hydroxy termination (clearly illustrated in

€0 fig. 2), but also matches the results of a complex and

cumbersome numerical calculation of [7] based on first
principles. This model can be used for evaluation of the
hydroxy functionalization results of various MXene types,
based on their application prospects in modern emission
electronics.

where Ns is surface density of dipoles, ¢, — a dialectic
constant of vacuum, ¢ — a dielectric permittivity of the gap
between charged planes.

Discussion

) 8 2 ) Strikha M. V. — Doctor of Sciences in Physics and
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groups is equal ~ 4,5 eV and does not depend on surface Lashkaryov Institute of Semiconductor Physics, National
number of Ti and C (in a 1-9 range that could be estimated ~ Academy of Science of Ukraine;
by computation packages in [7]); after the Antoniuk D.V. — student of the Faculty of radiophysics,
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Teoperuuna Mmojaesb 11l ONIHKH 3HUKEHHSI pOOOTH BUXOAY MAKCEHIB 3
TiIPOKCUIBLHOIO TePMiHALI€I0.

1Kuiscoruii nayionanvnutl ynicepcumem im. Tapaca Illeguenxa, gpaxynomem padioghizuxu, enekmpouixu i komn iomepuux
cucmem, np. I nywxosa, 42, Kuis, Yxpaina,
2Iucmumym ¢hizuxu nanisnposionuxis im. B.€.Jlawxapvoea HAH Yipainu, np. Hayku, 41, Kuis, Ykpaina,
maksym_strikha@hotmail.com

3anponoHoBaHa MPOCTa TEOPETUYHA MOJIENb I MOSCHEHHS 3HAYHOT'0 3HWKEHHS POOOTH BUXOY B MAKCEHAX
Tin+1Cn 3 TiIpOKCHIBHOIO TepMiHalli€lo. Mojenb IeMOHCTpye T0OpHit YncenbHU 30ir 13 HasIBHUMU B JIiTepaTypi
pe3ysIbTaTaMM CKJIAJHOTO KOMIT'IOTEPHOTO PO3PaxyHKY BHMXOJSYM 3 IEpLIONPUHIMNIB. BoHa Moxe Oyrtu
BUKOPHCTAHa JJIsI OL[IHKHU HACIIIKIB (DYHKIIOHAII3aMil T IPOKCHIBHIMY TPYIIaMH Pi3HAX THITIB MaKCEHIB, 3 OTJISIILY
Ha [NEePCIEKTUBY CTBOPSHHS HOBITHIX IPHJIAJiB eMiCiiHOT eJIeKTPOHIKHL.

Kiwuogi cioBa: MakceHu, poboTa BUXO/1y, TEPMiHAIIisl MOBEPXHi, TiJPOKCHIIBHA rPyTIa.
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The magnetic properties of the amorphous Cos7FesNi10SiiiBi7 alloy have been studied by a vibrating sample
magnetometer. The temperature dependence of saturation magnetization was measured and the Curie point and
crystallization onset temperature were determined as 560 K and 760 K respectively. The coercive force was
obtained as 200 A/m and saturation magnetization - 65 Am?/kg. The alloy was produced in the form of a ribbon
thickness of 30 pm using the melt spinning method, and its internal amorphous structure was examined by the X-
ray diffraction method. The crystallization behavior of the alloy was studied using series of isothermal annealing
of the samples of the alloy at temperatures in the range of 723-1023 K for different exposures (up to 240 minutes)
and nanocrystalline phases were detected by the X-ray diffraction analysis.

Keywords: Co-based amorphous alloy, DTA, thermo-magnetic curves, hysteresis, magnetic properties, X-ray

diffraction, nanocrystallization.
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Introduction

Co-based amorphous alloys are attractive materials
that are already used in various fields of industry. They are
very soft magnetic, provide a sufficient high saturation
magnetization and are zero-magnetostrictive for
appropriate chosen concentration of alloy. Co-based
amorphous ribbons are attractive alternative as detection
layer in magnetoresistive systems [1]. Depending on the
type of hysteresis loop these materials are used in current
and power transformers, sensor elements, choke coils,
magnetic  screens/shielding, high-frequency  power
applications, etc [2, 3, 4]. Rapidly quenched Co-based
alloys were proposed as suitable materials for magnetic
cores working at high frequencies. Compositions with
zero  magnetostriction, magnetic  properties  and
crystallization onset temperatures 7 in (FeaCo1-a-5Nib)100-
y(Si04Bog)y system as function of Ni (Mo, Mn) and
metalloid content were investigated in [5]. The main
disadvantage of these amorphous metal alloys (AMA) was
the fact that Curie point exceeds crystallization onset
temperature that complicates an effective heat treatment
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on hysteresis loop shape. In previous our research the
amorphous alloys with similar chemical composition Co-
(FeMoMn)-(SiB) were investigated and slightly different
thermal stability and magnetic properties were revealed
[6]. The Curie point of these alloys doesn’t exceed
crystallization onset temperature, allowing carrying out
the optimization annealing. So, a slight variation in the
percentage of elements significantly changes the thermal
stability and Curie point of these alloys and Ni
doping/absence effect on properties. In this paper, we
present the results on studies of magnetic properties and
crystallization behavior of Cos;FesNiieSiiiBi7 amorphous
alloy in comparison with other composition of the system

I. Materials and methods

The amorphous alloy Cos7FesNiSiinBiz  was
produced by rapid cooling from the melt using the melt-
spinning technique in the form of the ribbon. The ribbon
thickness is about 25 pm and width about 1.5 cm
respectively.
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Magnetic measurements were performed using a
vibrating sample magnetometer. Re-magnetization curves
of the studied samples were recorded in a magnetic field
from —300 kA/m to +300 kA/m. Since the use of saturating
magnetic fields is a prerequisite for performing
quantitative magnetic phase analysis, the specific
saturation magnetization (os) and its temperature
dependence were measured in the magnetic field of 800
kA/m. Heating was performed at the rate of 5 K/min
within the temperature range of 293 - 950 K.

The as-obtained ribbons were investigated by the
DTA-method using synchronous thermal analyzer Linseis
STA PT 1600 under dynamic argon atmosphere (~6 liters
per hour). Heating was performed at the rate of 10 K/min
from 293 K up to 973 K.

To study the structural and phase transformations
induced by heat treatment, a series of isothermal annealing
of samples of the amorphous alloy Cos7NiioFesSiiiBi7
were carried out. Annealing was performed in an air
atmosphere at temperatures T=723°K, 773°K, and 823°K
with different exposure times of up to 240 minutes. The
diffraction curves of the annealed samples were measured
on a DRON-3 automated X-ray diffractometer using Cu-
K. radiation, monochromatized by reflection from a
pyrolytic graphite single crystal mounted on a diffracted
beam, which makes it possible to completely to avoid the
sample's fluorescent radiation. The back-scattered
diffraction curves of the samples were recorded in the
mode of continuous movement of the detector at a speed
of 2 degrees per minutes with automatic registration of the
intensity of scattered radiation.

1. Results and discussions

Re-magnetization curves of the magnetic moment for
the Cos7NiioFesSiniBi7are presented in Fig.la and show
that in the region of weak magnetic fields the
magnetization increases in proportion to the external
strength magnetic field, and in a strong magnetic field
(above 17-20 kA/m) the saturation is observed. The
specific saturation magnetization was obtained as
06s=65A*m?/kg. The saturation requires quite a strong
magnetic field, while the residual magnetization is small.
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The coercive force Hc was obtained as about 200 A/m,
which corresponds to the average values of coercive force
for soft magnetic materials [7], but it is quite larger than
the values Hc for some Co-Si-B-based alloys obtained in
[8, 9, 10, 11]. Worth noting, the coercive force is
structurally sensitive and depends on elastic stresses,
shape, and dimension of the ferromagnetic phases. The
magnetization of the amorphous ribbon occurs by slightly
shifting the boundaries of the domains and the reverse
rotation of the vector of spontaneous magnetization.

The temperature dependence of specific saturation
magnetization (thermomagnetic curves) os(T) for the as-
quenched Co-based amorphous alloy (Fig.1b) is typical
for amorphous  ferromagnets. The  saturation
magnetization decreased with temperature increasing to
Curie point (Tc = 560 K). The Curie point of the
amorphous alloy was determined by constructing a model
of temperature dependence of the spontaneous saturation
magnetization of the alloy according to the Weiss—
Heisenberg theory. The Curie temperature marks the
ferromagnetic - paramagnetic transition, at which os — 0.
The temperature interval of ferromagnetic phase existence
for Cos7FesNiiSinnBi7 is wary wide, about ~200 K.
Further increase of temperature resulted in os increasing
caused by the crystallization of ferromagnetic phase with
higher Curie temperature. Thus, the temperature of o;
increasing indicates the onset of amorphous-crystalline
transition and means the crystallization onset temperature
of this alloy as Tx=760K, determining the temperature
limit of the amorphous state stability. At temperatures
above T, the thermomagnetic curve displays the
crystallization processes of the alloys. In the temperature
range 760-950 K the curve is characterized by two
intervals of increasing that could be interpreted as the
formation of two crystallization phases and the
crystallization process of the alloy proceeds through a
multi-stage model [12]. The crystallization onset
temperature of the second phase is determined as about
826 K. Saturation magnetization os, coercive force Hec,
Curie temperature Tc, and crystallization onset
temperature Txof the CossFesNieSinnBi; alloy are
summarized in Table 1.
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Fig. 1. The hysteresis (a) and thermo-magnetic (b) curves of the Cos7FesNi1oSii1B17 alloy.
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Table 1.
Results of magnetic measurements

Alloy oy | Heo | Te, | WM,

- Am
composition Ik Alm | K K

g

. . 760

Cos7NioFesSii Biy 65 200 560 826

The DTA curve for the as-quenched amorphous
ribbon (Fig.2) is characterized by two endothermic peaks
at a temperature above 780 K that correlates with thermo-
magnetic curve. The presence of two exothermic peaks
has been interpreted as the formation of a second
crystallization phase, and the crystallization process of the
alloy proceeds through a two-stage model. The onset point
of the first peaks specifies the crystallization onset
temperature of the alloys indicating the start of the
nanocrystallization process as well as the temperature
limit of amorphous phase stability. For Co-Fe-Ni-Si-B

60 ]

alloys, the temperature range of amorphous phase stability
is in the range of about 750-850 K and depends on
impurities and the production process [13, 14, 15].

The results of thermomagnetic measurements are
consistent with the DTA results; however, the value of Ty
obtained by the DTA method is higher than Ty obtained by
thermomagnetic curve. This difference can be explained
partially by different heating rates at DTA and
thermomagnetic measurements, because increasing the
heating rate contributes to the shift of maxima to higher
temperatures [16, 17].

To study the structure and phase transformations in
the process of heat treatment, a series of isothermal
annealing samples of the amorphous alloy were carried
out. Fig. 3 shows the scattering intensity curves of samples
annealed at T=723°K in the time interval from 5 to 240
min. The initial sample is characterized by a completely
amorphous structure, which is indicated by the presence
of broad maxima without intensity peaks from the

50 Onset point:
Offset point:

| Peak maximum:
Area:

516.5 °C (49 min)

548.4 °C (52 min)

Point of reaction: 47.740 pV at 521.0 °C (49 min) |[—
53.003 pV at 533.5 °C (51 min)

14.25 yVs/mg

DTA (1V)

609.1 °C (58 min)

643.0 °C (62 min)

53.831 pV at 611.6 °C (59 min)
56.724 IV at 631.6 °C (61 min)
3.74 yWs/mg

Offset point:
Point of reaction:
Peak maximum:
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Area:

100 200 300

400 500 600 700

Temperature (°C)

Fig. 2. The DTA curve of the Cos7FesNi10Si11B17 alloy.

Table 2.
Results of DTA measurements
Allo Peak Onset Offset Point of Peak Area
Y point, K point, K reaction, K | maximum, K pVs/mg
CoerFes NinSinB 1 789,65 821,55 794,15 806,65 14.25
S7TES V0SB 2 882,25 916,15 884,75 904,75 3.74
Table 3.
Characteristic temperature of phase transformations of the Co-(FeMoMnNi)-(SiB) alloys
Tx2 K
A||0y o .l Txl K Txl K Tx2 K
No. Chemical composition (by TM) '|§E\)/>|/) (by DTA) | (by DTA) Tc K Ref.
1 Cos:Fes NitoSi1iBi7 760 826 790 880 560 amc'fe
2 C070Fe3M01A5Mn3,5Si11511 749 - 789 - 649 [6]
3 Co73Fe1Mo1Mn;3Sii3Bg 704 798 729 824 683 [6]
4 Co73.2F€4.3Mng 5Sis 3B16 7 718 710 813 731 [5]
5 CO73(FE,Ni,MO,Mn)sj(Sio,zBo,)z]_g 696 700 835 718 [5]
6 CO73,3(Fe,Ni,MO,Mn)sj(Sio,zBo,s)z]_ 698 690 832 720 [5]
7 Coss 3(Fe,Ni,Mn)a1,6(Sio 2Bo,s)20.1 638 670 801 690 [5]
8 Coss,7(Fe,Ni,Mn)24,2(Sio,2Bo,s)20.1 671 671 799 690 [5]
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crystalline phase in the diffraction curve.

The position of the main maximum corresponds to the
modulus of the wave vector s; = 31.3 nm™. The average
interatomic distance is calculated by the Ehrenfest

formula: R, = 273 ‘and is about 0.247 nm which is close

to the sum of the atomic radii of Co equal to 0.250 nm.
The size of the regions of coherent scattering, estimated

according to the formula L = v , Where As; — the main

maximum’s full width of half-peak (FWHP), does not
exceed 1.5 nm. This value is close to the results obtained
for similar alloy composition in [18, 19] where the size of
the regions of coherent scattering was 1.3-1.7 nm

Increasing the duration of the isothermal annealing
leads to certain structure and phase transformations, which
are especially pronounced in the sample annealed for 240
min (Fig. l1la). Against the background of the main
maximum of the amorphous phase, a number of features
appeared at the positions of s=29.1 nm*, 31.2nm™, and
32.8 nm', which correspond to the diffraction lines (100),
(002), and (101) of the a(Co) phase (hexagonal syngony,
space group P63/mmc). The obtained result indicates the
separation of the nanocrystalline phase of a solid solution
based on a(Co) from the amorphous phase. For a more
detailed analysis of structure and phase transformations,
the difference curves of the scattering intensity were
calculated by the formula: I;(s) = I(s) — I,(s), where
I, (s) - scattering intensity of the original amorphous alloy
(Fig 1b).

As can be seen from Fig. 1b, some structure structure

450

changes have begun to appear already during annealing
within 15 minutes. Worth noting, the scattering intensity
has increased in the region of the main maximum in the
samples annealed for 15-30 minutes. The obtained result
can be explained by the formation of nanocluster structure
units with short-range order characteristic of hexagonal
modification of the a(Co) in the amorphous phase. The
size of the coherent scattering regions of a(Co)
nanoclusters, estimated by FWHP of the maximum of the
difference curves, reached L=3.5 nm, which is
significantly larger compared to the original amorphous
phase (L=1.5 nm). Regarding the samples annealed for a
longer period of time (60-240 min.), a number of features
corresponding to the (100), (002), and (101) lines of a(Co)
have appeared on the difference curves. Thus, it can be
assumed that an increasing of the duration of isothermal
exposure causes the transformation of nanocluster
structural units into a(Co) nanocrystals, the average size
of which reached about 10 nm when the exposure time
increased to 240 min. The volume fraction of the
nanocrystalline phase does not exceed 20% of the volume
of the amorphous alloy. The formation of «(Co)
nanocrystals in the amorphous phase corresponds to the
1st peak on the DTA curve.

Let’s consider changes in the structure-phase state of
the Cos7NigFesSiiiBiz  amorphous alloy when the
exposure temperature increased. As can be seen from Fig.
4, annealing of the samples for 5 min. at T=773°K has not
lead to a change in the phase state of the sample. However,
it should be noted that the size of the coherent scattering
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3. Diffraction curves of amorphous CoszNiioFesSi11B17 alloy annealed at T=723°K (a), difference curves
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Fig. 4. Diffraction curves of amorphous Cos;NiigFesSii1Bi7 alloy annealed at T=773°K (a), and curve decryption for
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regions of the amorphous phase has increased to 2.0 nm,
which can be explained by the formation of nanocluster
structural units with a short-range order of the a(Co)
phase. Phase transformations in the sample started when
the duration of annealing increased to 15 min. As can be
seen from the diffraction patterns (Fig. 4a), in the time
interval of 15-30 minutes the nanocrystals {of the
hexagonal phase of an a(Co) based solid solution} are
separated from the amorphous phase. Increasing the time
of isothermal exposure to 60-90 minutes leads to the
complete disintegration of the amorphous phase.

The diffraction spectrum of the sample annealed at

T=773°K for 90 minutes, compared with the diffraction
spectra of the phase components formed as a result of the
decomposition of the amorphous phase, is shown in
Fig. 4b. It can be represented as a superposition of the
spectra of phases o(Co) (hexagonal syngony, group
P63/mmc), B(Co) (cubic syngony, group Fm3m), silicide
Co,Si (orthorhombic syngony, group Pnma), boride CozB
(orthorhombic syngonia, group Pnma), and boride Co2:Bs
(cubic syngonia, group Fm3m).

The parameters of the crystal structure of the phases
are given in the Table. 4. As can be seen from the DTA
data, the 1st maximum has a bifurcated form and can be

Table 4.

Parameters of the structure-phase state of the annealed amorphous alloy Cos;NiigFesSiiiBiz

Tempgratu_re, Phase composition Unit cell parameters, A B ERE T Eke,
anneallng time nm
a=2.5184+0.0007
a(Co) ¢=4.0706+0.0015 22.0
a=4.9146+0.0012
7730K, 30 min. Co,Si b=3.7402+0.0011 215
¢=7.1344+0.0021
a=5.2349+0.0012
CosB b=6.7101£0.0018 24.5
c=4.4239:0.0009
a=2.5044%0.0007,
(Co) ¢=4.019340.0013 14.5
B(Co) a=3.5484+0.0008 75.0
a=4.8924+0.0010
. Co,Si b=3.7684+0.0009 25.5
0
773°K, 90 min. =7.1434+0.0016
2=5.2015+0.0010
CosB b=6.7211+0.001 19.0
c=4.4151%0.0008
Co2Bs a=10.8216=0.0018 31.0
a=2.5172+0.0008,
(Co) c=4.0746+0.0025 17.5
a=4.9212+0.0009
¢=7.1066+0.0019
a=52114+0.0013
CosB b=6.7322+0.0016 26.0
c=4.4500-:0.0009
a=2.5507+0.0003,
a(Co) ¢=4.070840.0005 1250
B(Co) a=3.5473+0.0005 60.0
a=4.8999+0.0006
. ) CoSi b=3.7450£0.0005 25.0
823°K, 60 min. ¢=7.1236+0.0010
a=5.2071+0.0008
CosB b=6.6564=0.0011 50.0
¢=4.3863%0.0007
Co2Bs a=10.744620.0011 22.0
a=2.4977+0.0003,
a(Co) c=4.0868+0.0011 24.0
B(Co) a=3.5273+0.0005 35.5
_ a=4.9271%0.0005
1023°K, 60 min. CoSi b=3.7596+0.0004 28.0
¢=7.1468+0.0008
a=5.2735+0.0006
CosB b=6.6805-0.0008 34.0
¢=4.3949::0.0006
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considered as a superposition of two submaxima with
different magnitudes of the thermal effect. If the 1st sub-
maximum can be associated with the separation of a(Co)
solid solution crystals, then the 2nd sub-maximum
probably corresponds to the complete decomposition of
the amorphous phase.

Let's consider the sequence of structural and phase
changes in samples of the amorphous alloy
Cos7NigFesSiinBiz  when the isothermal exposure
temperature increases to T=823°K. As can be seen from
the series of diffraction patterns (Fig. 5a), crystallization
processes occurred already at the early stages of
isothermal annealing. Analysis of the phase composition
of samples annealed for 2-5 minutes revealed the presence
of highly dispersed phases: a solid solution based on
a(Co), silicide Co,Si, and borides CosB and Co23Bs.
Complete disintegration of the amorphous phase was
observed when the duration of annealing was increased to
15 min. Fig. 5b shows the diffraction pattern of the sample
annealed at 823°K for 60 minutes in comparison with
reference diffraction spectra of phase components. It
should be noted that the sample contains the same phases
that we observed in the sample annealed at 773°K for
90 minutes.

Of great interest is the nature of phase transformations
of amorphous Co-based alloys in the high-temperature
region. Fig. 6 shows the diffraction pattern of a sample of
the Cos7NigFesSiiiBiz amorphous alloy annealed at
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= 30
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Intensity
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T=1023°K for 60 minutes. As can be seen, the diffraction
pattern of the sample can be represented as a superposition
of diffraction spectra of phases based on a(Co), B(Co),
Co2Si, and CosB. It should be noted a significant increase
in the proportion of cubic f(Co) modification, which is
caused by the polymorphic transformation a(Co)—p(Co)
(2nd maximum on the DTA thermogram). In addition,
there are no phase lines of the metastable boride Co23Bg¢ in
the diffraction pattern, which indicates its decay and
transformation into a stable modification of CosB
according to the scheme Co23Bs—CosB+ (Co).

It is known some amorphous-nanocrystalline alloys
have physical properties that that are better than the
properties of both amorphous and nanocrystalline
materials. For example, their magnetic properties are
better than the magnetic properties of amorphous
ferromagnetic alloys and they have high strength, much
higher than the strength of amorphous or crystalline states
[20]. The grain size of the nanocrystalline structure of the
alloy is determined by the crystallization mechanisms
associated with the chemical composition and
thermodynamic  characteristicse. =~ An  amorphous-
nanocrystalline structure is often achieved by optimization
annealing. The crystallization behaviours studies carried
out in this work can be used to select optimization
annealing modes, which is the aim of our further research.
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Fig. 5. Diffraction curves of amorphous Cos;NiigFesSii1Bi7 alloy annealed at T=823°K (a), and at T=823°K
for 60 minutes (b).
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Conclusions

Magnetic properties and crystallization behavior of
the Cos7NiioFesSiiiB17 amorphous alloy produced by the
melt-spinning technique were studied and parameters that
can be useful for practical applications were observed. Our
results show that the Curie point of the investigated
material is much smaller than the crystallization onset
temperature, allowing optimization annealing. The
temperature of optimization annealing should not
significantly exceed 723 K at the exposure time of 1-4
hours due to the formation of borides.
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10.C. Huxupyit', C.I. Mynpuiit, }0.0. Kymuk?!, B.B. IIpynina’, A.K. Bopucrok?

MarHiTHi BJACTHBOCTI Ta HAHOKPHCTAJII3aLisa aMop¢HOro CIIaBy HA OCHOBI KOOAIBTY

L JIvsiscoruti nayionanvnuii ynieepcumem imeni Isana @panka, Jlvsis, Yrpaina
2 Hayionanonuii ynisepcumem «JIvsiscora nonimexuixay, Jv6is, Yxpaina

Marnithi BnactuBocTi amopdnoro cmiaBy CoszFesNieSiiiB1z mocmimkysanu 3a nomomororo Bibpariitnoro
MarHitromeTpa Ta 0yso BusHadeHo remnepatypy Kiopi (560 K) | temneparypy mouarky kpucraitizaiiii cruay (760
K). KoepuutusHa cuia amopgHoro cmiasy - 200 A/M, Ta HAMArHiYeHiCTh HACHYEHHS - 65 AMZ/Kr. AMopdHuii
CIUTaB BUTOTOBJICHHH y BHIJISAII CTPIYKM TOBIIMHOKW 30 MKM METOAOM CIiHIHTYBaHHS 3 po3IUIaBy. BHyTpimHIO
CTPYKTYPY CIDIaBY Ta HAHOKPHCTAII3aI[iiiHY MOBEIiHKY B MOBAaX 130TEpMIYHHX BiIaJliB IIpH TeMmeparypax 723 -
1023 K mpu pi3zEmx dYacax (mo 120 XBWIMH) JOCHIIKYyBald METOJOM PEHTTEHIBCHKOI mudpakmii i
PEHTIeHOCTPYKTYPHOTO aHali3y.

Karwuosi ciioBa: amopdHuit crutaB Ha 0cHOBI KoOanbTy, JITA, TepMOMAarHiTHI KpHBI, TiCTEpE3UC,
MarHiTHi BIACTUBOCTI, pEHTI€HIBCbKa AU(PaKIisl, HAHOKPHCTAII3allis.
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The adsorption of Sr(l1) cations by Boron-doped TiOz was investigated. The adsorbent samples were obtained
by liquid-phase sol-gel method using the aqua complex precursor [Ti(OH2)s]**8CI- and modifying reagent
hydrogen borate HsBOs. It was found, that single-phase rutile titanium dioxide or two-phase anatase-rutile oxide
materials were formed under the different initial ratios of components.

Boron atoms are combined with Oxygen atoms into triangular structural cell BOs in the rutile sample 0.5B-
TiOz2 and are localized in the surface layer of the nanoparticle material as a grouping =02BOH. The introduction of
Boron atoms into the structure of the rutile adsorbent causes an increase in its adsorption capacity for the binding
of Sr(ll) cations in the aqueous electrolyte medium. The maximal adsorption values for Sr(Il) cations by the rutile

adsorbent in a neutral electrolyte environment reach 102.3 mg g%, while it is equal to 68.8 mg g-* for the unmodified

anatase adsorbent a-TiOz.

The number of acid adsorption centers =TiOH®" on the surface of the rutile adsorbent 0.5B-TiOz is ~ 50 units
on a surface area of 10 nm2, which is twice the number of centers on the surface of the anatase adsorbent a- TiOa.
The ionic strength of the acid centers of the =TiOH®* pKq1 and the base centers of the =TiOH® pKa2 of the rutile
sample is the largest in comparison with the centers of other investigated adsorbents and, accordingly, are equal to

0.6 and 12.3.

Anatase-rutile adsorbents 1.0B-TiOz and 1.5B-TiOz contain, respectively, 70% and 57% of the anatase phase.
They are significantly inferior in adsorption ability toward cations of Sr(ll) compared with the rutile adsorbent
0.5B-TiO2. This is because Boron atoms are mainly localized in the anatase phase and with oxygen atoms form
tetrahedral groups of BO4". Tetrahedral coordination of Boron atoms with respect to Oxygen atoms in the structure
of anatase reduces the induction effect of Boron atoms on the redistribution of electron density in the B-O-Ti bridges
and does not lead to the formation of additional acid adsorption centers on the surface of the anatase.
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Introduction

Adsorption technologies are widely used to solve
environmental problems at present time. In particular, the
synthetic adsorbents — activated carbon, zeolites, metal
oxide-adsorbents FezO4, ZnO, TiOy, titanium or zirconium
phosphates, ion exchange resins, etc., are often used for
the removal of heavy metal cations Pb (I1), Cd (1), Ba (11),
Hg (11), Sr (1) as well as some anions AsO,4%, SeO%, F-
from the aquatic environment [1-5]. The disadvantage of
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known adsorbents is low adsorption capacity, instability
to aggressive media, or complexity of synthesis. In this
regard adsorbents based on TiO, have unique properties:
resistance to acid medium, simplicity of synthesis, and
high adsorption capacity toward heavy metal cations. The
adsorption binding of metal cations by TiO.-based
adsorbents is carried out by hydroxylated Ti atoms of only
a certain type on the surface of TiO,.

The surface of the anatase modification of TiO2 with
an area of 10 nm? may contain 120-140 =TiOH — groups,
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but only ~ 30 titanium groups are =TiOH®" acidic centers,
which take part in the metal cations adsorption. Most
titanium groups, 70-76 (%) percent of the whole amount,
demonstrate a neutral nature and are not involved in
adsorption.

The authors of publications [6-9] impregnated
=T102CO, =Ti02POOH or =Ti0,AsOOH grouping in the
amount of 3 to 13 units per 10 nm? on the surface of the
anatase TiO to increase the number of acid adsorption
centers in 2-2.8 times. Exactly the high electronegativity
of atoms C (2.5), P (2.1), and As (2.0) in these groupings,
compared to the electronegativity of Ti atoms (1.5), causes
the formation of additional acidic centers of =TiOH®"
capable of binding metal cations around these atoms.

According to our publication [10], sol-gel synthesis of
nanoparticle TiO, using aqua complex precursor

[Ti(OH2)6]** 8CI- and modifying reagent of borate acid

HsBOs3 (which is also known as hydrogen borate or boric
acid) leads to the formation of Boron-containing TiO; of
different phase composition. In particular, the Boron-
containing sample of 0.5B-TiO; is a rutile material with a
particle shape in the form of villi. Samples with a higher
content of Boron atoms 1.0B-TiO; and 1.5B-TiO;, in
addition to rutile, contain 70% and 57% of the mass of
anatase, respectively.

Since the electronegativity of atoms B is 2.0 and
exceeds the electronegativity of Ti atoms, we can assume
a high adsorption capacity of Boron-containing samples of
TiO, toward metal cations.

In this work, we aim for the following tasks:

- find out the ionic strength of acid =TiOH®" and the
base =TiOH®> adsorption centers of the surface of
modified TiO2 samples;

- investigate the adsorption of Sr(l1) cations by Boron-
containing TiO;

- determine the average number of acid =TiOH®" and
the main =TiOH?® adsorption centers on a surface area of
10 nm? of base and modified samples.

I. Experimental techniques

1.1. Synthesis of titanium dioxide samples

Experimental samples of Boron-containing TiO» were
obtained by the liquid-phase sol-gel method using as a
precursor  solution of titanium aqua complex
[Ti(OH2)6]** 8CI- and modifying agent — borate acid
H3BOa.

The synthesis of investigated samples was carried out
at different ratios of components. The conditions for the
synthesis of investigated samples and the mechanism of
influence of the modifying agent on the course of
structure-forming processes are described in detail in the
publication [10].

1.2. Investigations of the characteristics of
titanium dioxide samples

In this work, special emphasis was placed on the study
of the surface characteristics of TiO, samples, which can
affect the course of adsorption processes.

TEM and IR analyses were conducted; textural
characteristics such as surface area and pore size
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distribution were determined, as well as the pH of the
point of zero charges (pHpzc).

Images of bare a-TiO, and Boron-doped TiO, were
obtained using the LSM 2100F transmission electron
microscope (TEM). The accelerating voltage during the
operation of the transmission electron microscope was 200
kV or more, which made it possible to record images on a
nanometer scale. Light field rendering mode was also
used.

The phase composition of the bare a-TiO, and
modified samples 0.5B-TiOz, 1.0B-TiOz, 1.5B-TiO,, the
parameters of the lattice and the dimensions of primary
crystallites were investigated using the STOE STADIP
diffractometer in the radiation of copper anode. The focus
of the rays was carried out according to the Bragg-
Brentano scheme. Rietveld's analysis of recorded
diffractograms was performed using SHELXL-97
software [11, 12].

The study of the surface area of the samples and their
pore size distribution was carried out with the help of
isotherms of low-temperature N, adsorption-desorption.
Quantachrome Autosorb (Nova 2200e) equipment was
used for this purpose. Before measurement, the samples
were calcined in a vacuum at 180°C for 24 hours. The
surface area of the samples was calculated according to the
theory of BET (Brunauer-Emmett-Teller). Pore size was
estimated using density functional theory (DFT). It should
be noted, that when calculating the surface area of
adsorbents, the theories of BET and DFT give results that
are well consistent with each other. However, since the
calculation of surface area using the Brunauer-Emmett-
Teller theory is generally accepted, we also used this
particular theory.

IR spectroscopy was used, for qualitative and
quantitative analysis of samples, with which it is possible
to assess the structure of the complex, ions in compounds,
phase composition, as well as the different coordination
states of Boron atoms in the structure of anatase and rutile.
The IR spectra of the samples were obtained on the
Double-beam spectrophotometer SPECORD M80 device.
To record the spectrum, the sample weight (4 mg) was
mixed with KBr at a ratio of 1:100, and crushed in a
vibration mill for 10 minutes. The resulting mixture
formed a transparent plate size of 20x5 mm? by pressing.

The pH of the point of zero charges of the surface was
determined to assess the surface ability of synthesized
adsorbents to attach cations or anions. As a rule, pHpz is
the value of a negative decimal logarithm of the activity
of the potential-defining ion of the surface of a solid, that
comes into contact with the electrolytic medium.
Determination of the pH of the point of zero-charge of the
surface a-TiO, and samples of TiO, doped by the Boron
atoms was carried out by the method of drift of the
hydrogen indicator of the medium.

1.3. Adsorption research and calculation of the
number of adsorption centers of TiO2 samples

Adsorption studies were carried out in batch
conditions. To the 0.05 g of the adsorbent was added 5 ml
of the studied aqueous solution of SrCl,. The ratio of
liquid: solid phase (L:S) was, respectively, 100. Initially,
the dependence of the adsorption of strontium ions on the
duration of interaction, the so-called kinetics of
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adsorption, was investigated. Thus, the duration of the
interaction was determined, in which adsorption
equilibrium was established in the reaction mixture. In
addition, a possible mechanism for the course of
adsorption processes was determined using the four most
common kinetic models of adsorption.

Adsorption isotherms were measured at a certain time
of equilibrium. For this purpose, the initial concentration
of strontium ions in the solution was increased. The initial
and residual (equilibrium) concentration of strontium ions
was determined by direct complexonometric titration with
the indicator Eriochrom Black T.

In studies of anion adsorption, the equilibrium
concentration of adsorbate was defined by Mohr’s
method, which uses the titration by the standard solution
of silver nitrate with potassium chromate as an indicator.
The value of adsorption was calculated according to the
formula (1):

— [(Co_ce)'V]
m

qe 1)

For the analytical description of the equilibrium
adsorption of the cations Sr (I1) by the TiO, samples, the
Langmuir (2) and Freundlich (3) equations were used [13,
16]:

_ AwoKCe
1+ K1.Ce

O]

e

Where, ge — the amount of adsorbate uptake at
equilibrium, mgg?; 4., — maximal adsorption value,
which corresponds to filling the whole adsorption centers,
mggt; KL — Langmuir equation’s constant, (L mg™) is the

value inverse to the concentration of C., at which
adsorption is 2 A.; C. — adsorbate equilibrium

concentration, mgL..

Qe = K C2 ®)
Where, K; — Freundlich constant, (%);

L
n — intensity parameter of adsorption.

The number of acid adsorption centers N, on the
surface of the adsorbent area of 10 nm?, was calculated
according to equation (4):

N = Qmax'N:l7
SBET 10

(4)

Here g max — experimentally defined maximal
adsorption of Sr (1) cations, (mole g1); Sger- the specific

surface the (m?- g,

Na — Avogadro constant (6.022 10%).

Studies of the effect of the acidity of the solution on
the adsorption values were performed by adding to the
reaction mixture 5 ml of HNOj3 solution or ammonium
buffer solution to achieve the required pH value.
Accordingly, the L:S ratio increased to 200. The acidity of
the solution was controlled using a pH meter with a
chlorine-silver electrode.

area of adsorbent,
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I1. Results and discussion

2.1. The phase composition of the investigated
samples

The phase composition of the bare a-TiO, and
modified samples 0.5B- TiO2, 1.0B- TiO», and 1.5B- TiO;
the lattice parameters and the dimensions of the primary
crystallites of these phases are given in Table 1.

The bare a-TiO, contains a single phase — anatase
(spatial group ls1(amd)). The presence of Boron atoms in
the sample of 0.5B-TiO; leads to the formation of a single-
phase material — rutile (spatial group Ps (mnm) [17].
However, increasing the content of Boron atoms leads to
the formation of two-phase samples 1.0B-TiO, and 1.5B-
TiO,. These Boron-containing samples consist of anatase
and rutile modifications of TiO in quantities of 30 wt., %
and 70 wt.,, % (57 wt., % and 43 wt., %) masses,
respectively.

The textural characteristics of the bare a-TiO, and
Boron-containing samples calculated by the method of
low-temperature adsorption-desorption of N, molecules
(Fig.1) are given in Table 2. They show that according to
the specific surface of Sger and the volume of pores V,,
the rutile sample 0.5B-TiO; is inferior to the base anatase
sample a-TiO; and anatase-rutile samples 1.0B-TiO, and
1.5B-TiO,. Thus, Sger and the volume of pores V,
anatase-rutile sample 1.0B-TiO, is more than twice as
high as these characteristics for 0.5B-TiO; rutile.
However, the comparison of the rutile sample 0.5B-TiO>
with the Boron-containing samples of TiO described in
the literature [18-20] indicates that the surface area of the
sample 0.5B-TiO, remains higher than that described for
Boron-containing world-wide analogs.

Sol-gel synthesis of investigated samples is special in
the aspect of obtaining TiO, materials with very small
mesopores with a radius of 1.0-3.0 nm and micropores
with a radius up to 1.0 nm. (Fig. 1 (b)).

The micropores and mesopores in the samples are the
gaps between the primordial particles and their associate
or aggregates. The radii of the mesopore of the 0.5B-TiO;
rutile sample are in the range of 1.0-2.0 nm values. They
are smaller in size compared to the radii of other
adsorbents. This is because the particles of this sample
have the form of villi (Fig. 2 (a)).

Their diameter is 0.8-1.2 nm, and the length is 16-
24 nm. The main features are that the villi are folded into
"sheaves" in the associates, and this causes the formation
of especially small mesoporous. The appearance of such
particles is shown in Fig. 2.

2.2. Amphoteric properties of TiO2
Titanium dioxide belongs to amphoteric oxides of metals,
which have both acidic and basic properties. The
amphoteric properties of titanium dioxide are manifested
in the fact that its surface titanium groups change their
chemical state, depending on the pH of the medium:

=TiOH," <> =TiOH* + H* (5)

=TiOH® «> =TiO" + H* (6)
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Fig.1. Isotherms of low-temperature N, adsorption/desorption of bare a-TiO, and Boron-containing TiO, samples
(2); (b) the pores size distribution in the investigated samples studied by the magnitude of their effective radii.

Table 1.
Textural characteristics of investigated samples and parameters of the lattice of anatase and rutile

Anatase Rutile

Con- Tio | Tico | PAUC | oo Tico | Ti-o | Pa-

Sample . le a, c, . ticle
tent, | a, A c, A | (axial | (plane), size tent, am | nm (axial | (plan size

% VA | A N VA | e A '

nm nm

aTio, | 100 | 3.784 | 9513 1'378 1.9337 2'9;” - _ _

) 461 | 2.05 | 1.992 | 1.946

0.5B/Ti0, | - _ _ _ - ~ 200 [ 2HE Y . 5.1
1.0B/TiO, | 704 | 3.796 | 9.496 1'275 19395 | 35 | 3043 4'$3 2'24 2'%04 1'%48 6.1
1.5B/Ti0, | 57+2 | 3.787 | 9.499 1'9875 10351 | 39 | 4342 4'50 2'35 1'%88 1'%46 5.7

Fig. 2. TEM-image of nanoparticles of the rutile sample 0.5B-TI0, (a) and anatase-rutile sample 1.0 B-Tioz (b).

Table 2.

Textural characteristics (specific surface area, pore volume).
SBET Shicro Smeso, Vp, Vmicro Vmeso
Sample
(mg™) (mfg™) | (m’g?) (cm’g) (cm’g) (cm’g?)
a-TiOz 239.4 100.5 138.9 0.1519 0.054 0.098
0.5B-TiO2 151.6 81.73 69.87 0.1158 0.04175 0.07405
1.0B-TiO2 316.1 14.25 301.85 0.2918 0.00661 0.28519
1.5B-TiO2 254.1 - 254.1 0.3442 - 0.3442
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Titanium surface groups attach the proton H* in an
acidic environment (scheme 5), and in the alkaline
medium, they give it away (Scheme 6). The surface of
TiO2 must contain a proton acceptor, which ensures the
transition of the proton from the acid to the base, to reach
ionic equilibrium in solution. Therefore, on the surface of
the TiO- particles, there are both: the base =TiOH® and
acid =TiOH®" grouping. The establishing of the protolithic
equilibrium of the TiO, surface can be written in the form
of a scheme (7):

=TiOH," + =TiOH* « =TiO + H* )

The constant of protolithic equilibrium K, of the

surface of TiO; is calculated according to the equation;

__ [=Tio®*][=Tio"]

Kn = [= TioH][=Ti0%"]

®)

The values of the constants of acid groups Kq; and the
base groups K, can be determined accordingly, from the
following equations:

K = [H*] ooy ©
=TiOH%—
Ko = (]S (10)

The negative decimal logarithm of the value Ky (-Ig
Ka1 = pKai) characterizes the ion strength of Brénsted's
acid centers =TiOH®", and the negative decimal logarithm
value Ko (-1g Koz = pKq2) that of base centers of Brénsted
=TiOH?.

The acid-base model of the solid surface was
proposed by S. Morrison [21]. According to his model for
assessing acidity, pK, is selected — a scale that is limited
by the limit values of the dissociation constants of water
molecules:

-1,76 < pKy < 15,76 (11)

The area of the Brénsted centers includes OH- groups
of different acidic strengths, as well as water molecules
with different stages of protonation, coordinating with the
main and acid centers of Lewis following the pK value of
water-acid (-1.76) and the pK of the water-base (15.76).
The acid centers of Brgnsted are to the left of the neutrality
point (pK, = 7.0). Their acidity increases from right to left
with a decrease in the donor capacity of the orbitals of the
metal atom and the displacement of electron density from
the atom H to the orbital of the atom O. The bases of
Brénsted are situated to the right of the point of neutrality
(pK, = 7.0). Their basicity increases with a decrease in the
donor capacity of the metal atom. There is a shift in
electron density from the metal atom to the orbital of the
Oxygen atom, which enhances the connection of O-H in
the hydroxyl group and increases the basicity of the
Brénsted center (pKo > 7.0).

The ion strength of the acid and basic titanium groups,
respectively, pKy and pKy of the TiO, surface, we
calculated by hydrogen indicator — the pH of point of zero
charges (pHpz) of the oxide material and the pH of its
suspension. pHyz is a pH value in which a solid immersed
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in an electrolyte has a zero electrical charge on the surface.

According to [21] the average value of the ionic
strength of the adsorption centers of the surface pKg mean IS
calculated by the equation (12):

1
PKamen =3 (Ka1 + Kez) (12)

Moreover, the value pK, mean identicals the value of

PHpzc:
pKamean = pszc (13)

Taking into account the Henderson—Hasselbalch

equation [13, 14, 21] (14):

[=Ti0™]
[= TionZ]

= 10(PH ~ PHpzc) (14)

it is easy to conclude that the ionic force pK,: of acid

centers can be calculated by the equation (15):
pKo = pH + |(pH — pHpzc)| (15)

In the last two equations, pH is a hydrogen index of
1% suspension of oxide material.

The hydrogen indicator of electrolyte in which the
surface of the adsorbent acquires a zero electrical charge
(pHpzc) is an important parameter since it indicates the
areas of pH values within which the adsorbent behaves
like cationic or anionic.

The data given in Table 3 show that the pHp,c of the
sample 0.5B-TiO; is 6.0 and exceeds the values pHp;c of
other samples. At the same time, as the number of Boron
atoms increases in TiOy, the point of zero charges on the
pH scale shifts towards an acidic environment.

Table 3.
Properties of bare a-TiO, and surface modified TiO-
samples.
Analytical data
Sample Name
PHsusp PHpzc PKai pKa2
a-TiO2 4.4 5.35 3.4 10.6
0.5B-TiO2 3.2 6.0 0.4 12.3
1.0B-TiO2 3.1 3.2 3.0 9.4
1.5B-TiO2 3.1 2.2 4.0 8.4

For samples 0.5B-TiO,, the ionic strength pKy,; of the
acid centers =TiOH?®" is 0.4 and significantly exceeds the
ionic strength of these centers in the basic sample a-TiO;
(3.4) and modified samples 1.0B-TiO, (3.0) and 1.5B-
TiO; (4.0). At the same time, the ionic strength of the base
centers pK,, of the 0.5B-TiO,- sample is equal to 12.3 and
also exceeds the ionic strength of the base centers of other
samples.

The analytical data given in Table 3 may indicate the
expected high adsorption capability of the 0.5B-TiO;
sample for the adsorption of the metal cations in an
environment with a pH > 6.0. The same sample can
effectively adsorb Cl-, Br-, I- anions in an acidic
environment with a pH of < 6.0.
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Fig. 4. Dependence of the value of adsorption of strontium ions on the duration of interaction (a); (b) application of
the Lagergren model based on the pseudo-second-order equation.

Table 4.
Analytical equations of kinetic models.
Kinetic model Linear equation
Diffussion gi = Kit"2 + K,
Elovich qi= % Int + % In (a-B)
Pseudo-first-order Lag(gp-qy=Ingqp- 213% t
t 1 t
Pseudo-second-order — = —+ =
@ K3q° gy
* —a—0.58-TiO, — mggh  Ki  (mg/lg  min®), Ko,  ky(min™),
:; —e—1.0B-TiO, PRI ks (gmg? min?), o (mg/g min) — rate coefficients of
—a—1.5B-TiO, N pseudo - first order, pseudo-second order, intra-particle
2 a-Tio, pPHp = 6.0 diffusion, and in Elovich Kkinetic models equations,
:-'-f & respectively; B (mg/g)- desorption constant in Elovich
c 7 PHpzc= 5.35 /' equation [16].
£ —" The correspondence of the equation of the kinetic
T 51 PHpc=32 / > /' model of adsorption with experimental results was
Q. N R estimated by the correlation coefficient R? [16]. The
3 et “ results of the approximation of experimental dependences
2 b pHp,c= 2.2 to the theoretical calculations are given in Table 5. They
14 show that the most adequate kinetics of cation adsorption
0 ; : ; . ; ! by Boron-doped TiO; is described by the Lagergren
0 1 2 3 4 5 6 7 8 9 10 1" 12

pH (initial)
Fig. 3. "Drift" hydrogen suspension indicator during the
determination of the pHy, of investigated TiO, samples.

2.3. Adsorption studies. Kinetics of Sr (Il) ions
adsorption

Kinetic dependences of Sr(ll) adsorption from
0.005M solution of SrCl; by the investigated TiO, samples
are shown in Fig. 4. They show that 75% of cations are
adsorbed within 30 minutes of contact of the electrolyte
with the adsorbent, but the equilibrium state in this process
occurs only after 2-2.5 hours.

Four well-known kinetic models: a model of Weber-
Morice, Elovich's, and Lagergren's model of pseudo-first
and pseudo-second-order [13-16] (Table 4) were used to
describe the adsorption of Sr (11) by investigating TiO,.

In this equations: g, and q: - adsorption capacity at
equilibrium  and at time t, respectively,
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pseudo-second-order equation. The R? for equations is
high and equal to 0.9997-0.9994.

2.4. Equilibrium adsorption of strontium ions by
TiO2 samples

Figure 5 (a-d) shows the isotherms of adsorption of
cations Sr(ll) by TiO, samples. They show that the
adsorption capacity of modified adsorbents 0.5B-TiO;
1.0B-TiO, and 1.5B-TiO, are higher than the
corresponding value for unmodified adsorbent a-TiO».

The single-phase rutile adsorbent 0.5B-TiO, shows
the most effectivity among all Boron-doped samples.

The equations of the Sr (11) adsorption isotherms most
reliably describe the adsorption process in the
approximation of Langmuir's theory. This is indicated by
the high values of the correlation coefficient R? (0.9953-
0.9905) and the low values of the parameter %> (1.899-
12.02). The results are in good agreement with the
calculations of kinetic models, according to which, the
highest coefficients of linear approximation are obtained
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for the pseudo-second-order equation (Table 5).

This significantly increases the reliability of
calculations of the number of acid and base adsorption
centers on the TiO surface area of 10 nm2. The number of
acids and base adsorption centers on the TiO; surface area
of the 10 nm? was calculated by the adsorption values of
the Sr(I1) cations in a neutral medium (with a pH = 7.0).

At the medium pH equal pHy of the corresponding
adsorbent, when surface charge equals zero, the number of
acid centers is equal to the number of base ones. As the
pH of the environment increases concerning the pHp,c, the
number of the base centers =TiOH?®" is sharply decreasing,
and the number of acid centers =TiOH®" remains
unchanged. Conversely, with a decreasing the pH of the

Table 5.
Values of parameters and coefficients in equations of kinetic models applied to describe the adsorption of Sr (I1)
cations.
Equation 0.5B-TiO2 1.0B-TiO2 1.5B-TiOz a-TiO2
parameter
Pseudo-first-order
K> -0.0111 -0.0108 -0.0086 0.0042
R? 0.8603 0.7006 0.4664 0.9312
Pseudo-second-order
Ks 0.0329 0.0381 0.0414 0.0098
R2 0.9994 0.9997 0.9994 0.9968
Elovich
o 205.2 155.2 60.1 0.271
B 0.376 0.4217 0.414 0.104
R2 0.8446 0.7759 0.7123 0.6442
Intra particle diffusion model
K1 stepl 2.29 2.27 2.63 0.5588
Ko 16.21 13.24 10.02 8.01
R2 0.8041 0.8005 0.8338 0.9725
k1 step?2 0.394 0.218 0.0937 -
Ko 255 23.51 22.67 -
R? 0.9642 0.8581 0.4301 -
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Fig.5. (a) Adsorption isotherms of Sr(l1) by investigated samples of TiO. Nonlinear approximation of
experimental equilibrium results by Langmuir and Freundlich adsorption theories for (b) 0.5B-TiOg; (c) 1.0B-TiOx;
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Table 6.

Parameters of Langmuir and Freundlich equations for adsorption of Sr(l1) ions by Boron-doped TiO;.

Adsorption theory | Parameters of Adsorbent
equation 0.5B-TiO2 1.0B-TiOz 1.5B-TiOz a-TiO2
KL 0.001549 0.00169 0.00169 0.00012
Amax 111.92 90.77 76.68 151.66
Langmuir Q max calc 102.3 83.58 70.6 68.84
Q max EXP 98 80 70 70.8
R? 0.9905 0.9953 0.9944 0.9428
e 12.02 1.899 2.408 42.38
Ks 6.42 5.34 4.52 0.358
n 0.32 0.319 0.319 0.5946
Q max calc 108.9 89.66 75.99 67.58
Freundlich Q max EXP 98 80 70 70.8
R? 0.9730 0.9724 0.9770 0.9574
v 14.11 14.32 9.74 21.26
Table 7.
The number of acid and base adsorption centers on the TiO; surface area of 10 nm?,
Percentage of
Adsorbent The number of adsorption centers on the surface =TiOH®*",
area of 10 nm? %
=0,BOH =TiOH®" =TiOH%*
a-TiO: - 19.8 - 15.2
0.5B-TiO: 1.6 49.8 46.9 38.3
1.0B-TiO2 - 17.3 4.4 13.3
1.5B-TiO2 - 18.9 2.3 14.5
OH OH
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Fig. 6. Boron-containing grouping on the surface of particles of the rutile sample 0.5B-TiO, (Model 1), and
the surface of anatase-rutile particles 1.0B-TiO, (Model 2).

environment concerning pHpzc the number of acid centers
=TiOH®" decreases sharply, and the number of the base
centers =TiOH® - does not change. The data, which are
given in Table 7, show, that the number of acid centers
=TiOH?®" on the surface area of 10 nm? of the rutile sample
0.5B-TiO; is 49.8 units and it is the largest compared to
other samples.

The number of base centers =TiOH? in this sample is
equal to 46.9 units. It is smaller compared to the number
of =TiOH®%". This is due to a greater hydrogen index of the
medium compared to the pHp of this sample. The number
of acid centers of anatase-rutile samples 1.0B-TiO, and
1.5B-TiO; respectively are equal to 17.3 and 18.9 units on
the surface area of 10 nm2. The specified number of acid
centers is close to the number of these centers in the bare
a-TiO, sample.
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Therefore, the higher adsorption capacity of the rutile
sample 0.5B-TiO; toward Sr(ll) cations than bare a-TiO;
is due to its crystalline structure and the presence of
incorporated Boron atoms in this structure.

Boron atoms in the rutile sample 0.5B-TiO, form a
grouping =0,BOH, which are impregnated in the surface
layer of titanium dioxide particles. In these groups, atom
B is surrounded by three oxygen atoms, two of which are
involved in a chemical bond with Ti atoms. Since the
electronegativity of atoms B is 2.0 and exceeds the
electronegativity of Ti atoms (1.5), therefore, inductive
redistribution of the electron density causes the formation
of additional acid centers =TiOH®" in the vicinity of the
impregnated Boron-containing group (see Model 1).

In the IR spectrum of sample 0.5B-TiO, (Fig. 7,
spectrum 2), fluctuations in groups of BO3 are weak in
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intensity in bands of 1400; 1110, and 974 cm™. The first
two bands belong to the degenerate asymmetric
oscillations of BO3™ groupings, and the third band we
attribute to the asymmetric deformation oscillation of B-
OH [22, 23].
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Fig. 7. IR spectra of the basic sample a-TiO, (1) and 0.5B-
TiO2(2), 1.0B-TiO2 (3), 1.5B-TiO, (4).

Titan borate monodentate molecules are creating Ti

(OH)30B(0OH)22H,0 during the synthesis of the sample
0.5B-TiO; in the reaction mixture of titanium aqua

complex precursor [Ti (OHy)s]**8CIl- and borate acid

B(OH)s. These molecules in the polycondensation process
act as a promoter for the formation of rutile, since the
length of the Ti-O bond in them, is commensurate with the
average length of Ti-O in the octahedra of TiOs rutile.
Molecules with a bidentate mononuclear structure Ti

(OH)202BOH -2H;0 occur, causing the formation of the
anatase phase, due to the high chemical potential of the
reaction mixture, in the process of synthesis of the samples
1.0B-TiO; and 1.5B-TiO,. The distance of Ti-O in this
molecule is commensurate with the average length of the
Ti-O bond in the octahedra of the anatase phase. In
addition to anatase, these samples contain respectively 30
and 43% percent of rutile. B atoms are in tetrahedral
coordination related to Oxygen atoms in anatase TiO,. The
IR spectra of the anatase phase of the anion BO4 belong
to bands 1150 and 965 cm™ (Fig. 8, spectrums 3 and 4)
[22-25].

Anions BO4s mainly localized in the volume of the
anatase phase (model 2). Tetrahedral coordination of
Boron atoms relate to Oxygen atoms reduces the induction
effect of Boron atoms on the redistribution of electron
density in B-O-Ti bridges and does not lead to the
formation of additional acid adsorption centers on the
surface of the oxide material.

The number of acid centers =TiOH®" on a surface area
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of 10 nm? in samples 1.0B-TiO; and 1.5B-TiO; is 17.3 and
18.9 units, respectively (Table 7). This number of acid
centers roughly corresponds to the number of centers of
unmodified a-TiO,. These data indicate the absence of
Boron atoms in the structure of rutile of two-phase
samples.

It should be noted, that the increase in the number of
acid centers =TiOH%" in the rutile sample 0.5B-TiO; is
more than two times due to the impregnation of only 1.6
units of groups =0,BOH on a surface area of 10 nm?. An
increase in the number of acid centers on the surface of the
investigated adsorbent can be ensured by preventing the
formation of titanium-borate molecules with a bidentate
structure during synthesis.

2.5. Mechanism of Sr (1) cations bonding
For adsorption of one Sr(ll) cation, one or two

adsorption centers may be involved in electrolyte
environments with pH > pHpzc (16):

2=TiO + Sr?* « (=TiO’), Sr?* (16)
=TiO" + H0 + Sr?* « =TiO" (SrOH)* + H* (%))

Adsorption of cations according to the scheme (16) is
observed in an acidic and slightly acidic electrolyte
medium (pH = 2 + 6). The connection of cations is carried
out according to the scheme (17) in a neutral electrolyte
medium (pH ~ 7) [6-8, 13, 21].

The presence of OH- anions ensures the high
efficiency of binding of Sr(ll) cations in an alkaline
environment (pH ~ 8-12):

=TiO" + Sr* + OH" < =TiO" (SrOH)* (18)

Graphical dependences of adsorption of cations Sr(ll)
from the pH of the medium by investigated samples of
TiO, are shown in Fig. 8. Fig.8 shows, that there is a
tendency of differences in Sr (11) adsorption. In an alkaline
environment with a pH of ~ 10-11 adsorption of cations Sr
(1) increases, compared with adsorption in a slightly
acidic environment, by 1.5-2.0 times.

Adsorption of cations should not be carried out in an
environment with pH < pHp,c. However, the adsorption

value of the Sr(Il) cations is 85 mg g? by the 0.5B-TiOx,
and is equal to the value of adsorption in an environment
with a pH of ~ 6.0 is close to corresponding values which
are obtained at a pH of ~ 2.0.

This anomaly can be explained by the fact that the
adsorption of anions recharges the surface of the
adsorbent. The negative charge of anions is not
compensated by a completely positive charge of
adsorption centers. Therefore, favorable conditions are
created for the adsorption of Sr(l1) cations. The binding of
Sr(I1) cations in an acidic environment from SrCl, solution
occurs according to the scheme (19):

2=TiOHy + 2CI + Sr?* < 2=Ti* 2CI' Sr** + H,0  (19)
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Fig. 8. Adsorption of Sr (II) cations by TiO, samples in
the medium with different pH.

2.6. Regeneration of the adsorbents

The possibility of the adsorbent regeneration was
performed according to the scheme of adsorption-
desorption of Sr (II) cations- drying the adsorbent and
repeated adsorption. Adsorption of cations was performed
from a 0.01M solution of strontium chloride at pH = 8.
Removal of adsorbed strontium cations was performed
using 0.01M HNOs as eluent. Regenerated adsorbents
were washed with distilled water, dried, weighed, and
again used for adsorption of Sr(Il) cations under the same
conditions. The value of adsorption of Sr (I) cations
remained unchanged, during the seven adsorption-
desorption cycles.

In addition, the adsorption value after regeneration

was 39.8+7.2 mgg?! for adsorbent 0.5B-TiO, at a

confidence level of 95%. The test results indicate the
suitability of Boron-dopped titanium dioxide in the acid
medium and its ability for regeneration [26].

Conclusions

Synthesis of Boron-containing TiO; by liquid-phase
sol-gel method wusing aqua complex precursor
[Ti(OH2)6]** 8CI- and borate acid H3BOs, as a modifying

reagent, according to the corresponding ratio of
components, leads to the formation of a single-phase rutile

titanium dioxide or a two-phase anatase-rutile oxide
material.

In the rutile sample 0.5B-TiO,, Boron atoms are
combined with Oxygen atoms into the triangular structural
cell of BO3 and are localized in the surface layer of the
nanoparticle material as a grouping =0,BOH.

The impregnation of Boron atoms into the structure of
the rutile adsorbent causes an increase in its adsorption
capacity toward Sr(ll) cations. The maximal adsorption of

Sr(I1) cations by the rutile adsorbent reaches 102.3 mg g,

compared to the bare a-TiO, — 68.8 mgg™ in a neutral

electrolyte environment.

In particular, the number of acid adsorption centers
=TiOH?" on the surface of the rutile adsorbent 0.5B-TiO;
is ~ 50 units on a surface area of 10 nm?, which is twice
higher than the number of centers on the surface of the
base anatase adsorbent a-TiOs..

The ionic strength of the acid centers of the
=TiOH®" pK, and the main centers of the =TiOH® - pKy»
of the rutile sample is the highest in comparison with the
centers of other investigated adsorbents and, accordingly,
is equal to 0.6 and 12.3.

Two-phase adsorbents 1.0B-TiO, and 1.5B-TiO;
contain, respectively, 70 and 57% of the anatase phase.
They are significantly inferior in adsorption ability toward
cations Sr(Il) compared with the rutile adsorbent 0.5B-
TiO,. This is because Boron atoms are localized mainly in
the anatase phase and form tetrahedral groups of BO4 with
oxygen atoms.

Tetrahedral coordination of Boron atoms concerning
Oxygen atoms in the structure of anatase reduces the
induction effect of B atoms on the redistribution of
electron density in B-O-Ti bridges and does not lead to the
formation of additional acid adsorption centers on the
surface of the anatase.
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Adsorption of Sr(ll) cations onto titanium dioxide, dopped by Boron atoms

Isan Mupomnrok®, I'anna Bacunwesa?, Ipuna ITpokinayk!, Irop Mukntun!

AncopOuist kationiB Sr(II) miokcuaom TuTany, 1onoBaHuM atomamu bopy

1Kaqbeopa ximii, [puxapnamcokuiti nayionanvnuil ynigepcumem im. B.Cmeganuxa, leano-@Ppanxiscovk, Yxpaina,
myrif555@gmail.com
zKa(j)ec)pa meopemuunoi Qizuku, Biodinenns gizuxu 10pa i enemeHmapHux YaCmuHoK, YoceopoocbKkuti HayiOHATbHUL
yuigepcumem, Yaceopoo, Yrpaina, h.v.vasylyeva@hotmail.com

JHocnimkyBanack agcop6uist karioniB Sr(II) 6opemicHumu 3paskamu TiOz2, ofep:kaHUMU piaKO(a3HHM 3071b-
rejib METOJIOM 3 BUKOPHCTAHHSIM aKBaKOMILIEKCHOTO mipekypcopa [Ti(OH2)s]%* 8Cl- i Mmoaudikyrouoro pearenta

6opatHoi kuciaotn HsBOs. 3’dcoBaHo, M0 3a BiAMOBIAHUX CHiBBIJHOLIEHb KOMIIOHEHTIB YTBOPIOETHCS
onHo(a3HUH pyTHIBHUI A1IOKCH TUTaHY a0 ABOX(a3HHI aHATa3-pyTUIbHUI OKCUIHUI MaTepial. B pyTuisHOMY
nociinaomy 3pasky 0.5B-TiOz aromu Bopy noenuyrorses 3 aromamu OKCUTeHY B TPHKYTHI CTPYKTYpHI MOTHBHU
BOs i JokamizyroThCsi y IOBEpXHEBOMY Iapi HaHOYACTHMHKOBOTO Marepiany sk rpymyBanHs = O2BOH.
[aKopnopauist atomiB Bopy y CTpyKTypy pYTHIBHOTO aJCOPOEHTY CIIPUYMHIOE 3pOCTaHHs HOro ancopOIiiHOi
CIPOMOXKHOCTI Ioz0 3B’si3yBaHHS KatioHiB Sr(Il) y BogHOMy enekTpoiiTHOMY cepemoBuini. MakcuMalbHa
ancop6buis katioHiB Sr(Il) B HEHTpambHOMY ENEKTPOJITHOMY CEPEIOBHILI PYTHIBEHOTO aacopOeHTta csrae 102.3
mr-T™ 1, y Toif 9ac, sk ;s HeMOIHM(iKOBAHOTO aHaTa3HOro ajcopbenta a-TiO2 BoHa piBHa 68.8 M-t

YncenbHicTh KUCIOTHUX afcopbuiiuux nentpis =TiOH®" Ha nosepxHi pyTuiabHOro aacopbenta 0.5B-TiO:2
CTaHOBUTH ~ 50 OJIMHHUIb HA MiNSHII MOBEPXHi Miomero 10 HMZ, IO B Ba pa3u MEPEBHIIYE YMCETBHICTh LICHTPIB
Ha MOBEpXHi 6a30BOro aHaTasHoro aacopGenta a-TiO2. Momma cuma xucnoTamx nentpis =TiOH® pKai ta
ocHoBHEX TeHTpiB =TiOH> pKy pyTwibHOTO 3paska € HaiOGiNBIIO B TOPIBHSAHHI 3 LEHTPAMHM IHIIHX
JOCIIPKyBaHUX afCcOpOCHTIB i, BiAmoBinHO, piBHa 0.6 Ta 12.3.

Amnara3-pytuisHi agcopbertu 1.0B-TiOz ta 1.5B-TiO2 micTsts Bignosigao 70 Ta 57 Mac.% anaTta3Hoi ¢a3u.
BoHH CyTTEBO MOCTYMarOThCs 3a ancOpOLIHHOI CIPOMOXHICTIO 3B’s3yBatH KaTioHm Sr(Il) pyTtuneHOMY
ancopoenty 0.5B-TiO2. Ile 3ymMoBieHO THM, 1110 aTOMH Bopy B OCHOBHOMY JIOKAJTi3yIOThCS B aHATa3Hil (asi i 3
atomamu OKCHreHy yTBOPIOIOTH TeTpaeapuyHi rpymyBanHs BOs . Terpaenpuyna koopauHanis atomiB bopy no
BiZIHOIIEHHIO 710 aroMiB OKCHIeHy B CTPYKTypi aHaTady 3HWXKYeE IHOyKIiHHMH BIMB aTtoMmiB bopy Ha
Nepepo3NOAiT eIEKTPOHHOI TycTHHH B MicTKax B-O-Ti i He NpUBOANUTH 10 YTBOPEHHS JOJATKOBHX KHCIOTHHUX
ancopOUifHUX IEHTPIB HAa MOBEPXHI aHATa3y.

Kiwouosi caoBa: liokcun tutany, bop, Ancop6ist, CTpoHmIii.
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Introduction

Cadmium telluride possesses unique physical
properties necessary for photovoltaic converters of solar
energy, namely, a required band gap width and needed
absorption coefficient value. The structure of intrinsic and
impurity defects predominantly determines the electrical
and optical properties of this material. Therefore, the study
of the defects structure of CdTe is an actual applied
problem. In literature there is a wide range of works where
the ab initio approach is used to calculate the structure of
defects in cadmium telluride [1-7]. However, these works
do not specify the way to establish the relationship
between the structure of point defects and the kinetic
properties of CdTe, which directly determine the electrical
properties of the material. In the current work, this
problem will be solved in two stages.

At the first stage on the basis of density functional
theory (DFT) the calculation from the first principles of
energy characteristics of a semiconductor is carried out:
energy spectrum, electron (or heave hole) wave function
and potential energy in a crystal lattice. Usually it is
assumed that the above characteristics describe the state of
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the crystal at T = 0 K. In the current article, a method for
calculating these characteristics of a sphalerite
semiconductor at a predetermined temperature will be
proposed. Based on this method the charge carrier
(electrons and heavy holes) scattering parameters on
different point defects of the crystal will be calculated at a
given temperature. At the second stage, the ionization
energies of various types of defects caused by the
introduction of chlorine and copper impurities into
cadmium telluride are determined by the supercell
method. Knowing these ionization energies and charge
carrier scattering parameters it is possible to calculate the
Fermi level and, in turn, the kinetic coefficients of CdTe.
It should be noticed that there are a series of works in
literature  devoting to transport phenomena in
semiconductors, in particular in CdTe [8], which are based
on ab initio calculations [9-13]. However, in these works
the connection between defect structure and kinetic
properties is not specified.
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I. Calculation of temperature
dependences of wave function and
crystal potential

When considering the transport phenomena in
cadmium telluride, the charge carrier short-range
scattering models were used [8, 14-16]. These short-range
scattering models include several scattering constants as
parameters, which, in turn, require the calculation of the
conduction and valence band wave function and the self-

consistent crystal potential. To calculate these above-
mentioned constants the method of calculating the
electron energy spectrum and the crystal potential,
presented in [17,18], was used. This allowed to separate
the physical solutions of the Schrodinger equation from the
set of mathematical solutions of the Schrodinger equation
using the following criterion for selecting physical solutions
of the Schrodinger equation, namely: at a given temperature,
the theoretical width of the band gap must coincide with its
experimental value, which was determined from the
experimental expression for solid solution Hg1.xCdxTe [19]:

Ey(x,T) = —0.302 + 1.93x — 0.81x% + 0.832x3 + 535 x 107*T (1 — 2x) (1)

Using this approach, the following values of the factor
« (this parameter defines the mixture of the conventional
GGA exchange correlation potentials for Cd and Te,
pseudopotentials [20, 21], and the Hartree Fock exchange
potential [22]) were obtained for the ideal unit cell
(sphalerite structure) of cadmium telluride: o« = 0.397
correspondsto T =0 K, « =0.288 correspondsto T =300
K. Herewith, the electron wave functions in the
conduction and valence band and the crystal potential at
temperatures of 0 K and 300 K were obtained.

Accordingly, the following scattering constants for
electrons and heavy holes were determined, namely:

1) Scattering constants for charge carrier-polar optical
(PO) phonon interaction, charge carrier-piezoacoustic
(PAC) phonon and charge carrier-piezooptic (POP)
phonon interaction

Apg = Apac = Apop = flp*(RZ - 7’2)1/) dr )

2) do is the optical deformation potential constant
which choose equal to the maximum value among three
optical deformation potential constants corresponding to
one longitudinal and two transverse branches of the lattice
optical vibrations:

doy = ao [Pe, -V dr, v=123; ©))

where the region of integration is the same as in the case
of PO scattering; &, — unitary contravariant polarization
vector of the optical oscillations; vector V is expressed in
terms of the derivatives of the self-consistent electron
potential energy over the coordinates of the atoms of the
unit cell [15].

3) Eac is the acoustic deformation potential constant
which was choose equal to the maximum value among
three  acoustic  deformation  potential  constants
corresponding to one longitudinal and two transverse
branches of the lattice acoustic vibrations:

Epcy = —(L/4+ L/2 + 13/2);
Ejc1y = —(=L/4+ /4 + 15/2); (4)
Epcor = —(=L/2+ L,/2 + 13/4);

where L = [V Vydr; L = [PV dr';
I; = [Y*V3y dr'; V{; Vy; V4; are the projections of the
vector V in an oblique coordinate system created by the
primitive vectors of the zinc blende structure;

4) The ionized impurity scattering constant:

Ay =, Wyt dr (5)

It should be noticed that in (2)-(5) integration is carried
out according to the method proposed in [17].

Formulas (2) - (5) show that the above mentioned
scattering constants are expressed in terms of the integrals
over the wave function ¥ and crystal potential U.
Calculation of these integrals was made on the base of
three-dimensional B-spline interpolation and finite
displacement method [23]. The dependence of ¥ and U
on temperature causes the temperature dependence of
scattering constants. Assuming the simplest, linear,
temperature dependence, one can calculate the
temperature dependences of the scattering constants for
heavy holes and electrons:

Apopn = (12.2 + 1.84 x 1073T) X 1072°m?, Apg. = (12.24 + 2.088 X 107T) x 1072m?, (6a)

dopn = —43.1—0.018T eV, dgy, = —20.93 — 4.053 X 1073T eV (6b)

EAChh = _307 - 228 X 10_3T eV, EACB = _2423 - 4.628 X 10_4T eV (6C)

Appn = (0442 — 890 X 107°T) x 101%m™1, A, = (0.4794 — 7.405 x 107°T) x 101%m™1 (6d)
Using these relations, one can calculate the cadmium telluride.

temperature  dependences of electron transition
probabilities and in turn the kinetic coefficients of

Note that the temperature dependence of the heavy
hole effective mass, which was determined in [17], was



0. P. Malyk

used to calculate the mobility of heavy holes. This
temperature dependence has a form:

Mpn = (0.214 4+ 9.902 x 1075T)m, @)

It is possible to note the qualitative similarity of
expression (7) to analogous expression for CdxHgixTe
(x~0.2), obtained by fitting to experimental data [24].

Il. Determination of  temperature
dependences of ionization energy of
different types of impurity defects

The proposed study considers the acceptor defects
caused by the introduction of copper impurity were
investigated, namely: Cucq , Ve — CUcd , Cucd— Tecq ,
Cucd — Vcd. The study of the energy spectrum of the
defects structure of cadmium telluride was carried out
within the framework the supercell method on the basis of
the ABINIT code: Cucq — supercell Cd;TesCu (1x1x2
sphalerite cubic structure); Vte — Cucq — supercell
Cd;TesCu (1x1x2 sphalerite cubic structure); Cuca— Tecqd

cubic structure). Next donor defects caused by the
introduction of chlorine impurity were considered,
namely: Clye, Clre—Cdre . The energy spectrum of these
defect structures was calculated using the supercell
method (1x1x2 sphalerite cubic structure) based on the
ABINIT code: for Clre — supercell CdsCITe7; Clye—Cdye —
supercell CdqsClTes. Analogous calculations were
performed for the ideal supercell CdgTes (1x1x2
sphalerite cubic structure) and CdisTeis (2x1x2 sphalerite
cubic structure). At the same time, the following values of
the o parameter were obtained for the ideal supercells:
CdsTes— « = 0.09 corresponds to T=0 K, o« = 0.0182
corresponds to T = 300 K; CdisTers — o =0.076
corresponds to T=0 K, « =0.00571 corresponds to T=300
K The calculated energy spectra of the above-indicated
supercells are presented in Table I.

The next stage of the calculations consists in
establishing the temperature dependence of the ionization
energy of various types of defects. For this purpose, the
method presented in [17] was used. After that, assuming a
linear relationship, we obtain the temperature
dependences of the defect ionization energy:

—supercell Cd14Te17Cu (2x1x2 sphalerite cubic structure); Cucq:  AE; = 1.405-5.567 X 107" T, (82)
Cucd — Vca — supercell CdisaTeisCu (2x1x2 sphalerite Vre = Cucq: AE, = 1.476 —3.533 x 107 T,  (8b)
Table 1.
Energy spectrum of ideal and defect supercell.
1x1x2 sphalerite cubic structure
T=0, E;=1.65 eV, exchmix=0.09 T=300 K, E;=1.48 eV, exchmix=0.0182
Energy levels of | Energy levels of| lonization | Energy levels of Energy levels of lonization
ideal CdgTes, eV defect, eV energy, eV | ideal CdgTes, eV defect, eV energy, eV
Cucq At T=0 Cucqg
Ec- 1x(4.194) (0) 1x(3.946) (0) p- type. Ec- 1x(4.108) (0) 1x( 3.858) (0) ABs = 1.238
E.- 2x (2.541) (2)° 1x(2.344) (1) AtT>0 Ev- 2x (2.620) (2) 1x(2.463) (1) :
1x(2.344) (2) | AEA=1.405 1x( 2.463) (2)
Ve — ClUcd At T=0 Ve — ClUcd
Ec- 1x(4.194) (0) 1x( 4.017) (0) p- type. Ec- 1x(4.108) (0) 1x(3.990) (0) ABs = 1.370
E.- 2x(2.541) (2) 1x( 2.226) (1) AtT>0 | E-2x (2.620) (2) 1x(2.214) (1) '
1x(1.910) (2) | AEa=1.476 1x( 2.054) (2)
Clre Clre
E.- 1x(4.194) (0) 1x(5.073) (0) | AEp=0.557 | Ec- 1x(4.108) (0) 1x(5.070) (0) AEp = 0.539
E.- 2x(2.541) (2) 1x(3.637) (1) Ev- 2x(2.620) (2) | 1x(3.569) (1)
2x(2.394) (2) 2x( 2.459) (2)
CITe*CdTe Ec— 1X(4.108) (0) CITe*CdTe
E—1x(4.194) (0) 1x(4.219) (0) | AEp=0.017 | E, 2x(2.620) (2) 1x(4.211) (0) AEp =-0.040
Ev—2x(2.541) (2) 1x(4.177) (1) 1x(4.148) (1)
1x(4.177) (2) 1x(4.148) (2)
2x1x2 sphalerite cubic structure
T=0, E;=1.65 eV, exchmix=0.076 T=300 K, Eg=1.48 eV, exchmix=0.00571
Energy levels of ideal| Energy levels lonization Energy levels of | Energy levels of lonization
CdisTess, eV of defect,eVV | energy,eV | ideal CdisTess, eV defect, eV energy, eV
Cucg — Vcy At T=0 Cucd — Ve
Ec—~1x(4.130) (0) 1x (2.967) (0) p- type. Ec—~1x(4.046) (0) 1x (2.881) (0) AEx 20,323
E—2x (2.478) (2) 1x (2.360) (1) AtT>0 | E,2x(2.558) (2) 1x (2.323) (1) ATH
1x (1.752) (2) | AEa=0.489 1x (1.722) (2)
Cucq — Tecg Cucyd — Tecd
E—1x(4.130) (0) 1x (3.085) (0) _ E—1x(4.046) (0) 1x (3.012) (0) _
E 2x (2478) (2) | 1x@077)(0) | 2EA70599 | £ 5. o5858)(2) | 1x(3005)(0) | AFATOA447
1x (1.845) (2) 1x (1.855) (2)

*Recording 2x(2.541) (2) means that there is exist 2-fold degenerate energy level with an occupation number equal

2.
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Cucy — Tecq: AE, =0.599 —5.067 x 107* T, (8c)
Cucq — Veq: AE, =0.489 —5533x107*T, (8d)

Clye: AE, =0.557 —6X1075T, (8e)
Clpo — Cdpe:  AEp =0.017 — 1.9 x 1074 T, (8f)

It should be noted that only for one type of defects
studied, the discrete level of the defect merges with the
conduction band, namely: Cly. — Cdre at T = 89 K. For
other types of defects, with the temperature increasing,
there is only a decrease in ionization energy without
merging with the conduction band.

I11. Discussion

Only defects with the lowest ionization energy were
taken into account in the calculations of transport
properties, as they make the dominant contribution to the
transport phenomena. As can be seen from the equations
(8a) - (8f) that for copper-doped CdTe such a defect is
Cucd — Vcd, While for chlorine-doped CdTe, it is a defect
complex Clre — Cdre .

Comparison of theoretical temperature dependences

of heavy holes mobility was made with experimental data
presented in [25]. Cadmium telluride parameters used for
calculation are presented elsewhere [17]. Therefore, for
copper-doped cadmium telluride the Fermi level is
determined by the electroneutrality equation, which has
the form:
p—n=Ny/{1+ 2exp[(E, — F)/(kp)T1}, ©)

where N,— copper impurity concentration and the defect
level E,at a given temperature is choose according to (8d).

The calculation of the temperature dependences of the
heave hole mobility was performed on the basis of short-
range scattering models [14,15,17] within the framework
of the exact solution of the Boltzmann’s kinetic equation
[26].

The temperature dependences of the heavy holes
mobility in cadmium telluride crystals with a copper
impurity concentration of 1x10™ = 1x10'® cm™ were
calculated. The results of the calculation are presented in
Fig.1. For each value of the concentration of copper atoms
Na, such values of the concentration of the static strain
centers Nss were chosen, which would allow to cover all
possible values of the heavy holes mobility at low
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2 I
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Fig. 1. — The temperature dependences of heavy hole mobility in cadmium telluride crystals with different defect
concentration. a — Na=1x10%cm3; b — Na=1x10%cm3; ¢ — Na=1x10%cm3; d -Na=1x10""cm3; e — Na=1x10%cm3,
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temperatures. Comparison of theoretical curves with
experimental data was performed only for the
concentration of acceptor defects 1x10%** cm? (see Fig.
1a). It can be seen that the theoretical curve agrees well
enough with the experimental data. Unfortunately, there
are no experimental data in the literature for other values
of copper impurity concentrations.

For heavy holes, the theoretical curves obtained by
two competing approaches were compared: short-range
scattering models and long-range scattering models. The
results of the calculation are presented in Fig. 2. The
dashed lines 1 and 2 represent the results of the calculation
of the dependence (T ) obtained in the relaxation time

approximation using long-range scattering models: curve
2 describes the high-temperature region
(ha) << kgT, w—optical oscillatio n frequency), curve 1
describes the low-temperature region (e >> kgT).

Regarding curves 1 and 2, the following remark should be
made. For cadmium telluride the Debye temperature is 6p

the low-temperature region will be determined by the
condition T <24 K, and the high-temperature region will
be determined by the condition T > 2400 K. As can be seen
from Fig. 2(a), the experimental points fall into the region
where T ~ Op, i.e., where the application of the relaxation
time approximation (elastic scattering) is incorrect. On the
other hand, the heavy hole short-range scattering models
allow to describe inelastic scattering, so their application
in this temperature range is correct. In addition, curve 3
differs significantly qualitatively and quantitatively from
curves 1 and 2. Given the coincidence of curve 3 with the
experiment, it can be argued that the short-range scattering
models give a more adequate description of physical
reality than long-range models.

Calculated on the basis of the proposed method the
dependences of heavy hole’s Hall factor on temperature
are presented in Fig. 3. It is seen that these dependencies
have minimums, which are situated as follows - the higher
the concentration of copper impurities, the higher the
temperature of minimum.

= 239 K. Therefore, according to the above inequalities, Theoretical ~ calculations were compared with
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Fig. 2. — Dependencies ,u(T) corresponding to different theoretical approaches. 1, 2 — long-range scattering models
(relaxation time approximation); 3— short-range scattering models.

130



Transport phenomena in CdTe:Cl and CdTe:Cu - calculation from the first principles

experimental data for chlorine-doped CdTe [27]. As can
be seen from (8e)-(8f), the defect with minimum
ionization energy is a defect complex Clye — Cdre . Given

F-Fp
kpT

n—p=ND/[1+2exp(

n — p = Np — after the merger of the defect level,

where Np is the chlorine concentration and the defect level
Ep at a given temperature is selected according to (8f).

Similar to the case of heavy holes the temperature
dependences of the electron mobility were calculated on
the basis of short-range scattering models [14,15,17]
within the framework of the exact solution of the
Boltzmann kinetic equation [26].

T LI Y | T ™ T T TTTT
1,15 |
1,10 -
1,05 -
1,00 |-
1 TN | " P R A N ]
10 100 1000
T, K

Fig.3. — Heavy hole Hall factor versus temperature in
cadmium telluride crystals with different copper
concentration. 1 — Na=1x10%cm3; 2 — Na=1x10%cm?; 3—
Na=1x10%%cm3; 4-Na=1x10*cm3; 5-Na=1x10*%cm3,

For chlorine doped samples, theoretical temperature
dependences of electron mobility were calculated for the
following defect concentrations (see Fig.4):
sample A — Np=5x10* cm3, Nss=1.2x10% cm3;
sample B — Np=5x10%° cm, Nss=6x10%° cm3;
sample C — Np=5x10® cm™3, Nss=8x10% cm3;
sample D — Np=5x10" cm?, Nss=1.8x10% cm3.

As it is seen, the theoretical curves C and D agree quite
well with experimental data at high temperature and high
defect concentration. Unfortunately, there are no
experimental data in the literature for this type of samples
at low defect concentrations.

The abovementioned method of calculation allows the
temperature dependence of the electron’s Hall factor for
chlorine doped samples to be obtained (see Fig. 5). These
dependences have minimums that correspond to the
temperature at which the transition from the SS-scattering
mechanism to the PO -scattering mechanism occurs. From
Fig.5 it is seen that again the higher the concentration of
defects, the higher the transition temperature.

)] — before the merger of the defect level,
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the merger of this defect level with the conduction band,
an electroneutrality equation for the Fermi level can be
written in the form:

(92)

(9b)

[ : ~— UL UL

[ = -sampleC 1

. 104 - A -samEIeD -
n [ ]
> I .
NE 10° b -
(3] [ ]
:;‘_ L -
10 S
10 100 1000
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Fig.4. — The temperature dependences of electron mobility
in chlorine-doped CdTe. Experimental data — [27].
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Fig.5. — The temperature dependence of electron’s Hall
factor in n-CdTe.

If to compare the theoretical curves obtained by the above
method with the theoretical curves obtained in the relaxation
time approximation (see Fig. 6a-d ), one can see that the
relaxation time approximation gives theoretical curves that are
much less consistent with the experiment (curve 1 corresponds
to low temperatures and curve 2 corresponds to high
temperatures in the relaxation time approximation) especially in
the region of high defects concentrations. This indicates that the
method proposed in this article more adequately describes the
defect structure of crystals and their Kinetic properties.
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Fig. 6. — Comparing the theoretical curves obtained in the framework of long-range (curves 1 and 2) and short-range
(curve 3) scattering models for chlorine doped samples.

the temperature dependences of the kinetic coefficients are
) determined. It should be noted that the proposed
Conclusion calculation method can be applied to all impurity doped

semiconductors with a sphalerite structure.
The author considers a new scheme for calculating the
energy spectrum, wave function and potential energy of an
electron in a crystal at a given temperature. Based on this, Malyk O.P. — Doctor of Physical and Mathematical
the temperature dependences of the ionization energies of Sciences, Professor, Professor.
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O.I1. Manuk
Asuma nepenocy B CdTe:Cli CdTe:Cu — po3paxyHoOK 3 nepiuvx NpUHUMIIB

Kagheopa nanienpogionurosoi enexkmponiku, Hayionanvnuii ynisepcumem «JIvsiecoka nonimexnixay, Jlvgis, Yrpaina;

omalyk@ukr.net

VY mpencrapieHii cTaTTi po3riSIHYTO METOJ BU3HAYCHHs €HEPTeTHYHOrO CIIEKTPa, XBHIbOBOT (YHKIIT HOCIS
3apsay Ta kpucraniuHoro noteHuiany B CdTe npu 1oBinbHO 3aiaHii Temneparypi. 3a JOIOMOTOI0 IILOTO MiIX0ay
B paMKax METOAY CYIEPKOMIPKH PO3PaxOBaHO TEMIIEPATypHI 3aleKHOCTI €Heprid ioHi3amii pi3HUX THIIB
nedeKTiB, CIpHYMHEHUX BBEICHHSIM JOMIIIOK XJIOPY Ta MiJi B TeIypU KaaMiro. Takox 3amporTOHOBaHUA METO
JI03BOJIsIE BU3HAUHTH TEMIIEPATyPHY 3aJIeKHICTh ONTHYHOTO Ta aKyCTHYHOIO MOTEHLiatiB Aedopmarlii, a Takox
3aJIOKHICTh BiJl TEMIIEpAaTypH MapaMeTpiB PO3CISHHA HOCIS 3apsAQy Ha 10HI30BaHMX JIOMIIIKAX, MOJSAPHHX
ONTHYHUX, I1’€300NTUYHHX Ta I1’€30aKyCTHYHUX (OHOHAX. Y paMkax OJNM3BKOAIIOYMX MOAENEil pO3CisTHHS
PO3MISIHYTO TEMITEpaTypHi 3aJIeKHOCTI PYXJIMBOCTI HOCIs 3apsay Ta ¢axropa Xoiuia.

Kurouogi ciioBa: siBuiia nepenocy, kpucranivai gedexru, CdTe, po3paxyHOK 3 HEpIIMX MPUHIHITIB.
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This paper discusses the use of semiconductor solar cells based on thin-film cadmium telluride (CdTe) in
modern energy production. The advantages and disadvantages of using CdTe thin-film solar cells are analyzed, and
arguments are presented in favor of the implementation of mass production technologies for CdTe solar modules,
which can compete with silicon analogs in terms of compromise between efficiency and cost. The physical and
chemical properties of the binary Cd-Te system are described, and the relationship between the physical, chemical,
electrical, and optical properties of CdTe is analyzed, making it attractive for use in thin-film solar cells. Special
attention is given to the investigation of photovoltaic properties, which are important parameters for determining
photoconductivity, and the advantages and disadvantages of CdTe film photovoltaic properties are discussed. CdTe
thin-film heterostructures (HSs), which are important components of modern solar cells, are considered, and their
main advantages and disadvantages are described. It is argued that simple methods of manufacturing and forming
HSs, which do not require complex and expensive equipment, are an important advantage of CdTe-based solar cell

technology.
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Introduction

Solar cells (SCs) based on CdTe thin films are a type
of photovoltaic solar panels in which the active material
for converting solar energy into electricity is a cadmium
telluride thin film. CdTe has a high efficiency of
converting solar energy and low production cost. It also
has good resistance to corrosion and degradation, allowing
it to be used in various climate conditions. CdTe is a
semiconductor with a bandgap close to the optimum for
absorbing sunlight and good electrical conductivity. That
is why CdTe is considered one of the most promising
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semiconductors for thin-film solar energy.

The technology for manufacturing thin-film solar
cells based on CdTe has many advantages over traditional
silicon wafers, as CdTe is a semiconductor that efficiently
absorbs optical radiation with optimal parameters for solar
cells. The production of thin-film CdTe does not require
complex microelectronic technology, which makes it
more productive and less costly. This is explained not only
by the micron thickness of the absorbing layer, but also by
the low cost of the substrate, onto which the material is
typically deposited, which is usually glass, polymer film,
or metal foil. In addition, thin film heterostructures based
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on CdTe are a promising technology for solar cell
manufacturing.

In field tests, CdTe-based solar panels demonstrated a
17% efficiency that is comparable to silicon-based panels.
According to First Solar, the company is capable of
achieving an efficiency of 24% in two years and 19% in
real-world conditions in three years [1]. In addition, due to
the technology of deposition from the vapor phase, First
Solar's thin panels are easier to manufacture - the entire
process, from transparent glass to the final product, takes
only 3.5 hours, while it takes two days to manufacture a
silicon element [1].

I. Requirements for the use of CdTe as
thin-film solar cells

SCs based on thin films of CdTe have several
advantages compared to traditional crystalline solar panels
[2]. In particular, they have a higher energy conversion
efficiency: CdTe-based solar cells can achieve efficiencies
up to 22%, which is significantly higher than traditional
crystalline solar panels [2,3]. They are also more resistant
to high temperatures: thin CdTe films can operate at high
temperatures  without significant efficiency loss.
Moreover, better performance under low light conditions
is provided by CdTe-based thin-film solar cells, which are
capable of generating electric current at low light levels,
making them effective in cloudy weather or shaded areas
[4].

However, thin-film CdTe-based SCs also have some
drawbacks, such as high production costs and less
resistance to ultraviolet radiation compared to crystalline
solar panels [2, 5].

However, CdTe remains one of the materials used to
manufacture thin-film solar cells. To use CdTe as a solar
cell material, certain requirements must be met. One of the
conditions is material purity, meaning that to obtain high-
efficiency solar cells, high-purity CdTe with minimal
impurities must be used. Another important condition is
the thickness of the CdTe film, which must be optimized
to achieve maximum efficiency. Typically, films with a
thickness of 1 to 2 micrometers are used. To obtain
voltage, a heterojunction between CdTe and another
material, such as copper (Cu), must be used, ensuring a
high-quality junction. It is important to consider the
electrical properties, including the optimal concentration
of electrons and holes in CdTe, to achieve maximum solar
cell efficiency [6, 7]. Additionally, CdTe must be resistant
to moisture, temperature changes, ultraviolet radiation,
and mechanical damage [6]. From a production
standpoint, the use of CdTe must be economically
advantageous.

Adherence to these requirements helps achieve
maximum efficiency of CdTe-based solar cells and
reduces their production cost.

Il. Physical and chemical properties of
the Cd-Te binary system

CdTe stands out among Il -1 compounds like CdSe,
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ZnS, and HgTe due to its unique combination of
properties, including the highest average atomic number,
lowest melting temperature, least negative enthalpy of
formation, largest lattice parameter, and highest ionization
potential. In its electronic form, cadmium telluride
exhibits amphoteric semiconductor properties, allowing
for n- and p-type doping [8]. These factors complement its
nearly ideal optical bandgap and absorption coefficient for
terrestrial photovoltaic devices, making it easily deposited
and controlled in the form of a thin film. Table 1.1 presents
the main physical and chemical properties of CdTe.

The crystallization of cadmium telluride occurs in the
zinc blende structure. Its existence range is asymmetric.
Stoichiometric CdTe has a melting point slightly lower
than Tn. For temperatures below 1000 K, the majority of
the compound's homogeneity range is on the Cd excess
side, and for temperatures above 1000 K, it shifts towards
the Te excess side [12]. The maximum melting
temperature of the compound is Tn=1365K and
corresponds to a non-stoichiometric composition with an
excess of tellurium [10, 12].

The synthesis of 1I-VI compounds is facilitated by
large negative enthalpies of formation (AHyf) and,
consequently, low vapor pressures (psa) of the compounds
compared to their component elements: for CdTe,
AH¢= -22.4 kcal/mol and psat (400 °C)=10"°Torr [13, 14].

The equilibrium reaction for solid CdTe and Cd and
Te, vapors is given by

Cd + 1/2Te; & CdTe Q)

As aresult, deposition of CdTe can be achieved by co-
evaporation from elemental sources, direct sublimation
from a CdTe source, or transport of Cd and Te, vapor
using a carrier gas from elemental or CdTe sources.
Congruent sublimation of CdTe fixes the gas phase
composition for deposition from a CdTe source, and the
relatively low vapor pressure of CdTe facilitates the
deposition of single-phase solid films over a wide range of
substrate temperatures [12].

The partial pressures of the Cd and Te, components
are related to each other by the equilibrium constant of the
reaction [15]:

1

K, = P2 Pre of K, = Peq P2, @)

The temperature dependence of the equilibrium
constants K, varies slightly according to different authors
[2, 15].

According to [16], the phase diagram of the Cd-Te
system at atmospheric pressure is shown, reflecting the
individual vapor-solid equilibria for individual CdTe, Cd,
and Te components in the temperature range from 100 to
600°C, which is commonly used for the manufacture of
SCs. The congruent evaporation of CdTe simplifies the
methods of deposition from the vapor phase, and the
relatively high sublimation pressures of Cd and Te ensure
a single-phase composition during vacuum deposition at
temperatures above approximately 300°C. Additionally,
CdTe is a stable product of cathodic reduction from
solutions containing Cd and Te ions, due to the similar
reduction potentials for Cd and Te and the low solubility
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of CdTe [16, 17].

The T-x phase equilibrium of the CdTe system at
atmospheric pressure is defined by the end points
consisting of Cd (x=0), Te (x=1), and CdTe [16]. The
melting temperature of CdTe is much higher than that of
Cd (Tm = 321°C) or Te (Tm = 450°C), with a value of
Tm = 1092°C [8,9]. The T-x projections surrounding the
stoichiometric composition of CdTe show a very narrow
and symmetrical region of existence at T<500°C, which is
approximately ~10 atm.%. At higher temperatures, the
region of existence expands and becomes asymmetric on
the Cd-enriched side up to 700°C, becoming Te-enriched
at higher temperatures. The region of existence and the
defect structure are related to the conditions of preparing
the bulk material and have been the subject of many
studies [8, 18]. Recent theoretical studies on defect levels
in CdTe have extended this basis [8, 18]. Currently, the
transfer of bulk properties to thin films of CdTe remains
an important research topic.

The solid-state properties of CdTe are determined by
its ionic bonding. According to the Phillips ionicity scale,
CdTe has the highest value of 0.717 among Il —VI
compounds, which is less than the Phillips threshold value
of 0.785 for octahedral coordination [8]. Geometric
calculations show that tetrahedral coordination prevails in
ionic binary compounds that have a cation/anion radius
ratio between 0.225 and 0.732, while octahedral
coordination is favored for ratios greater than 0.732
[8, 15]. The cation/anion radius ratio in CdTe is
r(Cd*)/r(Te?) =0.444, which favors tetrahedral
coordination.

In  solid monoatomic substances, tetrahedral
coordination of atoms with four nearest neighbors and
twelve subsequent neighbor’s results in the diamond
structure. In double solid substances, this coordination
corresponds to the structures of zinc blende and wurzite.
Solid CdTe at atmospheric pressure has a face-centered
cubic structure of zinc blende, where the size of the
elementary cell is 6.481 A, and the CdTe bond length is
2.806 A [9].

Cadmium telluride has two possible structures:
sphalerite (cubic B3 structure) and wurtzite (hexagonal B4
structure), with the same number of atoms in the first and
second coordination spheres [8]. At room temperature and
a pressure of 3.3-3.6 GPa, a phase transition occurs in
cadmium telluride from a sphalerite or wurtzite structure
to a NaCl-type structure, accompanied by a sudden
decrease in electrical conductivity [9].

Band gap of CdTe increases with decreasing
temperature  (Eq= 1.5976-6.09-10472/(T+255) —[19],
Ey=1.622-3.5-107-1.1-107T2 — [15],
Eq=1.65-5.35-10"T —[8]). The value of the spin-orbital
splitting of the valence band becomes 0.9 eV [10], 0.93 eV
[19].

Binary equilibrium between Cd and Te reveals only
one composition of CdTe, which is formed in the ratio
Cd:Te = 50:50% and has a eutectic solution in liquid Te
[4]. When studying the phase state of CdTe at high
temperatures, an asymmetric expansion of the single-
phase region on the Te side was found at T > 600°C. At
750°C, the absence of Cd in the alloy is 108 sm, which
corresponds to a deficiency. The distance between nearest

Table 1.1.

Basic physical and chemical properties of CdTe [9, 10]

Parameter name, symbol, dimension

Numeric value

1 2

Lattice type sphalerite
Space group Tz — F43m
Lattice parameter, a, 10° m 6.481

T 6.478
Cd-Te bond length, A 2.806
Density, p, kg/m? 5.86-10°
Melting temperature, T, K 1365
Thermal expansion coefficient (300K) 5.9 x 10°/K
Specific heat, Cp 595 15, J/MoIK 50.2
Heat of formation, AH? 46,5, 10° J/mol 100.5
Melting heat, AHy,, 103 J/mol 44 .4
Heat of sublimation, AH, 103 J/mol 181.95

Sublimation reaction

CdTe — Cd + 1/2Te>

Sublimation pressure psat

log(P./bar) =—10650/T(K)
2.56 log (T) + 15.80

Standard entropy, Spog 15, 10° J/molK 98.61
Entropy of formation, AS,?, J/molK 361.74 (T =874 K)
Entropy changes during melting, 4., J/molK 32.53
Upper limit of dissociation energy, £, 10° J/mol 129.8
Thermal conductivity, y, W/cm K 0.075

Coefficient of self-diffusion atoms Cd, Dscedlf_dif_

2.10%(T'= 1273 K)

Coefficient of self-diffusion atoms Te, Dggi_ai.

8.2:10"1 (T'= 1073 K)

Debye temperature, Ty, K

200 (7= 80 K)
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neighbors in the CdTe structure is at the level of 0.28 nm
at 300 K. The Hall mobility of electrons at 300 K is up to
n < 1050 sm?/Vs, and the Hall mobility of holes at 300 K
is up to p < 100 cm?/Vs With. The exciton binding energy
is 12 meV, the average photon energy is 5.8 meV [8, 20].

I11. Electrical and optical characteristics
of CdTe

The volumetric optical and electrical properties of
CdTe depend on the structure of the electronic bands near
the maximum of the valence band (MVB) and the
minimum of the conduction band (MCB). For CdTe, the
MVB and MCB are located at the same point I in the first
Brillouin zone, resulting in a direct bandgap width of
1.5eV at 300 K. The temperature coefficient of the
bandgap width for CdTe is approximately —0.4 meV/K,
leading to minimal changes in the performance of SCs at
typical temperatures. The shape of the bands around the
extrema determines the effective mass of electrons in the
MCB and holes in the MVB, as well as controls the
properties of charge carrier transport and inter-band
density of states [21]. Table 1.2 presents the main optical
and electrical properties of CdTe.

Compared to other semiconductors such as silicon,
CdTe has a higher dielectric constant in the infrared and
visible light regions, allowing it to transmit more light and
provide higher efficiency for photovoltaic panels. CdTe
has good absorption in the infrared and visible light
regions [2]. Light reflection on the surface of CdTe
depends on its structure and the wavelength of the light.
Light scattering in CdTe depends on its defects and
impurities, and their presence can be significant, reducing
the efficiency of CdTe-based SCs [22]. CdTe
photoluminescence occurs when the material absorbs

photons and emits light of the corresponding wavelength.

The mobility and concentration of charge carriers
[23, 24], conductivity of the material, energy of radiative
transitions [25] and other electrical and optical properties
of CdTe strongly depend on its chemical composition and
defect structure of the crystal [26]. This structure can be
effectively  controlled during post-growth  high-
temperature processing. It has been established that at
room and lower temperatures, the predominant scattering
mechanism is scattering on ionized centers, while at
higher temperatures it is scattering on optical phonons
[27].

The band structure of CdTe can be understood by
considering its relatively high ionicity, which is explained
by the fact that parts of the Bloch functions with
periodicity identical to the lattice are associated with the
atomic orbitals of Cd and Te. The conduction band arises
from the first unoccupied cationic level, namely the 5s
level of Cd. The highest valence band consists of the
highest occupied level of the anion, namely the 5p level of
Te.

In CdTe, the presence of defects disturbs its periodic
structure, leading to the formation of localized electronic
states within the bandgap and changes in electrical and
optical properties [28, 29]. Such defects can be of various
types, including intrinsic defects, chemical impurities, and
their complexes, which can arise as either substitutional or
interstitial defects. For example, cadmium vacancy (Vca)
leads to shallow acceptor states, while cadmium
substitution on the tellurium site (Cdre) leads to shallow
acceptor states. Interstitial cadmium (Cd;) leads to
relatively shallow donor states, while interstitial tellurium
(Tei) leads to deep states. Although shallow states can be
easily created by acceptors and donors [18], the overall
doping effect depends on the probability of formation and
ionization degree, which determine the degree of

Table 1.2.

Optical and electrical characteristics of CdTe [7, 20, 22]

Parameter

Value

Optical range CdTe Eg (300K)

1.50eV £ 0.01eV

Optical range. Alloy CdTeo.9550.05

1.47¢V £0.01eV

Temperature dependence dEg/dT —0,4meV/K
Electronic affinity 4.28eV
Absorption coefficient (600 nm) >5 x 105/sm
Refractive index (600 nm) ~3
High frequency dielectric constant € (o) 7.1

9.65
Low frequency (static) dielectric constant & 10.9

11.0

1.606 (T = 4,2 K),

Band gap, Eg, eV 15 (;: 300 K))
Me 0.096 mo
Mmnp 0.35 Mo
e 500-1000 cm?/ Vs
Un 50-80 cm?/ Vs

Intrinsic concentration of free charge carriers, n, cm -3

2.0-106-1.5-10%
(T = 300-700 K)

electron p,,, 10° m? V! sec!

105

Hall mobility

halls y,,, 10 m? V! sect

7
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compensation of the desired acceptor state.

One of the most important issues in the processing of
CdTe solar cells is achieving high concentrations of
acceptors that exceed 10 cm™. During the thermal
processing of the semiconductor system, equilibrium is
approached, and first-principles-based studies have shown
that p-type doping leads to a self-compensation
mechanism [29]. When the Fermi level is shifted towards
the MVB, the chemical potential for forming donors
increases, which compensates for further acceptor
formation and significantly limits the maximum acceptor
concentration. On the other hand, deep states can act as
traps, reducing carrier lifetime and leading to increased
carrier recombination. In [29], the reduction of deep
electronic states measured in CdTe and CdznTe is
considered. In article [4] shows a group of shallow and
deep defects, including intrinsic, dopant, and complex
levels in CdTe. To achieve the desired electrical
properties, activation treatments that include certain
dopants in CdTe and CdS layers are used. After
deposition, CdCl,, O, and Cu can be applied, which in turn
activate or passivate intrinsic defects [4].

However, the electrical characteristics  of
polycrystalline CdTe used in modern solar cells may differ
from those of monocrystalline CdTe for several important
reasons. In particular, defects between grain boundaries
will have different energies in the bandgap and will have
different formation energies. This assumption is based on
the fact that different post-deposition methods used to
improve the efficiency of solar cells mainly affect the
grain boundary states rather than the bulk states of CdTe.
For example, in the experiment [31], devices with electro-
deposited CdTe films were created, which had fibrous
grains with a length of 2 um and a width of 0.15 pum. Both
samples received the same CdCl, treatment, but one
sample underwent a short oxidizing treatment before the
CdCl; treatment. The cells produced similar open-circuit
voltages (Voc), but different photocurrents. The CdTe film
in the cell with the oxidation step retained the structure of
the deposited grain and the thickness of the CdS film. This
cell demonstrated improved performance, with an internal
quantum efficiency (IQE) >90%, indicating improved
lifetime of photo-generated carriers compared to the
sample without the oxidation step, which showed grain
coalescence, loss of the CdS film, and IQE < 60% [8].

This result confirms the correlation between the
physical, chemical, and electronic properties of the
CdTe/CdS thin-film SC. Since the cells are manufactured
in a polycrystalline environment, several critical issues
arise that affect the development of thin-film photovoltaic
devices. The first is the separation of intragrain effects
from grain boundary effects. The second is the detection
of the influence of grain boundaries on device
performance. The third is the control of film properties
over a large area with more than 10%2 grains per square
meter in the CdTe module, where grains have a width of 1
micron. However, during the development of CdTe SCs,
these problems were successfully addressed using
improved methods for determining characteristics,
empirical optimization of film deposition, and post-
deposition processing. Today, several powerful methods
exist for the quantitative evaluation of film properties,
including those for CdTe/CdS SCs, which are discussed in
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references [6,32-34]. Some of these methods can also be
used as diagnostic sensors for embedded feedback control
during the manufacturing process of CdTe/CdS modules.

IV. Photosensitivity of CdTe films

CdTe films are a well-known photosensitive material
capable of converting light energy into electrical current.
This allows them to be used in solar panels and other
photovoltaic devices, such as X-ray detectors, as well as
in scientific research.

The main properties of CdTe film photosensitivity
include spectral sensitivity, absorption coefficient,
conversion efficiency, response time, and stability. CdTe
films have high spectral sensitivity in the infrared and
visible ranges. Their spectral range depends on the
thickness of the film and impurities present in the material.
They have high light absorption coefficients compared to
other semiconductor materials such as silicon, meaning
they can convert more light energy into electrical current.
CdTe films have high conversion efficiency of light
energy to electrical current, indicating that they can
provide high electrical power at low light levels [21, 22,
33]. Additionally, CdTe films have a fast response time to
light, allowing them to be used in devices that require a
quick response to light. And importantly, CdTe films have
good stability against environmental factors such as
temperature and humidity.

The photosensitivity of CdTe films is determined by
the energy bandgap and defects in the crystalline structure.
Since the bandgap of CdTe is approximately 1.5 eV,
corresponding to a spectral range of around 800 nm, CdTe
films have the highest photosensitivity in the near-infrared
and visible spectral ranges.

In addition, the photosensitivity of CdTe films
depends on their thickness. The thickness of the film
should be sufficient to absorb a sufficient number of
photons, but not too large, as this can reduce the charge
collection efficiency. Typically, the optimal thickness of
CdTe films ranges from 1 to 2 um.

An important factor affecting the photosensitivity of
CdTe films is the quality of the material itself and the
technology used to manufacture it. For example, to ensure
high efficiency, CdTe films should have high purity and
uniformity. The technology used to manufacture CdTe
films also affects their photosensitivity: for example,
using the chemical deposition from solutions method can
produce films with higher photosensitivity than using the
physical deposition from vapors method [30].

To ensure high efficiency of CdTe films, they must
also have good conductivity and charge carrier transport
properties. Additional layers, such as ultra-fast diffusion
layers that reduce charge carrier lifetime, or other
materials like ZnO layers that provide efficient charge
collection, are often used for this purpose.

CdTe films deposited at a temperature of Tye = 473 K
exhibit photosensitivity. The thickness of the films is set
at 400 nm, since the light absorption coefficient is
practically inversely proportional to the film thickness,
providing better absorption of incident light on the films.
Measurements of the I-V (current—voltage) characteristics
of CdTe films at different ambient temperatures showed
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that they have ohmic properties both in the dark and under
illumination. The dark conductivity of the grown CdTe
films measured at room temperature is 106 Ohm™*m™. It is
noted that the dark conductivity and photosensitivity of
CdTe films increase with an increase in the deposition
temperature Tme in the range of 303 to 573 K [35].

The efficiency of the photoconductivity of the film
largely depends on natural and external imperfections,
which can act as capture or recombination centers. In
polycrystalline films, many defects and broken atomic
bonds arise between grains, creating additional energy
states. These states effectively capture charge carriers,
creating a potential barrier at the grain boundary. Due to
the uniform structure of the intergranular boundary with
an average barrier height Enq, the dark conductivity of the
film is determined by the formula [36]

—(AE+Ebl)/kT — —AED)/RT

Ncepge 3)
where N¢ is the density of states in the conduction band,
o 1S the carrier mobility in the grain.

During illumination, the conductivity of the film can
increase due to an increase in the number of free charge
carriers and a decrease in the grain boundary barrier
height, which depends on the energy of light. Research
[36] has shown that the change in conductivity due to the
generation of charge carriers during illumination is
insignificant compared to the change in conductivity that
arises due to thermal generation of charge carriers. The
main factor contributing to the increase in conductivity
during illumination is the enhancement of carrier mobility
at the grain boundaries, which occurs through barrier
modulation. The overall photoconductivity of the films
during illumination can be expressed by the formula
presented in reference [36]:

Op = Nce[,loe

o, = NCeMOe—(AE+EbZ)/kT — Nce‘uoe_AEL)/kT

(4)

AEL = (AE + Ep)) (%)

Here AE. is the photoactivation energy, Ep is the
height of the barrier under illumination.

The barrier height reduction (mobility activation
energy) can be expressed as:

AE, = (AEp — AEL) (6)

The energy required to activate the mobility of charge
carriers 4E, depends on temperature and light intensity, as
well as the lifetime of these carriers. The relationship
between photoconductivity and the energy of mobility
activation can be expressed using the appropriate
equations (3) and (4):

AE,
u
2=e /RT
oD

()
The photosensitivity S is determined by the formula

®)

S = (o, —0p)/op
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It should be noted that the efficiency of
photosensitivity depends significantly on defects in the
structure, which can act as trapping or recombination
centers for charge carriers. In CdTe films with a
polycrystalline structure, photoconductivity is mainly
determined by processes occurring at grain boundaries.
Using atomic force microscopy (AFM) (Fig. 1), the
average crystal size was determined, and the efficiency of
photosensitivity for films of different thicknesses and
structure quality is presented in Fig. 2 [20].
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Fig. 1. AFM imagelof the surface of a 300 nm thick CdTe
film on a polished glass substrate.
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Fig. 2. Dependence of photosensitivity on illumination for

thin CdTe films of different thicknesses:

e — thickness 200 nm, lining — polished glass;

4 — thickness 320 nm, lining — polished glass;

o — thickness 540 nm, lining — mica;

the average grain size is 25 nm (@), 30 nm (4),
90 nm (0).

According to the research results, it can be seen that
the photosensitivity of films obtained on polished glass
substrates is significantly higher than that of films
obtained on fresh mica cleavages (111), and it increases
with decreasing film thickness. This is explained by the
fact that the specific contribution of intergranular regions
increases with decreasing crystallite size [20, 22].
Photoactivation energies decrease in darkness as the
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intensity of white light increases. The decrease in
photoactivation energy at a higher level of illumination is
primarily explained by a decrease in the intergranular
boundary potential barrier height. It is expected that the
potential barrier strongly affects the mobility of carriers
and thus controls photosensitivity.

Using (7) and (8), the photosensitivity can be
expressed as a function of the mobility activation energy:

S = eAE”/kT -1

©)

On Fig.3 dependences of the calculated activation
energies of mobility on illumination are given [20].
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Fig. 3. Dependence of the calculated mobility activation
energies on illumination for thin CdTe films of different
thicknesses:

e — thickness 200 nm, substrate — mica;

¢ — thickness 320 nm, lining — polished glass;

o — thickness 540 nm, lining — mica.

The grain boundary effect explains the decrease in the
energy of photoactivation in the dark, since the current lost
to recombination at the grain boundaries negatively affects
the sensitivity of the films to light. Decreasing the
temperature leads to a reduction in the photogeneration
process and, accordingly, to a decrease in sensitivity to
light. It has been found that the lifetime of minority
carriers varies inversely with the intensity of light,
confirming the defect-controlled photoconductivity of thin
CdTe films.

It is worth noting that the obtained activation energies
for films obtained on polished glass are close to each other
and are in the range of 0.012-0.05 eV. At the same time,
for films obtained on fresh mica cleavages, significantly
lower values of mobility activation energies were
obtained, which are 0.009-0.03 eV [20, 24].

Despite the high photosensitivity of CdTe films, they
also have some drawbacks. For example, CdTe is a toxic
material, so special safety measures are required for its
production and use. In addition, CdTe films can be
sensitive to radiation, which can lead to degradation of
their efficiency [2, 3]. However, significant advancements
in CdTe film manufacturing technology in recent years
have allowed these drawbacks to be minimized.

It is also worth noting that CdTe films have high
efficiency in collecting light from small collection areas,
making them suitable for creating thin photovoltaic cells.
This allows for the creation of more compact and efficient
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solar panels.

In summary, the photosensitivity of CdTe films
depends on the spectral range, thickness, and quality of the
material, as well as the technology used in their
manufacture.

V. Thin-film heterostructures based on
CdTe in solar energy

CdTe thin film solar cells are important components
of modern solar panels that convert solar energy into
electricity. They consist of several layers of different
semiconductors that are interconnected. Typically, they
are made up of a layer of CdS and CdTe, which allows for
an energy conversion efficiency (ECE) - the efficiency of
converting solar energy into electrical energy.

Thin film solar cells have several advantages over
other solar energy technologies. They have an ECE, are
able to withstand high temperatures and high levels of
illumination and have a low production cost.

One of the main manufacturers of CdTe thin film solar
cells is First Solar. The company uses a thin film
production process that allows for the production of cells
with low cost and HCE. According to the company's data,
its SCs have a HCE of over 18%, making them some of
the most efficient cells produced [2].

The main advantages of using CdTe thin-film HSs in
solar energy are their high efficiency, low cost, ease of
production, high stability, and flexibility. CdTe thin-film
HSs have a high efficiency of converting solar energy into
electrical current, allowing for more power output for the
same battery size compared to other materials. In addition,
CdTe is a cheap semiconductor, which reduces the
production cost of solar panels, particularly CdTe-based
thin-film HSs. CdTe thin films can be produced using thin
film deposition processes such as chemical bath
deposition and physical vapor deposition, which allow for
high-quality films to be obtained at low temperatures
[29,37]. CdTe thin-film HSs have good stability against
environmental and thermal stresses, which ensures the
longevity of solar panels [38]. CdTe can be used in
flexible solar panels, allowing for the creation of highly
efficient solar energy systems that can be applied in
various fields such as transportation, aerospace, medicine,
and others.

Despite many advantages, thin-film CdTe HSs have
certain drawbacks. For example, the low or unsatisfactory
stability of the HSs to moisture and acids, which can cause
a decrease in their efficiency. Another important aspect of
using thin-film CdTe HSs is the issue of cadmium toxicity,
which is one of the components of the heterostructure.
Additionally, the wuse of cadmium can cause
environmental problems during the disposal of solar panel
waste [3]. Despite this, the issues of cadmium toxicity and
stability HSs under external factors require further
research and the development of effective measures to
minimize negative impacts.

Furthermore, there are alternative materials for
creating solar cells, such as perovskite materials [39].
These materials have high efficiency in converting solar
energy into electricity and are less toxic than cadmium.
However, perovskites have their own drawbacks, such as
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insufficient stability to moisture, acids, and other factors.

One of the main challenges of CdTe thin-film HSs is
their relatively low stability to ultraviolet radiation and
high temperatures. This can lead to a decrease in the ECE
and a reduction in the service life of the SCs. To mitigate
this effect, various protection methods can be used, such
as applying protective coatings or using stabilizers
[37,38]. Additionally, there is a limitation on the
thickness of CdTe films, which can restrict the effective
thickness of the device and thus its ECE. To address this
issue, various film strengthening technologies can be

employed, or thin heterostructures with other
semiconductors, such as CulnGaSe; (CIGS), can be
utilized [40].

CdTe-based semiconductors have an advantage over
Si in that they absorb optical radiation more efficiently,
allowing the production of cheaper thin-film CEs. In
particular, the average efficiency of the n-CdS/p-CdTe HS
is about 16% under AML.5 illumination conditions and a
temperature of 300 K, which is almost half the theoretical
value [2].

It is believed that one of the reasons for the low
efficiency of CdTe-based SCs is the short lifetime z of
non-majority carriers, which leads to a high recombination
velocity s at the interfaces of the HSs junction and grains
in the polycrystalline CdTe film. Reducing the
recombination velocity vs should lead to improvements in
the main parameters of solar cells, such as short-circuit
current Jsc and open-circuit voltage Voc. This is confirmed
by experiments that have shown an increase in the open-
circuit voltage Voc from 0.84 to 0.93 V when replacing the
polycrystalline CdTe film with a single-crystal substrate
in n-CdS/p-CdTe heterostructure solar cells [41]. The low
values of the short-circuit current and efficiency 7 of these
samples are associated with the high resistance of the p-
CdTe base substrates, the concentration of free holes in
which does not exceed 7 10% cm at 300 K. Improving
the structural perfection of the photoactive layer of p-
CdTe in thin-film n-CdS/p-CdTe SCs allowed the
efficiency # to be increased to ~21%, while Vo increased
by only 0.03 V [42, 43].

In this case, the increase in efficiency is associated
with an increase in short-circuit current (Jsc), which is
caused by a significant reduction in the series resistance of
the HS through the thin p-CdTe layer. The dependence of
the short-circuit current on the level of illumination (L) is
linear and changes by more than four orders of magnitude.
The open-circuit voltage (V,.) depends on lgL at low
levels of illumination and saturates at high levels, as
shown in Fig. 4.

A slight increase in the open-circuit voltage (Vo)
indicates that the main factor affecting the minority carrier
lifetime () is the recombination velocity at the junction
interface of the semiconductor components. Various
surface passivation methods can be applied to reduce this
recombination velocity (vs) by 1-2 orders of magnitude.
These methods can be used for both single crystal and
large-grain semiconductor films [38, 44].

The internal quantum efficiency of the CdS/CdTe
heterostructure significantly increases with the increase in
the charge carrier lifetime and the specific resistance of the
CdTe layer. However, it remains at the level of 17-18.5%
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for lifetimes within the range of 10°-10"° s. To increase
the efficiency to the theoretical limit (28-30%), it is
necessary to increase the charge carrier lifetime in the
CdTe layer to about 10°®s and increase its thickness to

several tens of micrometers. However, this is not
economically justified [45].
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Fig. 4. Dependences of Jsc and Vo for surface-barrier
diodes on a CdTe:O substrate on the solar energy flux
density.

An analysis of optical losses in thin-film CdS/CdTe
solar cells with a transparent conducting layer of 1TO or
SnO; showed that even with 100% efficiency of
photovoltaic conversion in CdTe and minimal thickness of
CdS and ITO layers, the short-circuit current density (Jsc)
cannot exceed more than 60% of the maximum possible
value [46]. If the thickness of CdS and ITO layers is
reduced below 30-50 nm, it is impossible to reduce
optical losses, and a greater effect can be achieved by
improving the transparency of the front electrode using
other materials such as Cd,SnOs, Zn,SnO4 or ZnO. Even
in the absence of absorption in CdTe, optical losses at a
thickness of 50 nm of CdS reduce the short-circuit current
by approximately 35%. The main reason for this reduction
is the fundamental absorption in CdS (at A <500 nm),
which cannot be eliminated without replacing CdS with a
semiconductor material with a wider bandgap [3, 47].

It can be confidently asserted that research on CdTe
HSs and other thin-film PV materials for creating SCs is
an important direction for science and technology, as it can
help reduce dependence on fossil fuels and decrease
carbon emissions into the atmosphere. Moreover, the
development of solar energy can create new job
opportunities and contribute to economic growth. To
achieve high ECE and efficiency of CdTe-based SCs,
various optimization methods can be used, such as
optimization of the thickness and composition of the
heterostructure layers, optimization of the element's
geometry, using different quality control methods, and
developing new production methods. Additionally, it is
important to ensure effective recycling of CdTe-based
SCs, which will help reduce their environmental impact
and contribute to creating a sustainable and
environmentally friendly solar energy sector.
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Conclusions

CdTe material possesses the necessary properties for
creating thin-film SCs, including high energy conversion
efficiency, durability, cost-effectiveness, and ease of
manufacturing. This makes it an attractive material for PV
production. The conductivity coefficient, electron
mobility, energy conversion efficiency, transparency,
light absorption, scattering coefficient, electrical
conductivity, high absorptivity in the near-infrared and
visible regions of the spectrum, good chemical and
mechanical stability, and other properties of CdTe play an
important role in the production of thin-film SCs based on
this material.

The photosensitivity of CdTe films depends on
several factors, including the film growth method,
material purity, and its structure. These films have high
sensitivity to light and high-energy radiation, which
allows them to be used in various devices, particularly in
solar cells. However, the photosensitivity of CdTe films
also depends on the presence of defects and impurity
levels in the material, so it can be improved through
appropriate processing and optimization methods.

Despite the fact that the efficiency of CdTe thin-film
solar modules in large-scale production is only around 10—
11%, which is significantly lower than the efficiency of
silicon-based modules (13-17%), there is still potential for
significant improvement of CdTe SCs efficiency through

certain combinations of parameters. The thickness of the
absorbing layer, carrier lifetime, specific resistance, and
concentration of uncompensated acceptors in CdTe are
key factors that can greatly influence efficiency
improvement [48].

However, in order to achieve the highest efficiency
and ensure resistance to harmful factors, it is necessary to
continue developing manufacturing technologies for thin-
film PV based on CdTe. This includes the development of
new methods for protection against ultraviolet radiation
and high temperatures, improvement of the mechanical
stability of films, reducing the use of cadmium, and
ensuring resistance to the harmful effects of long-term
operation.

Research and development conducted over the past
decade have enabled the mass production of CdTe-based
solar modules that can compete with silicon modules in
terms of compromise between efficiency and cost. This
contributes to the construction of powerful solar power
plants, and rapid development of this industry is expected
in the future.
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Solar cells based on CdTe thin films (Il Part)

T.M. Masyp?, M.II. Masyp?, I.B. Mansapcbka?
Consiuni esiemenTH Ha 0CHOBI TOHKMX IWIiBOK CdTe (Il wacTuna)

Heano-Dpankiecoruii nayionarvhuii mexuivnuii ynicepcumem nagpmu i 2azy, leano-®Ppankiscok, Ypaina,
tetiana.mazur@nung.edu.ua;
2[Tpuxapnamcvrutl nayionanvuutl ynigepcumem imeni Bacuns Cmegpanuxa, Isano-®panxiscvk, Yepaina

VY po6oTi IPOBEIEHO AOCTIIKEHHS 010 BUKOPUCTaHHS HAIiBIPOBITHUKOBHX coHsuHNX eneMeHTiB (CE) Ha
OCHOBI TOHKOIUTIBKOBoro Tenypuny kammito (CdTe) B cywacHiii eneprerumi. IIpoanamizoBaHO mepeBaru Ta
Henonikn BukopuctanHs CE Ha ocHoBi ToHkmx muiiBok CdTe, a TakoX NpHBEAEHO apryMEHTH Ha KOPHCTH
BIIPOBA/UKEHHS TEXHOJOTd MacoBoro BuUpoOHHITBa CdTe COHSYHMX MOXYJIB, SKIi MOXYTh KOHKYPYBaTH 3
KPEMHI€BUMH aHAJIOraMH 332 KOMIIPOMICHHX 3Ha4YeHb e(eKTHBHOCTI Ta BaprocTi. Ommcano ¢i3uko-XimiuHi
BiactuBocTi OiHapuoi cuctemu Cd-Te Ta BkazaHO 3B'I30K MK (i3HIHUMH, XIMIYHHMH, CSJICKTPUUYHHMH Ta
ontuyHUMH BiacTuBOCTAMU CdTe, mo pobuts #oro mpuBaOIUBUM Ui BUKOPUCTAHHA y TOHKOIUTiBKOBUX CE.
OcobmmBa yBara IpHIUISETHCSA JOCTIIPKEHHIO (DOTOUYTIMBOCTI, SKa € BaIJIMBAM IapaMeTPOM Yy BH3HAUCHHI
(doTonpoBiTHOCTI, Ta OOrOBOPIOIOTHCS IepeBarn i Henomikk ¢ortouymmBocti miiBok CdTe. Posriasayro
ToHKoILTiBKOBI rerepocTpyktypu (I'C) CdTe, siki € Ba)XTMBIMHU KOMIIOHEHTaMH CyYacHHX COHSYHHX Oarapei, Ta
ONUCYIOTBCSL X OCHOBHI IepeBaru Ta HENOMIKH. APTryMEHTYEThCS, IO NPOCTI CIOCOOM BHTOTOBJICHHS Ta
¢dopmyBanns ['C, sxi He TOTPeOYIOTh CKJIAIHOTO Ta JOPOTOro OOJaTHAHHS, € BAKIMBOIO IIEPEBArol0 TEXHOJOTIT
CE na ocHosi CdTe.

KirouoBi ciioBa: consuHi eneMeHTH, TOHKI IiBKH, CdTe, hoToUyTIHBICTh, TETEPOCTPYKTYPH.
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In the paper InAs spherical quantum dots in a GaAs matrix were investigated. The energies of electrons and
holes in single- and multi-band models (with strong, weak, and intermediate spin-orbit interaction) were calculated
taking into account both the deformation of the quantum-dot matrix and the polarization charges on the quantum
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Introduction

Recently much attention has been paid to the physics
of low-dimensional semiconductor structures. This has
been stimulated by the rapid progress in nanometer-scale
fabrication technology. Among them, quantum dots,
which are also defined as nanocrystals and
microcrystallites, or nanoclusters, are of particular
interest. The effect of quantum confinement on electrons
and holes in semiconductor quantum dots (QD) has been
studied in [1-3].

The superlattices of quantum dots InAs in a matrix
GaAs has been studied in [4]. The superlattices of
spherical and cubic quantum dots (QD) have been studied.
Using the method of plane waves for different shapes of
QD, analytical expressions for calculating the energy
spectrum have been obtained. The dependences of energy
zones at high symmetry dots have been constructed.
Dependences of the the widths of zones have been found.

The basis for the creation of optoelectronic devices is
a single-particle character - an electron and a hole.
Analytical expressions describing the energy spectrum of
electrons and holes for a quantum dot (QD) arising in a
self-consistent deformation field created by an array of
coherently stressed QDs were obtained in the paper [5]. It
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is shown that the internal elastic deformation that occurs
at the boundary of the QD matrix affects the energy
spectrum of electrons more significantly than the spectrum
of holes. The interaction of quantum dots (QDs) between
themselves and external electromagnetic fields depends
on the size and geometry of quantum dots [6-9]. These
dependencies are used in various electronic and
optoelectronic devices, including lasers [10-12], single-

photon sources [13-15], solar cells [16-18], and
photodetectors [19, 20].
Theoretical models  for  three-dimensional

superlattices of cubic and tetragonal InAs/GaAs and Ge/Si
quantum dots are proposed in works [21, 22]. Electronic
and phonon spectra of such superlattices, densities of
electronic states, the effective mass tensor, and
conductivity were studied. It was established that the
properties of three-dimensional superlattices of quantum
dots are more sensitive to the distance between dots than
to the shape of the dots.

Real structures can contain various defects. Therefore,
conditions may change. For heterosystems in which there
is a large difference between the dielectric constants, the
effect of polarization charges will be significant. The
change in the dielectric properties of the matrix taking into
account the polarization or deformation charges leads to a
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significant change in the energy of both the electron and the same time.
the hole. It should be reflected in the optical and other QD

properties. ) )
In view of this, in our work we have been calculated 1. Electron energies of semiconductor
the energies of the electron in singleband model, and the gquantum dots
hole in both singleband and multiband-band model
approximation. And we also have been calculated electron Let's write the Hamiltonian of the electron in the form

and hole energies with the deformation and polarization at

o 1 1 1 1 —~
He = _Evm_ev + U(re) = Evm_ev + Uconf(re) + Ud(re) + Up(re) = H((e) + Ud(re) + Up(re) (1)

where

_ S), . <a,
Me =1 @

me-, Te > a.
0, rea<a
— ’ {r} -
Uconf (T{ﬁ}) - {UO;{i} T{i} > a. (2)
0, reevn < a 0, T'{ } <a
4 ‘
W ) &)
() {Uo.d:{z} > {— [P = [pge] ry >
__ Y 0 fh(ro a)+%°sechz(¥)
Uy (rigy) = o) Jy do = @

When U, (r) = 0, U, (r) = 0, polarization and deformation can be neglected. The Schrédinger equation with and without
account the QD deformation can be solved exactly. It has an expression for the ground state

A(el) J1y Z(kre), 7, < aq, AW sintkre)
Yesm, () = N = St e )
e ms Ve m Sems ) @) Kapplrme) CVam TS | 4 (2) exp(=nre)
Ag N >a, A w0 e @
. . . 1 R @ _ RE )
where Se is spin function, mg i; Wt = zj(zj_l)(zj_z)d’j—yz [2j(2j+2)(2j+3) Div1/2

] ’
+45(2)
k= /Zm(”E Zm(z)(UOe — E) when the QD Rs 1)

deformation neglected and ©)

n= \/ngz)(Uo;e +Upge—E) when the QD

deformation is accounted. Taking into account the
boundary condition and normalize condition, the wave
functions and electron energies have been defined. The
influence of polarization charges has been calculated in
the first-order of perturbation theory. In the same manner
the hole energies have been obtained in the case when one
can neglect the complex band structure (only heavy hole where cblf‘”, <Dl£2)are four-dimensional and two-
band is accounted). dimensional vectors-columns [24] based on spherical

In real situation for the InAs/GaAs heterosystem the harmonics Yl,m(e, (P) We obtain two systems of equations
multiband model for hole states should be used. In the for the radial components of the holes eigenfunctions,

_multibanq mod_el apprgximatign in the case of Ruy, Rnpy R, are located in the QD and outside QD
intermediate spin-orbit interaction (so-called 6-band (._1 35 )

model), the solutions of the Schrodinger equation with the ) ) ) _
Hamiltonian [23-25] have the form like in [23]: Systems of differential equations have exact solutions

for even and odd states. In the inner region for a spherical
QD, the solutions of the equations system (radial
functions), are written using the sum of the three spherical
Bessel functions of the first kind:

¥y

Rhz @ __ Rm @
— [ V2G+D@j+3)@j+4) J+3/2 w/z;(zj NoaE ) 1 1/2

()
Ry <D 212
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RJ+(T) = Cl/;+1/2(k17") + Cz];+1/2(kh7”) + C3]1+1/z (ksm),

3(2j-1) 3(2j+3) 3(2j-1)
Riy @) = =Co P20 5 Uar) + G |30 oGenr) = Cs [P0 (esr), (7
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JteN ’; 26— (y1+2y)kf ’ 2E—(y1+2y)k}
R (T) =—(; 2j+3 Yklz ] (kﬂ‘) + G5 3 yi2 ]H%(ksr):

and solutions for odd states
R;]J(T) = Cun2) — Yjoy2(kir) + €5/ 2] — Yj_q2(kp1) + c6+/ 2] — 1 j_1/2(ksT),

RIS () = CofBZ + 3) 320k + Cs_| =2 T a2 (hn) + Con/3(2J + 3)]j3/2 (KsT), ®)

3(2j+3)

j— ( 2y)k}-2E ( 2y)kZ-2E
RIFmM =cCni+1 “”' e I 12Uar) + Coofj + “”—11 1/2(ksm),

where

2E
12y’

ki

©)

k2. = E@ A2+ REG ) A0 2P 4EE-D) (-2 (ra +4Y).
bs (r1=21)(r1+47)

A is the value of spin-orbit interaction. In the matrix (r>a), the solutions of the equations can be represented using
modified Bessel functions of the second kind for even and odd states:

R;{;(’”) = 1 Kjp12(kim) + €2 Kjq 2 (k1) + 3K /2 (ksT),

3D 2j+3 3(2j-1)
RH(’") =- 2]-]+3 i—32(kim) + ¢, (] )Kj—3/2(kh7”) —C3 ’ 2.13) Kjy3/2(ksr), (10)
j+ _ j  2e=(ri+2p)k} 2e—(y1+2y)kZ
Ry (r) =4 /2]+3 #K +1/2(kl7') +C3 ’21+3 ;TK +1/2(k ),
Rﬁ =C42j = 1K1 po(Ry) + €5 2f —1Kj_1/2(kn1) + o4/ 2] — 1 Kj_q /2 (ks),
Rijlz = 4+/3(2) + 3) Kjy3,2 (ki) — Cs\/m 1+3/2(kh7‘) + c6y/3(2j + 3) Kjy3/2(ks1), (11)

(y1+2y)k?=2E - (y1+2y)k2-2E
R] (r)=cy/jt1 n szz Ki_1(kir) +ce/j +1 s te ;/kszs Kj_1/5(ksr),

The squares of wave vectors k;, k;, ks are obtained from take into account the QD-matrix deformation. Polarization
the formula (9) by substitution E — E — Uppys = ¥i', charges can be accounted in the perturbation theory.

y =y, A— A" y,y, - are the Luttinger parameters which
set the effective masses of heavy and light holes:

Il. Results
my =mg/(y1 + 2y), mp =mo/(y1 — 2y), - :
: o/ (12 " of/ (2 Specific calculations have been performed for
v, r<a, v, r<a, heterosystem InAs/GaAs. The parameters are given in
{ { i table 1. We have proposed the model which accounts for

v r>aq, v, r>a. € ha
the polarization charges at the QD surface and

- is free-electron mass. deformation of the QD and matrix.

If in formulas (7) - (11) the value of A is very large,
then we obtain the results, which describe multiband hole . Table 1.
model in the case of strong spin-orbit interaction (so- The effective masses
called 4-band model) which doesn’t take into account the m® m® Uo
spin-orbital band. If we assume that m;= my and A is very Electron 0.023 0.067 0.83
large, then we get single band model. heavy hole 0.41 0.51 0.262

To account the deformation in (7)-(11), the light hole 0.026 0.082 0.33

substitution Uy = U, + U, 4. Should be done. When
we use the boundary condition [23] and normalize
condition the hole energy spectrum can be calculated with
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In fig. 1 shows the dependence of the electron energy
on the QD radius without polarization and deformation
(curve 1), with polarization (curve 2), with deformation
(curve 3), with both polarization and deformation (curve
4). We see that for an electron, the energy with only
polarization is the highest, and only with deformation is
the lowest in compare without them. If we consider the
energy with both polarization and deformation, it can be
seen that the effects of deformation are stronger for the
electron than the effects of polarization. This can be
explained as follows: large constants of the hydrostatic
deformation potential for electrons and a small difference
between the values of the dielectric constant of the QD and
the matrix.

In fig. 2 shows the dependence of the heavy hole
energy on the radius without polarization and deformation
(curve 1), with polarization (curve 2), with deformation
(curve 3), and also with polarization and deformation
(curve 4). We can see that for the hole the energy plot with
only polarization is the highest. And only with
deformation is the lowest. But for a hole, the deformation
effects are weaker than the polarization effects. The reason
for this is the smaller values of the constants of the
hydrostatic deformation potential of the holes. And in total
energy are lager (curve 4 is higher than curve 1).

InAs'GaAds
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Fig.1. Dependence of the electron ground state energy on the radius of the QD:
1 — without taking into account polarization and deformation effects; 2 — with account only polarization charges;
3 — with account only deformation; 4 — with account both polarization and deformation.
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Fig.2. Dependence of the heavy hole ground state energy on the radius of the quantum dot:
1 — without taking into account polarization and deformation effects; 2 — with account only polarization charges;
3 — with account only deformation; 4 — with account both polarization and deformation.
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Fig.3. Dependences of ground state hole energies on the QD radius in the 4-band model approximation:
1 — without taking into account polarization and deformation effects; 2 — with account only polarization charges;
3 — with account only deformation; 4 — with account both polarization and deformation.
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Fig.4. Dependences of ground state hole energies on the QD radius in the 6-band approximation:
1 — without taking into account polarization and deformation effects; 2 — with account only polarization charges;
3 — with account only deformation; 4 — with account both polarization and deformation.

Fig. 3 and fig. 4 show the dependences of the energies
on the radius in the 4-band and 6-band approximation. The
effects of deformation and polarization are similar to those
of an electron, but they are different in magnitude. That is
why we compare energies in all presented model for hole
(fig. 5). It shows the dependence of the hole energy of
various QD radius, taking into account both polarization
and deformation. Curve 1 is responsible for the electron,
curves 2 and 5 are energies of the light and heavy hole,
curve 3 and 4 describe the hole energy in the 4-band and

150

50

6-band models, respectively. We can see that the energy
for the hole is lower than that for the electron. It caused by
effective masses, which for the electron is larger. Also, we
have been noted, that in the case of the model with
intermediate spin-orbit interaction (6-band model) the
energies are larger than in the 4-band model (with large
spin-orbit interaction, when spin-off band are neglected).
Those result obtained when polarization and deformation
are accounted. If polarization and deformation are
neglected, the hole energy in the 6-band model are smaller
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Fig.5. Dependence of ground state energy on QD radius for: 1 — for electron; 2 — singleband model for light hole;
3 - 6-band approximation model for hole; 4 — 4-band approximation model for hole;
5 — singleband model for heavy hole.

than 4-band [23]. Those results for hole are caused by the
larger influence of the polarization in the 6-band model
than deformation.

Conclusions

In this paper for InAs/GaAs heterosystem we perform
calculation of electron and hole energies in single and
multiband models with account both QD-matrix
deformation and polarization charges on the surface. For
electron the deformation effects are stronger. Form holes
the polarization are stronger. If we compare hole models,
the deformation and polarization are partially
compensated, but in the total effect the polarization is

stronger (curves 4 are higher than 2 in fig.2-3) in all
models. Also, in the 6-band model total hole energies
(with account polarization and deformation) are larger
than in the case of 4-band model for all QD radiuses,
especially for small QD radiuses the difference is
signified. For large QD radiuses the difference is
vanished.
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VY pobori nocmipkeHo chepraHi kBaHTOBI ToukH InAs B Matpumi GaAs. EHeprii enekTpoHiB i Jipok B 0JHO- i
6araTo30HHUX MOMENAX (i3 CHIIBHOIO, CITAaOKOI0 1 MPOMIXHOIO CIiH-OpOITANIBFHOI0 B3AEMOIIEI0) PO3PaxOBaHO 3
ypaxyBaHHSM sIK JedopMaliil MaTpHIli KBAHTOBHX TOYOK, TaK 1 MOJSIPU3ALIITHUX 3apsi/IiB Ha TIOBEPXHI KBAHTOBUX
TOYOK. . PO3IJISHYTO 3aJeXKHICTh CHEPreTHYHHX DIBHIB €JIEKTPOHIB 1 AIPOK BiJ pajiyca KBaHTOBOi TOYKH.
[MTokazaHo, 110 151 eNeKTPOHa eeKTH aedopMariii CHIBHII, HiX Tosspu3aitis. [ Tipok 11i eexTH MPOTHIICKHI.
EHeprii enekTpoHiB i AipOK MOPIBHIOBAIHCS B YCIX MOJEISAX HAOIMKEHHS.

Kiwouosi cioBa: oOMiHHa B3aemomis, neopmariist, 4-30HHA MOJIENTb a00 0araTo30HHA JipKOBa MOJEIb, 6-
30HHA MOJIEJIb, TTOJIAPU3ALIFHI 3apsiH, HANPYKEHHI FeTePOCHC.
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Introduction

Gadolinium-doped multi-walled carbon nanotubes
(MWCNTS) are a type of nanomaterial that has attracted
significant interest due to their potential applications in
various fields. The doping of gadolinium ions onto the
surface of MWCNTS has been studied for potential use in
biomedical applications. The incorporation of gadolinium
ions onto the surface of MWCNTSs has been shown to
enhance the magnetic resonance imaging (MRI) contrast
of the nanotubes, making them useful for biomedical
imaging [1] and drug delivery [2]. Additionally,
gadolinium-doped MWCNTSs have also been studied for
their potential in cancer therapy [3]. Gd-doped multi-
walled carbon nanotubes also have shown potential as a
sensor material due to their unique properties, including
high surface area, chemical stability, and sensitivity to to
various gases, including hydrogen, ammonia, and nitrogen
dioxide [4]. The sensitivity of the material can be tuned by
adjusting the
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concentration of Gd dopant amounts and the surface
functionalization of the nanotubes. By functionalizing the
nanotubes with biomolecules such as antibodies or
enzymes, the material can detect specific biomarkers or
pathogens in biological samples [5].

Overall, the unique properties of gadolinium-doped
MWCNTs make them a promising candidate for various
applications. However, further research is needed to
optimize the material properties depending on the
synthesis method. There are several approaches for
synthesizing gadolinium-doped MWCNTS, such as co-
precipitation, hydrothermal method, chemical vapor
deposition (CVD), arc discharge, laser ablation, and
chemical functionalization.

The «common synthesis» methods (co-precipitation,
chemical vapor deposition) involves the precipitation of
gadolinium ions on the carbon nanotubes during the high-
temperature catalyst-supported decomposition of carbon
source in a pressurized vessel at high temperatures and
pressures. Another approach of Gd-doped MWCNTSs
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obtaining by hydrothermal route allow using the
commercial or previously synthesized MWCNTSs [6]. The
advantage of hydrothermal approach is the simply control
of the amount of Gd dopant by adjusting the concentration
of gadolinium precursors in the reaction chamber. The
doping of MWCNTs with Gd can be realized at
respectively low temperatures [7] using previously tested
methods for doping graphene materials [8].

This article presents the results of gadolinium-doped
MWCNTSs obtained using hydrothermal method. A feature
of the presented research is the use of a reaction
temperature of 220 °C (close to the temperature of Teflon
decomposition). The  resulting  materials  were
characterized using various techniques, including
scanning electron microscopy (SEM), FTIR, and Raman
spectroscopy.

I. Experimental details

Multi-walled carbon nanotubes were prepared accor-
dingly to the next protocol. Ferrocene (0.3 g) and
thiophene (0.6 ml) were dissolved in 15 ml of xylene to
prepare the catalyst precursor solution. The solution was
added to a flask and heat it at 100 °C for 1 h under stirring
to evaporate the solvent and obtain a dry catalyst
precursor. The catalyst precursor was loaded into a quartz
vessel and transferred to the center of a quartz tube furnace
preheated to 900 °C under an argon gas flow. Once the
furnace reaches the desired temperature ethanol was
introduced into the furnace using a syringe pump at a flow
rate of 0.5 ml/min for 20 min. After the furnace cooled
down to room temperature under argon flow the quartz
vessel was removed from the furnace and MWCNTS were
treated with a mixture of HCI and HNO3 to remove any
residual catalyst. The MWOCNTs were rinsed with
deionized water several times to remove any residual
acids. At the final stage obtained product was washed with
ethanol and dried at room temperature for 12 h.

Gadolinium-doped multi-walled carbon nanotubes
(Gd-MWCNTSs) was obtained using a hydrothermal
approach.

Gadolinium nitrate hexahydrate (0.1 g) was dissolved
in 50 ml of deionized water and stirred for 30 min to
prepare the solution. 1 g of previously obtained MWCNTSs
was added to the Gd(NOs3)s-6H20 solution and sonicated
for 1 h to obtain a homogeneous mixture. NaOH (2.5 g)
was added to the MWCNTSs / Gd(NOs)s-6H,O mixture
and stirred for 1 h to adjust the pH to about 12. The
obtained colloidal solution was transferred to a Teflon-
lined stainless steel autoclave and heat it at 220 °C for 12
h. After autoclave cool down to room temperature
precipitate was filtered and a black solid product was
collected. The product was rinsed with deionized water
and ethanol several times to remove residual impurities.
The product was dried at  60-70 °C for 12 h.

The resulting MWCNTSs and Gd-MWCNTSs were cha-
racterized using various techniques, such as scanning
electron microscopy (SEM), energy dispersive X-ray
spectroscopy (EDS), and Raman spectroscopy. Raman
spectra were measured on a confocal Raman spectrometer
Nanfinder 30 (Tokyo Inst., Japan) with a 532 nm Nd:YAG
laser (resolution about 0.5 cm™). The laser irradiation

power was less than 1 mW/sm?, which made it possible to
avoid local overheating of the samples. SEM and EDX
analysis was carried out using a Scanning Electron
Microscope by JEOL (Oxford Instruments,15 kV SElI,
WD equals 4,5mm). Fourier-IR absorption spectra of
carbon nanotube samples were obtained in the range of
4000-1000 cm* on a Varian-640IR IR spectrometer. The
mixture of MWCNTs or Gd-MWCNTSs and KBr (1:300
mass ratio) after vibrating milling was pressed into pellets
(50+100 um) and measured in the transmission mode.

1. Results and discussion

SEM investigations provide valuable information
about the morphology as well as structure of MWCNTS,
which is useful for understanding their physical and
chemical properties and verifying the synthesis results.
Figure 1, a-b shows the SEM of MWCNTs and Gd-
MWCNTs samples, respectively. Both doped and non-
doped MWCNTs show a foam-like morphology. The
nanotube diameters in a range of 15-20 nm while the
length could reach tens of micrometers were observed.
The decrease of average diameter to 12-15 nm for Gd-
doped MWCNTSs is observed with simultaneous growth it
tortuous compared to the non-doped sample. Gd-
MWCNTSs are wavy, entangled, interconnected with each
other, and assembled into 3D net-work architecture.
Similar morphology was analyzed in [9].

Table 1.
EDX data of elemental composition of MWCNTSs and
Gd-MWCNTSs samples

C @] Gd
No. Sample Weight | Weight| Weight
% % %
1. MWCNTSs 100 0 0
2. Gd-MWCNTSs 90 9,5 0,5
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EDX analysis of pure MWCNTSs shows the presence
of carbon only with the trace Si (Fig. 1a, Tab.1). As well
as the elemental analysis of the Gd-doped MWCNTSs
demonstrates the presence of C, O, and Gd which is an
indication of surface functionalization with an oxygen-
contained species as a side effect of the decoration with
Gd (Fig. 1b, Tab.1). The presence of Si is a result of
thermal treatment in a ceramic vessel. The additional
possible reason for oxygen present is the presence of
Gd,0s clusters on the surface of the MWCNTS but it's only
a minor factor taking into account the mass ratio of oxygen
and gadolinium (9.5 and 0.5 mass %, respectively).

FTIR analysis was used to probe the surface functional
group's presence for MWCNTs and Gd-MWCNTSs
samples (Fig.2). The broad peaks observed around 3400
and 1610 cm* correspond to the O-H stretching and
bending vibration of hydroxyl groups [10]. At the same
time, these peaks are completely missing for Gd-
MWCNTs which indicates the absence of surface
hydroxyl functionalities. The sharp band at 1350 cm* also
is attributed to the presence of hydroxyl groups
(-OH) on the MWCNT surface (the presence of
carboxylate groups —COOH is also possible) [11].
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Fig. 1. SEM images (a-b) and EDX spectra (c-d) of
MWCNTSs and Gd-MWCNTs samples.

The peak at 1350 cm™ is only traced for Gd-MWCNTSs.
Two intense broad peaks for this Gd-doped material are
observed around 2940 and around 1900 cm™ (Fig. 2). The
first one can correspond to the overlapped peaks due to the
presence of C(sp%)-H bonds [12]. The other characteristic
is not typical for MWCNT and can be attributed to the
structural changes induced by the Gd-doping process.

1Gd-MWCNTs

MWCNTSs

Transmittance, arb. units

4000 3000 2000 1000
Wavenumber, cm™

Fig.2. FTIR spectra of MWCNTs and Gd-MWCNTSs

samples.

For the characterization of the defect structure of
MWCNTSs and investigation of the influence of Gd doping
the Raman spectroscopy was used [13]. Raman scattering
spectra for MWCNTs and Gd-MWCNTSs samples and also
the Lorentz functions deconvolution results are presented
in Fig.3.

The spectra consist of two intensive G and D peaks.
The G-peak is a first-order high-frequency mode Eyg. Its
feature for MWCNTSs is splitting into two bands: G and its
small high-frequency shoulder D'. The last line is
associated with disorientation in carbon nanotubes [14].
Disordering and defects in nanotubes are also observed in
bands I, D, and D". The I band is observed for nanotubes
with a highly disordered structure and is recorded as a low-
frequency shoulder of the D band [15]. Despite the D and
D" bands being associated with the presence of structural
defects, they have different origins. The D" band takes
place when the packaging of a regular layer of graphite is
broken by the defects (breaks of graphene sheets in
nanotubes and graphene flakes). The D band is associated
with lattice disorder or finite-size effects [16]. The
analysis of Raman spectra shows that the ratio of
intensities of the G and D peaks (ls/lp) increases after Gd
doping, which indicates a decrease in defects [17] in
MWCNT. The 2D and D+G lines were determined as
second-order overtones, the presence of which is
characteristic of such structures.

The peak intensity ratio I¢/lp can indicate the level of
disorder in graphite structure. Based on a unique
opportunity from 2D peak for the characterization of
graphene layers number the increasing ratio I.p/1p for Gd-
doped MWCNT can indicate a decrease in the number of
graphene sheets.
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Fig.3. Raman spectra (a) and corresponding results of spectra deconvolution (c-e) for MWCNTSs and
Gd-MWCNTSs samples.

Table 2.

The Raman Spectra Parameters of MWCNTSs and
Gd-MWCNTSs samples

Raman mode 5% Gd doped
parameters, cm? MWENT MWCNT
I (peak position) 1198 1138.2

FWHM 343.8 349
D (peak position) 1322.4 1324.1
FWHM 57.9 58.9
D" (peak position) 1496.9 1472.9
FWHM 203.5 185.9
G (peak position) 1559 1559.3
FWHM 48.5 51.2
D' (peak position) 1594.1 1593
FWHM 35.2 35.5
2D (peak position) 2668.9 2676.9
FWHM 95.9 87.5
D+G (peak position) 2898.5 2918.3
FWHM 106.5 107.5
le/lp 0.59 0.63
lo/lp 2.77 2.87
loo/le 1.18 1.26

ZdOO
Raman shift (cm™)
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The properties of Raman scattering analyzes of the
studied samples were analyzed and, as can be seen from
the results of the studies, changes in the intensities in the
scattering spectra and displacement of the peaks at higher
frequencies are observed. The change of the peaks in the
Raman scattering spectrum is related to the change in the
concentration of defects.

The fitting procedure of D and G bands with
Lorentzians peaks using OriginPro software allow to
calculate the ratio of Ip and I integral intensities. These
data were used for the average size of graphitic fragments

along the basal plane (002) estimate [18]:
-1
L(nm) = (2.4 X 10_10)01;6[{?) , where A is the laser
\¢

excitation wavelength. In all cases, the average lateral size
of graphitic fragments for both samples are close to
20.0£0.3 nm so the doping procedure probably doesn’t
affect dramatically on the structural properties of the
materials
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Conclusion

Gd-doped multiwall carbon nanotubes (average Gd
content of 0.5 mass %) were obtained by hydrothermal
approach (220 °C for 12 h) on the base of previously
synthesized MWCNTSs (catalytic ethanol decomposition at
900 °C in argon gas flow was used for CNT synthesis).
Hydrothermal doping of MWCNs with Gd causes the
formation of 3D network architecture and the presence of
oxygen-contained surface functionality (oxygen content
of about 9 mass %). Simultaneously the hydroxyl group
content for doped material is insignificant compared to the
origin MWCNSs. The unidentified intense broad peak for
Gd-doped material observed around 2940 cm-1 can be the
result of both doping- and hydrothermal treatment-

induced structural changes. The growth of defect
concentration for Gd-doped MWCNTSs was observed by
Raman spectroscopy, but the changes in average lateral
sizes of graphene crystallites (along (002) basal plane)
were not observed.
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Introduction

The need for new “smart” materials is caused by the
increasing demand for high-tech electronics [1, 2].
Composite materials have been widely used in photonic
devices [3, 4]. The heterostructures are widely used as
materials for lasers [5, 6]. Planar nanostructures are of the
utmost interest for thin-film technologies, in particular, for
the creation of light-emitting diodes [7, 8]. In recent times,
the attention of researchers is focused on the materials
with the surface architecture [9, 10]. Today, nanoneedles
[11], nanowhiskers [12], flower-shaped structures [13],
porous surfaces [14, 15], etc., are successfully
synthesized. Furthermore, periodic structures are gaining
in considerable popularity [16, 17]. The advantage of such
structures over other types of nanostructured
nanomaterials is caused by the possibility to control
wavelengths, radiation angles, etc. [18, 19].

The following tasks are raised to scientists due to
understanding of these trends: (1) selection of effective,
inexpensive synthesis methods, which allow to create
periodic nanostructures with the controlled properties [20,
21]; (2) selection of the components of the
substrate/nanostructure  system  with  well-formed
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parameters [22].

Today, the synthesis methods of oxide
semiconductors and their integration into substrates are
being actively investigated [23 25]. So, the
investigations are concerned with Ga,O3 [26, 27], In203

[28], ZnO [29], CdO [30], TiO, [31], etc. Such
semiconductors show  excellent  ability  for
nanostructuring, as well as being chemically and

thermally stable [32, 33]. Furthermore, the surface of the
oxide films on the semiconductor show the passivating
properties and allow extended service life of the devices
[34, 35]. As a rule, the only problem when such
heterostructures are formed is the mismatch of the crystal
lattices, which causes a large number of stress states at the
boundary of two heterostructure components [36]. On the
other hand, such situation can be effectively used when
structures with non-standard morphology are formed [37,
38]. In this case, the defects of the output semiconductor
(substrate) are the source of the nanostructure on the
surface [39]. The effective use of this phenomenon is quite
a difficult task and requires a further detailed study.

In this study, we report the synthesis of the periodic
structures on the surface of indium phosphide, which are
packed in the “parquet floor” type. Such structures are
promising for study, since periodicity can be effectively
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used to create photocatalytic heterostructures and
waveguides. We give a qualitative and quantitative
interpretation of the mechanism of formation of the
parquet oxide structure on the surface of a highly doped
indium phosphide.

I. Experiment

The periodic parquet structures were formed by the
combined chemical etching methods. A Teflon standard
electrochemical cell was used. The cell was filled with the
electrolyte. After that, the etching processes were started,
with subsequent deposition of the reaction products on the
sample surface. The first stage was carried out in the
electrochemical anodization at a constant current density.
Simple electrochemical etching without the action of a
current was used at the second stage. The electrolyte
solution was not changed during both stages. Table 1
shows the conditions for the chemical treatment of the
samples.

Before carrying out the experiment, the samples were
washed in the acetic solution and then degreased with the
ethyl alcohol. Immediately after that, the experiment was
started. After completion of the experiment, the samples
were dried and stored in the open air.

The surface morphology was investigated using a Jeol
microscope (Japan), equipped with an NCA Energy 350
spectrometer manufactured by Oxford Instruments
Analytical (Great Britain). The topographic images of the
synthesized nanostructure surfaces were obtained by
raster electron microscopy with the use of secondary
electron signals (SEI). Data on the surface inhomogeneity
and composition were obtained in the back-scattered
electron (BEC) mode. The energy of the electron beam
was chosen in the range of (10-15) keV. The elemental
composition of the samples was determined using an
energy-dispersive spectrometer at an acceleration voltage
of (15-20) kV and a beam current of (1-3) nA. The
quantitative analysis of the chemical composition of the
sample surface was performed by comparing the
characteristic lines of the sample with those of standards.

I1. Results

Fig. 1 shows the SEM image of InP surface after the
electrochemical treatment. It can be seen that massive
crystal nanowires, which are organized by “parquet floor”
type, were formed on the surface. Table 2 shows the
geometric sizes of the formed structures.

Fig. 1. SEM image of formed periodic structure on the InP
surface.

Table 2.
Geometrical sizes of nanowires

Characteristics Size, um
Thickness of nanowire 8-10
Height of nanowire 7-10

Length of nanowire 110-130

Distance between adjacent wires 3

Distance between “parquet layers” 20-50

Thus, it can be seen that the nanowires have the shape
of a regular prism. It is interesting to note that the wires
have the porous structure with a pore size of 80-120 nm.

Fig. 2 shows the results of the EDX analysis of the
formed structure surface at the point on the crystallite
surface. We can see that the crystallites were formed by
indium oxide with a small content of phosphorus. This
certainly points to the formation mechanism of the
periodic nanocrystallites on the surface of the indium
phosphide. The active etching of the indium and
phosphorus atoms, which leads to electrolyte saturation, is
observed during the first etching stage. It is followed by
an alternative process, namely, the deposition of the
reaction products on the surface.

Table 1.
Conditions of experiment
Stages Electrolyte Current denszlty, ) Time, min Additional conditions
mA/cm
Mixing of electrolyte;
1" stage HF:H,0:C;Hs0H=1:1:2 150 10 platinum plate was
used as cathode
Mstage | HF:H,0:CoHsOH=1:1:2 0 10 Room temperature,
darkness
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Fig. 2. The results of EDX analysis at the point on the
crystallite surface.

I11. Discussion

3.1 Mechanism of formation of the periodic
structures on the surface of indium phosphide by
“parquet floor” type

Single-crystal semiconductors, doped to the high
concentrations of minor charge carriers, are characterized
by a large number of the dislocations. For the experiment,
we used the InP plates with the (111) surface orientation
(Fig. 3a). The sources of rectangular-shaped dislocation
loops, the sliding system of which can be represented as a
parallelogram surface with faces along the (101) and (110)
planes, will be observed in the volume of such sample
(Fig. 3b).
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Fig. 3. Fixation model of dislocation loops: a) location of
dislocation sliding planes; b) dislocation loops in the
volume of n-InP (111); c) fixation of dislocation on
sample surface, which will cause the steps.
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The dislocation loops tend to spread and move due to
the forces of mutual repulsion. This movement occurs in
the direction of the sample surface and stops at the
moment of emergence of the dislocations (Fig. 3 ¢). The
exit of the first (main dislocation loop) to the surface
causes the step. Three other loops (ingoing) in the
dislocation system are fixed and their movement stops.
Thus, we can observe the accumulations of dislocations.

According to Fig. 3b an important observation can
also be made. The dislocation loop does not move along
the [010] and [001] directions during movement toward
the sample surface (Fig. 3b axes OY and OZ,
respectively). In this case, the superposition of the Pitch-
Keller force component is zero in all directions except for
the [100] direction (OX axis). This will violate the
symmetry of the primary and incoming loops, allowing
one to displace the ingoing loop along the [010] direction.
During further sliding of the ingoing dislocation, it will
fall into the obstacle-free sliding system, caused by the
main loop of the dislocation accumulations. Then, when
exposed to the next dislocation loop, it will advance in the
sample volume until it reaches the surface. The next
dislocation loops will move according to the same
mechanism.

Thus, the sources of the dislocation loops will initiate
the steps on the sample surface, which are the periodic
areas of the inhomogeneous deformation (Fig. 4a). This,
in turn, will allow one to form the sample surface relief
with a periodic architecture (Fig. 4b).
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Fig. 4. The system of dislocation loops on the surface of
InP (111) (a); schematic diagram of surface relief with
parquet periodic crystallites (b) and relative displacement
of steps caused by displacement of main and ingoing
dislocation loops (c).
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In addition to sliding dislocations, the actual crystals
also have other type of defects in the volume. The
symmetry of the mutual location of the dislocation loops
(nonzero superposition of the Pitch-Keller force
component) is violated due to this (Fig. 4c). Displacement
will occur along the sliding direction [001]. Thus, the
arrangement of nanocrystalline wires in the form of
parquet steps will be observed on the InP (111) surface.

3.2 Mathematical interpretation of formation of
parquet periodic nanostructures

From these considerations, we can present the
described mechanism with a mathematical model. Thus,
the Pitch-Keller force component acts on the unit length
of the dislocation line:

fi = i Tk Oumbm (1)

where e;; is the Levi-Civita symbol; 7, is the component
of the unit vector; ay,,, is the components of the mechanical
tension tensor; b, is the components of the Burgers
vector.

The superposition of the Pitch-Keller force
component, acting on the dislocation loop along the [010]
direction, is described by the expression:

_ n(3d%+n?)
u
B=———
2n(1 — o)

where b is the Burgers vector; u is the shear modulus; is
the Poisson’s ratio; h is the size of the dislocation loop
along the direction [010]; d is the distance between the
dislocation loops; L is the size of the dislocation loop
[001].

The Pitch-Keller force component in section (1-2)
(Fig. 3b) is described by the expression:

(h+Y0)[3d?+(h+yp)?]
[d2+(h+y0)?]? '

(1-2) _
F™® = —p?p 3)

where y, is the distance module of the dislocation loop
from the section (3-4) to the plane ZOX.

Accordingly, for section (3-4), the Pitch-Keller force
component (Fig. 3b) is described by the expression:

(3-4) _ ;25 Y0(3d%+y8)

E, =b B—(d2+y§) 4)

On the basis thereof, the fixation condition of the
dislocation loop corresponds to the expression:

E' 2+ E8Y =, (5)
An important observation is that the length of one
parquet step is equal to the length of sections (1-2) and (3-
4) of the dislocation loops.
The Pitch-Keller force, acting on the dislocation loop,
parallel to the direction [010]:
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25 ¥(3d%+y?)

F, = +b?BX2 6)

The extremes of the function F(y) have the
following values:

/(2\/§ —3)d ~ 0,681d,
Y2 =— /(2\/§— 3)d ~ —0,681d,

The condition of stable equilibrium with respect to the
displacement of the dislocation loop along the [010]
direction:

V1=

Yo = 0,681d — 2. )
Taking into account the fact that the angle between the

sample surface and the sliding planes of the dislocations is

equal to 45°, the step distance is calculated as follows:

1 =2y, = v/2(0,681d — 0,5h) (8)

We can also estimate the value of the longitudinal
displacement S of the dislocation loop:

S =2(h+y,) =2(0,5h) + 0,681d 9)

The values of d and h are approximately equal to each

other, which gives us the value of the step distance:
l = 0,256h; S = 2,362h. (10)

We can see that the conducted simulation gives us the
full conformity between the calculated and experimental
values.

Conclusions

The mechanism of the periodic nanostructures on the
surface of highly doped single-crystal indium phosphide,
which are oxide formations and packed on the surface by
“parquet floor” type, were described in our paper. The
morphological characteristics of the formed nanowires
were investigated. In particular, it has been shown that the
thickness of the nanowires has the average value of 10 um,
the length is in the range of (100 — 130) um. EDX analysis
showed that the nanowires consist mainly of indium and
oxygen atoms. The phase composition of the formed
nanocomposites requires further detailed study.

The dislocation mechanism of nanowire formation
has been proposed. According to this mechanism, the
dislocations move in the direction of the sample surface
and stop at the moment of the emergence of the
dislocations. This leads to the “run-up” of the next
dislocations, resulting in the appearance of the “steps” on
the surface. These steps are the sources of the formation
of the nanostructures located on the surface with a defined
period.

The mathematical interpretation of the proposed
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IIpo mexaHi3M cHMHTe3y NepioAMYHMX OKCHIHUX HAHOKPHUCTAJITIB Ha
MOBEPXHi MOHOKpHUCcTaAdiYHOrOo InP

Beposmcwvrutl depacasnuil nedazoziunuil ynisepcumem, Beposncok, Yipaina, yanasuchikova@gmail.com

Hamu Oyno oTpumaHo yHIKaNbHI IEPioANYHI OKCHIHI HAHOKPUCTATITH Ha moBepxHi hocdiny iHmiro. Y crarTi
JOCHIKYIOTECSI MOP(OJIOTIUHI XapaKTepUCTUKH OJIep>KaHUX CTPYKTYp Ta KOMIIOHEHTHHUi ckinan. OCHOBHa yBara
B CTaTTi 30CepekeHa Ha MOSCHEHHI MeXaHi3My (OPMyBaHHS HEPiOAUYHUX CTPYKTYp, AKi YHAKOBaHI MO THITY
«mapkeT». 3alpONOHOBAHO MEXaHi3M, SIKMH TPYHTYETbCS Ha KOB3aHHI JDKepen JAWCIOKalidHMX MeTelb
MIPSIMOKYTHOT (popMH. PO3TIISIHYTO CHCTEMY I'OJIOBHOI Ta BTOPUHHHUX (HAa0iralounx) AUCIOKALiH, SIKi CHPUYHHSIOTH
TIOSIBY CXOAMHOK. TakoX 3aIIpONOHOBAHO MAaTEMAaTHYHY IHTEPIPETALI0 ONHCAaHOT MOJIET.

KurouoBi ciioBa: docdin inairo, nepioanyHi CTpyKTypH, TUCIOKALil, eIeKTPOXiMiUHE TPABICHHS, TIOPYBAaTHH
OKCHJI.
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The current-voltage characteristics of a thin long platinum wire in air with small admixtures of acetone or
ethanol vapors were obtained. Using the quadratic dependence of platinum resistance on temperature, the
temperature-current dependences for the wire were calculated. At concentrations of combustible gas vapors above
a certain value, these dependences show a hysteretic character. Using the assumption of complete oxidation of
acetone and ethanol on platinum, as a catalyst, and the first order of the oxidation reaction, an analysis of
temperature-current dependences was performed. The temperature difference between the high and low-
temperature stationary modes of catalytic oxidation on the wire makes it possible to estimate the concentration of
the impurity in the mixture. As a result, the experimental dependence of the critical value of the catalytic current
ignition and the extinguishing of the gas mixture on platinum on the impurity concentration was constructed. With
its analytical description, it is possible to fairly accurately estimate the apparent values of the activation energy and
the pre-exponential factor of the oxidation reaction in a wide temperature range. A method of determining the
kinetic parameters of the oxidation reaction based on the experimentally found parameters of the degeneracy of

critical conditions is proposed.
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Introduction

Pure metals, especially platinum, are the most
common catalysts for the oxidation of volatile organic
compounds. Platinum nanoparticles are often added to the
surface of the oxide catalyst, which significantly
accelerates the oxidation of the compound [1-4].

The work [5] investigated the kinetics of catalytic
combustion of acetone and toluene at low concentrations
in air (partial pressure from 10 to 101 Pa) on
Cu0g 13Ce, 570, catalysts at temperatures from 423 to 483
K. The reaction order and activation energy for acetone
combustion are visible and toluene over the catalyst varied
depending on the partial pressure of the impurity at the
inlet and the reaction temperature, respectively. It was
assumed here that the catalytic combustion of acetone in
air proceeds according to the gross reaction:

CHgCOCHg + 4’02 = 3C02 + 3H20.
The thermal effect of the reaction is 1829.4 kJ/mol.
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The obtained activation energy of the acetone oxidation
reaction is 96-109 kJ/mol.

The current characteristics and oxidation of acetone
vapors in a corona discharge of atmospheric pressure in
the wire-plate system were investigated in [6]. Here, the
authors assumed the reaction of complete oxidation of
acetone. However, it was also believed that the oxidation
of acetone can follow a parallel reaction of incomplete
oxidation:

CH;COCH; + 2.50, = 3C0 + 3H,0.

The thermal effect of reaction (1) is 973 kJ/mol.

The authors [7] propose a mechanism for the complete
oxidation of acetone on a catalyst of 0.57 wt.% CeO,-
0.05wt.% Pt/Ti0O,. Molecules of acetone and oxygen
were initially adsorbed on the catalyst. After the reaction
temperature increases, acetone decomposes into acetic and
formic acids, then these acids turn into carbonate particles.
Finally, these particles completely decompose to €0, and
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H,0.
The oxidation of acetone on platinum was assumed to
be complete, i.e. to CO,, and in [4]. At the same time, the
concept of low temperatures (up to 300 °C) is introduced
for such a process.

Platinum is the earliest catalyst for single-component
catalysis in the ethanol oxidation reaction [8, 9]. The
authors [8] indicate that such oxidation can be complete
(with slow oxidation) to CO, and partial to acetaldehyde
or acid.

The authors [10] indicate a high percentage (over
90%) of CO, formation during the oxidation of methanol
and ethanol on a platinum catalyst. By studying the change
in the concentration of methanol and ethanol, which
exponentially decreased over time during catalytic
oxidation with oxygen on a platinum catalyst at room
temperatures, the activation energies of these reactions
were found. In particular, for ethanol E = 143 kJ/mol.

Studies of heterogeneous oxidation of combustible
gases on a long and thin wire made of metals of the
platinum group, which is heated by an electric current,
continue even nowadays [11]. For the occurrence of stable
flameless catalytic combustion of gas when the catalyst is
heated by current, the correct selection of the diameter and
length of the catalyst, the range of combustible gas
concentrations, the temperature and speed of the gas-air
flow is necessary [12].

A classic example is the oxidation of an admixture of
ammonia and hydrogen on a long platinum wire
(L/d = 1000) with a diameter of 100 um [13, P. 416]. In a
gas-air flow with combustible gas impurities, the heating
of the platinum wire (increase in temperature and
electrical resistance to steady-state values) was practically
carried out by heating with an electric current. Up to a
certain value of the heating current, the wire behaved as
inert. At different currents for different mixtures (about
0.74 = 0.8 A), there was a sharp increase in the stationary
temperature of the catalyst. Increasing the content of
combustible gas in the mixture slightly reduces the critical
value of current strength, but significantly affects the
temperature level of high-temperature states and the

critical value of current strength during catalytic
extinction.
In this work, the non-isothermal oxidation

(combustion) of small impurities of acetone and ethanol in
air on a platinum wire will be considered, the critical
conditions of catalytic ignition and extinction will be
analyzed, and the kinetic parameters of oxidation
reactions in air will be evaluated.

In view of the above, this paper assumed that the
catalytic combustion of acetone and ethanol in air on a
platinum wire is complete oxidation and proceeds
according to the following reactions:

CH,COCH, + 40, = 3C0, + 3H,0. 0

(1

Thermal effect of reaction (1) Q, =1829.4 kJ/kg, and
(1) @, = 1370 kJ/kg.

The steady-state level of high-temperature heating of
the catalyst T during the course of one reaction in the
diffusion region according to classical concepts is

C,HsOH + 30, = 2C0, + 3H,0.
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determined only by the concentration of the combustible
substance in the gas in which the oxidant is in excess:

_ QfLel—m
Tp=———

Cpg

Tn — Ty = ToYs, (1)

where Qs is the heat effect of the reaction, calculated for
1 kg of combustible gas, J/kg; Y is the relative mass
concentration of combustible gas in the gas mixture;
Cpg — iSobaric specific heat of the gas mixture; Ty is the
temperature of the gas mixture; Le=Ds/ag — Lewis number;
m is an indicator of the degree of dependence of Nu on Pr
and Sh on Sc. For forced convection (0.1<Re<4) m =0.33.

An interesting feature of the oxidation of these gases
is the difference in the Lewis number. Thus, for hydrogen
Le = 3, for ammonia Le = 1, for acetone Le=0.586, for
ethanol Le = 0.578.

I. Experimental setup

For the experimental study of the oxidation of acetone
and ethanol, a PMT-2 manometric thermocouple
transducer was taken (Fig. 1). In it, a platinum wire with a
diameter of d = 95 pm and a length of L = 56 mm is used
as a heater. A glass bulb with an inner diameter was cut
off from the PMT-2 stand 30 mm and the upper end of the
bulb. The platinum thread was bent in the form of a snake
and placed in a plane perpendicular to the axis of the lamp.
A tube for supplying the gas-air mixture was inserted
through the hole in the lamp holder. After that, the glass
bulb was glued to the base. The flask was located
vertically. Thus, the incoming mixture moved relative to
the thread from top to bottom (acetone and ethanol are
heavier than air) and did not accumulate inside the lamp.

The gas mixture was created as follows. A small
amount of liquid (acetone or ethanol) was poured into
flask 8 (Fig. 1). A flow of air was fed into the liquid using
a compressor. At the outlet, an air mixture with vapors of
a flammable liquid was obtained. This flow could be
diluted with a parallel clean air flow. The total
consumption of the mixture was determined by two
rotameters on the cold mixture. The temperature of the
mixture before entering the chamber and inside it was
determined by readings of thermocouples. To ensure the
stability of the temperature on the walls of the reaction
chamber, it was blown from the outside between the flask
1 and the external chamber 10 (Fig. 1) by a stream of cold
air.

The main experimental dependence is the current-
voltage characteristic of the wire obtained in the current
stabilization mode. The platinum thread was connected to
the Picotest 3510A multimeter using a three-wire circuit
through the contacts of the PMT-2 lamp. In this case, the
multimeter made it possible to measure the voltage and,
therefore, the resistance of thread 1 (Fig. 1) together with
the contacts of the lamp itself 2 without taking into
account the resistance of other connecting conductors. The
lamp contacts have a diameter of 1 mm. Their total
resistance is Rx = 0.105 Q, which remains constant in the
range of currents for research (they practically do not heat

up).



A.S. Chernenko, V.V. Kalinchak, A.K. Kopiyka, M.V. Roziznanyi, A.V. Fedorenko

AR

I §$d+x|;i:st;;re 6 I—
- === =
;= — 9
4 2 | |_ = =
|
I
=) o[
5
10
2

Fig. 1. Scheme of the experimental setup: 1 — PMT-2 glass bulb, 2 — connected contacts, 3 — platinum thread,
4, 5 — millivoltmeters with thermocouples; 6, 7 — rotameters of the float type, 8 — container with liquid;
9 — air compressor; 10 — external camera.

The resistance of the platinum wire is determined
according to Ohm's law (without taking into account the
resistance of the lamp contacts) and the average

U Re¢
R, =7_Rk1 R_co= 1+Y(T—To)—5(T_To)27 Reo = Mo 22

Here, v 39.7-10% 1/K, & = 5.841-107 1/K?
Mo = 9.8-10% Q-m. The resistance of a platinum wire with
a length of 5.6 cm and a diameter of 95 um at To = 273K
iSRo=10.775 Q.

The volt-ampere characteristic of a platinum wire in a
gas-air mixture was recorded with a gradual increase in the
strength of the flowing current in steps of 0.1 A (near
critical processes in steps of 0.01 A) while establishing a
stationary temperature regime of the wire for each current
strength. After switching the filament to the catalytic
combustion mode (catalytic ignition at 0.58-0.77 A), the
current increased to 0.7-0.8 A, and then gradually
decreased to 0.01 A.

When reducing the current strength in the catalytic
combustion mode, there are two possible qualitatively
different options depending on the concentration of the
combustible gas: 1) extinction - reverse transition to the
low-temperature mode at a lower value of the current
strength (curves 2-3, Fig. 2) or self-extinguishing catalytic
oxidation at turned off current (curve 4, Fig. 2) [9].

In fig. 2 shows the dependences of the resistance and
average temperature of the platinum thread on the power
of the heating current at different concentrations of

temperature of the wire from the quadratic dependence of
the resistance of the wire on temperature:

4L

acetone and ethanol in the gas-air stream blowing the
platinum thread.

Reactions (1) and (1) were used to estimate the
concentration of acetone and ethanol according to formula
(1). For this, the average value of the temperature
difference AT,,, in high- and low-temperature regimes
was determined at 3-4 values of the current strength (at the
current strength of the catalytic ignition li and smaller than
itby 0.1, 0.2 and 0.3 A). The concentration of combustible
gas was calculated as Yy = AT, /Tp.

Il. Analysis of results

Consider the physical-mathematical model of the
heat-mass exchange of a long metal thread, which is
heated by an electric current and the catalytic reaction of
the oxidation of a small admixture of combustible gas, and
is also cooled as a result of molecular-convective heat
exchange with a cold gas-air mixture. The equation of
unsteady thermodynamics of the metal thread of the
catalyst will look like this:

Ve ar
S_Cccch=Qeffl Aefr = 9cn t 4 — 4g, T(t=0)=T,
_ kpgsY s _ E _k _ _ I’R¢
Gon = Q5 k=koewp(=10). Se=( gy =a(T-T,). q;=T3 @
i D¢Sh 4L
o = Bepgpgle ", B = —fd , Re=n—3, n= No(1 +y(T = T,) — 8(T — T,)?),
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Fig. 2. Dependence of the temperature of a platinum thread (diameter 95 pm) on the strength of the heating current
during the catalytic oxidation on it of a) acetone or b) ethanol in a cold gas-air mixture (T4 = 296 K) at different
concentrations of s
AA—Yn=141%; A —Yp=2.17%; ® — Yi3=2.83%; o — Yis = 3.53%;

P) A—Y1n=0.83%; A —Ynn=1.56%; ® — Yi3=2.12%; 0 — Yiu = 2.91%.

Curves 1-4 are theoretical dependences (3).

where V. is the volume of the catalyst, S¢ is the lateral
surface of the catalyst, c. is the specific heat capacity of
the catalyst, J/(kg'K); pc is the density of the catalyst,
kg/m?3; ger — effective power density of heat release, W/m?;
g; is the heat released every second when an electric
current passes through the cylinder catalyst, calculated per
unit of side surface; R is the electrical resistance of the
wire, Q.

Suitable lamp contacts are 10 times thicker than a
platinum filament and the ratio of the length of the
filament to its diameter is almost 600. Therefore, heat
dissipation through them is neglected. Considering the
fact that the diameter of the platinum wire is less than 100
um, heat exchange by radiation is also neglected.

The condition for the stationarity of the catalyst
temperature q.r = 0is presented in the form of the
dependence of the square of the current strength on the
stationary temperature at a constant concentration of
combustible gas in the air:

T-T, Y Tok E
[ = 10\/_9__1‘_0_0 xp (- £),
To 1+Se Ty B RT
®)
m2d2AgNuT, QpLe™™
IU = ) = .
4n Cpg

The value of Ip is a weakly decreasing function of
temperature. In our case, it lies in the interval from 0.7 to
10A.

Dependence (3) describes the experimental low- and
high-temperature steady states. In fig. 2 presents the
calculated dependence of the current strength on the
steady-state temperature with the parameters of the
activation energy and the pre-exponential factor found
below. The maximum on this dependence determines the
catalytic self-ignition of the combustible gas, and the
minimum - catalytic extinction.

The following parameters were used for the
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calculations: acetone: Qr = 31.5 MJ/kg, E = 84 kJ/mol,
ko=1.5-108 1/c, Do = 0.109-10* m?/s, Le = 0.586, m = 0,
n = 1.82. Ethanol: Qf = 29.8 MJ/kg, E =92 kJ/mol,
ko = 4-107 1/c, Do = 0.10-10* m?/s, Le = 0.578. Other
parameters: pgo=1.293 kg/m?, cgo = 1005 J/(kg-K).

The volumetric flow rate of the gas mixture entering
the bulb of lamp 1 (Fig. 1) with a thread was 17-23 cm?®/s.
This corresponds to a laminar flow speed inside the bulb
of 3 cm/s (Reynolds number for the lamp bulb is 58, and
for the filament is 0.18). So, in this case, the influence of
forced and natural convection can be neglected (m = 0).
The Sherwood number Sh for a thin long cylinder ranges
from 0.45-0.6 [14, P. 325; 13] The choice of the Sh value
was determined by matching the inert analytical and
experimental T(I) dependences, which is actually
determined by the low-temperature branch of the T(I)
dependence, on which the chemical reaction practically
does not proceed. Thus, with the catalytic oxidation of
acetone Sh = 0.55, ethanol Sh=0.45. In the catalytic
combustion mode, the temperature inside the bulb
(thermocouple readings above the platinum thread)
increases by 30-40 K, which indicates that natural
convection prevails over forced convection on the bulb
scale.

Let's apply the extremum condition 9I/dT =0 to
dependence (3). As a result, together with (3), we will
obtain a system of equations for determining the critical
conditions of catalytic self-ignition (i) and extinction (e):

T;o—T,
!li,e ]0\/%09 —

k Y}- — iﬁe(1+sei'e)2 ]

ETQ
In fig. 3 shows the solution of system (4). The catalyst
temperature Tie is used as a parameter. The position of
dependencies (4) in Fig. 3 depends on the activation
energy E and the pre-exponential factor ko. The slope of

RTize
T (1+ Se;e), (4a)

(4b)

Seje
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Fig. 3. Dependence of the critical value of a) the power of the heating current (self-ignition and extinction of the
catalytic oxidation reaction of 1) ethanol (o, @) and 2) acetone (0, m) on a platinum wire with a diameter of 95 um)
and b) the temperature of the wire on the concentration of combustible gas in air at room temperature Tq = 296 K.
Lines are dependences (4).

the extinction curve is significant compared to the self-
ignition curve. It is at this stage that it is already possible
to find the value of the activation energy and the pre-
exponential factor for each of the reactions, which would
satisfactorily describe the obtained experimental data.
However, let's analyze this dependence.

At the degeneracy points (point y), the Semenov
number Se, = 0.75-0.80. At the points of catalytic self-
ignition at a distance from the point of degeneration
Sei < 0.1, and at the extinction points See > 3.

Therefore, for Se <<1, the compatible solution of
equations (4) leads to

2 2
Ii _ RTie
Tg+(;) To =T, — i,
1 ©)
QfLel ™™y E
A IS Lk Zfl Sei =1
CpgRTj
TQY fiE kod E 1
9 JiZ o p(— )=— or In
RT,; DsSh RT g, e

In fig. 4 presents the results of the catalytic ignition of
acetone and ethanol on platinum in the form of
dependence In (%) on ——. As a result, the data can be

gxi gxi
described by a linear dependence, from which the value of
the activation energy for the oxidation reaction of acetone
on platinum was obtained E = 85 kJ/mol, and for ethanol
E =92 kJ/mol.
For points extinction, we use the schedule in (4)

(1 + Se,)?/Se, ~ Se, + 2. As aresult, we get:

10\ ? RT2
T, + (Z) To+ To¥pe = T, + 55,
(6)
TQE Yre
RTZ Seg+2
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TS

The last expression can be used to estimate the
activation energy. Let's enter the effective temperature of
the environment (the temperature to which an inert
conductor would heat up when an electric current is passed
through it)

Ty =Ty + (i)2 T,.

With catalytic ignition in our case, the current strength
li is close to lg, and almost twice as much as Tg. Using the

Frank-Kamenetsky  schedule [13] exp (—%)

Q

E S RT?  RTZ,
exp (— ) e and approximation —Y ~—2= the
RT g, E E

critical condition of catalytic ignition can be rewritten as:

1

E E kod
- —In(-= el.
R T RD¢Sh

gt

By connecting both solutions (6), it is not difficult to
obtain the dependence

See+1

Seg+2’

2
T, + (5—0) Ty =T, — ToYp,
which explains the dependence in fig. 3a. Namely, that at
a distance from the point of degeneration of critical
conditions, the square of the current strength of the
catalytic quench decreases linearly with the increase in the
proportion of combustible gas in the mixture.

To find the kinetic parameters, you can also use the
found parameters of the degeneracy point of critical
conditions. For example, it was shown in [12] that the
parameters of the degeneration point (catalyst diameter
and combustible gas concentration) can be represented by
the temperature of the gas mixture in the form:
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From the second equation we have

or ky, =

TE=4T*(1+l)
Y

TQYf

The temperature of the catalyst at degeneration, which
needs to be known to determine lo and T,,, can be
estimated (Fig. 3b) as the arithmetic mean between the
catalytic ignition and extinction temperatures: for acetone
T, = 643 K, for ethanol 7, = 549 K.

So, for acetone, the degeneracy parameters
I, =0.77 A, Yty = 0.9 % and, accordingly, the estimated
values E = 85.9 kd/mol and ko = 1.4-10% m/s. For ethanol
I, =0.64 A, Yry = 0.8 % and, accordingly, the estimated
values E = 91.5 kd/mol and ko = 3.0-107 m/s. These values
are close to those at which agreement of the analytical and
experimental data in Fig. 3 was obtained.

Conclusions

Thus, using the assumption of complete oxidation of
acetone and ethanol on platinum and the first order of the
oxidation reaction, analysis of the current-voltage
characteristics platinum wire in a gas mixture with small
admixtures of combustible liquid vapors was performed.
The temperature difference between the high and low-
temperature stationary regimes of catalytic oxidation
AT,,, on the wire makes it possible to estimate the
concentration of the impurity in the mixture. The
dependence of the critical value of the current strength of
catalytic ignition and extinction on the concentration of

Df.S‘h(1 _4Tg*)e

e2d

TE
xXp (Tg*) ,

Tg

the impurity has a wedge-shaped shape, for the analytical
description of which the values of the activation energy
and the pre-exponential factor of the oxidation reaction
can be estimated quite accurately. It is important that the
characteristic thermal temperature complex constantly
appears in analytical expressions T, Yy, which actually is
AT,.p,. Therefore, for the determination of Kkinetic
constants by this method, the real gross reaction is
unimportant. As a result, it is possible to obtain visible
activation energies of oxidation reactions in the given
ranges of combustible gas concentrations. If we compare
the oxidation of acetone and ethanol on platinum, the
catalytic ignition of ethanol is easier. However, the
heating of the catalyst during the oxidation of acetone is
more significant.

In this thermochemical method of studying current-
current characteristics, it is possible to determine the
conditions of degeneration of the critical conditions of
catalytic oxidation. These parameters also make it
possible to evaluate the kinetic characteristics of oxidation
reactions in a wide temperature range.

Chernenko A.S. — Dr. Sci., Professor;
Kalinchak V.V. — Dr. Sci., Professor;
Kopiyka A.K. — Ph.D, Ass. Prof,;
Roziznanyi M.V. — Ph.D student;
Fedorenko A.V. — Ph.D, Ass. Prof.

[1] N. S. Marinkovic, M. Li, & , R. R., Adzic, Pt-based catalysts for electrochemical oxidation of ethanol, Topics in

Current Chemistry, 377(3), 11 (2019); https://doi.org/10.1007/s41061-019-0236-5.
[2] R. Rizo, S. Pérez-Rodriguez, & G. Garcia, Well-defined platinum surfaces for the ethanol oxidation reaction,
ChemElectroChem, 6(18), 4725 (2019); https://doi.org/ 10.1002/celc.201900600.

171


https://doi.org/10.1007/s41061-019-0236-5
http://dx.doi.org/10.1002/celc.201900600

A.S. Chernenko, V.V. Kalinchak, A.K. Kopiyka, M.V. Roziznanyi, A.V. Fedorenko

[3] Guangxing Yang, Qiao Zhang, Hao Yu, Feng Peng, Platinum-based ternary catalysts for the electrooxidation of
ethanol, Particuology, 58, 169 (2021); https://doi.org/10.1016/j.partic.2021.01.007.

[4] Yunli Ge, Kaixuan Fu, Qian Zhao, Na Ji, Chunfeng Song, Degang Ma, Qingling Liu, Performance study of
modified Pt catalysts for the complete oxidation of acetone, Chemical Engineering Science, 206, 499(2019);
https://doi.org/10.1016/j.ces.2019.05.051.

[5] Chaoquan Hu, Catalytic combustion kinetics of acetone and toluene over Cu0.13Ce0.870y catalyst, Chemical
Engineering Journal,.168, 1185 (2011); https://doi.org/ 10.1016/j.cej.2011.02.006.

[6] Mikhail N. Lyulyukin, Alexey S. Besov, Alexander V. Vorontsov, The Influence of Corona Electrodes Thickness
on the Efficiency of Plasmachemical Oxidation of Acetone, Plasma Chem Plasma Process, 31, 23 (2011);
https://doi.org/10.1007/s11090-010-9265-0.

[7] Zhiwei Wang, Sha Li, Shaohua Xie, Yuxi Liu, Hongxing Dai, Guangsheng Guo, Jiguang Deng, Supported
ultralow loading Pt catalysts with high H20-, CO2-, and SO2-resistance for acetone removal, Applied Catalysis
A: General., 579, 106 (2019); https://doi.org/10.1016/j.apcata.2019.04.018.

[8] Guangxing Yang, Qiao Zhang, Hao Yua, Feng Peng, Platinum-based ternary catalysts for the electrooxidation of
ethanol, Particuology, 58, 169 (2021); https://doi.org/10.1016/j.partic.2021.01.007.

[9] S.G. Babu, P.A. Priyadarsini, R. Karvembu, Copper on boehmite: A simple, selective, efficient and reusable
heterogeneous catalyst for oxidation of alcohols with periodic acid in water at room temperature, Appl. Catal. A
Gen. 392 (1-2) (2011) 218-224, https://doi.org/10.1016/j.apcata.2010.11.012.

[10] Francisco Jos’e Morales-Leal, Javier Rivera De la Rosa, Carlos J. Lucio-Ortiz, David A. De Haro Del Rio, M. A.
Garza-Navarro, Wei Tian, Jose E. Herrera, Monometallic platinum and palladium-based catalysts in the
competitive oxidation of methanol over the liquid-phase methanol-ethanol mixtures, Chemical Engineering
Journal, 426, 131623 (2021); https://doi.org/10.1016/j.cej.2021.131623.

[11] Mitu Maria, Razus Domnina, Oancea Dumitru, Coupled Catalytic/Gas Phase Ignition of Propane-Oxygen-Inert
Mixtures on an Isothermally Heated Platinum Filament Supported on Quartz Bar, Revista de Chimie (Bucharest).
69(4), 870 (2018); https://doi.org/10.37358/RC.18.4.6218.

[12] V.V. Kalinchak, O.S. Chernenko, Thermal physics of flameless combustion of gases (monograph) (Odesa,
Astroprint, 2020); http://dspace.onu.edu.ua:8080/handle/123456789/28625

[13] D. A. Frank-Kamenetskii, N. Thon, Diffusion and heat exchange in chemical kinetics (Princeton University
Press, Princeton, New Jersey, 1955).

[14] John H. Lienhard IV and John H. Lienhard V, A heat transfer textbook, 3rd ed (Cambridge, MA : Phlogiston
Press, 2001).

O.C. Yepnuenko, B.B. Kaninuak, O.K. Komniiika, M.B. Po3i3znanuii, A.B. ®exopenko

KartaniTu4yHe OKHCJIEHHS ALIETOHY I €TAHOJIY HA INIATHHOBOMY JPOTI

Ooecvruti Hayionanrvruil ynieepcumem imeni 1.1 Meunuxosa, teplophys@onu.edu.ua

OTpuMaHi BOJIbT-aMIEPHI XapaKTEPUCTHUKH TOHKOTO JOBIOTr0 IUIATHHOBOTO JAPOTY IOBITPI 3 MaluMu
JOMIIIKAMH TIapiB aleTOHY YU eTaHONy. BUKOPHCTOBYIOUM KBaJpaTH4HY 3aJ€XKHICTh ONOpY IUIATHHU BiX
TEMIIepaTypH pO3paxoBaHi TEMIIEPATYPHO-CTPYMOBI 3aJI€KHOCTI Juist IpoTy. [Ipr KOHIEHTpaIisIX mapiB TOPIOYOro
ray BHUIIE MEBHOTO 3HAUCHHS I[i 3aJEKHOCTI INPOSBISIOTH TiCTEpe3MCHUI XapakTep. BukopucroByroum
MPHITYLICHHS PO MIOBHE OKUCIICHHS alleTOHY Ta €TaHOJTy Ha IUIATHHI, K KaTalli3aTopi, Ta HepIini HopsiJoK peaKiii
OKHCJICHHS, BHKOHAHMH aHaji3 TEeMIIEpaTypHO-CTPYMOBHX 3aleKHOCTEil. Pi3HHLS TeMmepaTryp BHCOKO Ta
HHU3BKOTEMIIEPATYPHOTO CTAI[IOHAPHUX PEXHMIB KaTAIITHYHOTO OKHCICHHS Ha JIPOTHHI J03BOJISE OLIHIOBATH
KOHIICHTpAIil0 JOMIIIKA B cyMimi. B pesynpraTi moOynoBaHa eKCIIEpUMEHTAbHA 3aJEXKHICTh KPUTHYHOTO
3HAUSHHS CWJIM CTPYyMY KaTaJiTHYHOTO 3aliMaHHs Ta MMOTAaCaHHs ra3oBOi CyMilli Ha IUIATHHI BiJ KOHLEHTpamii
nomimkd. I[Ipu 11 aHANITHYHOMY ONHKCI MOKHA JIOBOJII TOYHO OL[HHUTH BHIMMI 3HAYeHHs SHeprii akTuBalii Ta
HEePECKCIIOHEHTHOT0 MHOXKHHUKA PEaKIil OKUCICHHs B IIUPOKOMY TEMIIEpaTypHOMY Jiana3oHi. 3anpornoHOBaHO
METOJ BU3HAUCHHS KIHCTUYHHMX MapaMeTpiB peakilil OKUCICHHs MO 3HAHICHUX eKCIIePUMEHTAIBHO MapameTpaM
BUPOJUKCHHS KPUTHYHUX YMOB.

KurouoBi ciioBa: katanizarop, IJIaTHHOBHUIA JIpiT, TiaMeTp, Majia JOMIlKa ra3y, alleToH, €TaHo, 3aiiMaHHs,
MOTaCaHHsl, TOPiHHSL.
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In this paper, films of (PMMA-PC/Sh203-GO) quaternary nanostructures were prepared by casting method
with different concentrations of Sh203/GO NPs are (0, 1.4 %, 2.8 %, 4.2 %, and 5.6 %). The structural and dielectric
characteristics of nanostructures system (PMMA-PC/Sh203-GO) have been explored to use in different solid state
electronics nanodevices applications. The morphology of (PMMA-PC/Sh203-GO) nanostructures films was studied
using a scanning electron microscope (SEM). SEM images indicate a large number of uniform and coherent
aggregates or chunks. The Fourier transform infrared spectroscopy(FTIR) analysis were studied to show the
interactions between the Sh203/GO NPs and PMMA/PC blend. The dielectric properties of nanostructures films
were investigated in the frequency range (100HZ-5MHZ). The dielectric constant, dielectric loss, and A.C electrical
conductivity increase with the concentration of (Sh203-GO) NPs. The dielectric constant and dielectric loss were
reduced, whereas electrical conductivity increased with frequency. Finally, results showed the PMMA-PC/Sb20s-
GO nanostructures may be considered as promising materials for solid state electronics nanodevices.
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Introduction

In recent years, the worldwide community has drawn
their consideration towards materials with appropriate and
sustainable characteristics. Development of
characteristics can be done with a variety of doping
substances. The nature and the technique of their
fabrication are the factors the most influencing these
characteristics. Targeted applications and cost guide
researchers on the choice of substances and the technology
to be employed in developing the desired devices.
Polymers and mainly hybrid composites (organic—
inorganic) are attracting growing consideration from
researchers as a result of their utilize in numerous
industrial sectors [1]. Poly-methylmethacrylate (PMMA)
is an significant kind of polymer amid thermoplastics.
PMMA is an optically transparent thermoplastic, which is
expansively used as a substitute for inorganic glass.
PMMA has been prepared using various polymerization
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techniques. PMMA is an significant thermoplastic
substance with extensive fields in several technological
fields due to its unique optical, mechanical, thermal and
electrical properties. PMMA is an amorphous polymer
with excellent chemical, weather, scratch, and corrosion
resistance. It is lightweight, shatter-resistant, and possess
favorable processing conditions. PMMA has been used in
a range of fields like coatings, additives, sealers, optical
fibers, and transparent neutron stoppers [2]. Polycarbonate
(PC) has a high degree of transparency. As a result, it may
be employed in a variety of industrial applications,
including electrical devices, optical fibers, optical storage
devices, and glass lenses. However, improving the optical
characteristics of polycarbonate is required in
contemporary industrial applications. Furthermore,
inorganic fillers are promising possibilities for improving
the mechanical characteristics, transparency, and
toughness of PC without compromising its mechanical
qualities. PC appears to be a good host material for a
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variety of NPs. Doped Polycarbonate composites
containing metal chalcogenides or oxides have distinct
optical and structural properties, making them suitable for
industrial applications [3]. GO is insulating due to the
breaking of the conjugated electronic structure by means
of

oxidized functional groups, and it contains permanent
defects and disorders. Hence, the electrical characters of
GO sheets are dissimilar from those of pristine graphene
[4]. Antimony trioxide (Sh203) is used as a catalyst, a
retardant, a conductive substance, a functional filler, and
an optical material. Sh,Os is also valuable in plastics,
paints, adhesives, and textile back coatings as conductive
materials and a high-efficiency flame-retardant synergist
[5].This work aims to prepare of (PMMA-PC/Sh,03-GO)
nanocomposite film studying the structural and dielectric
properties to use in different electronic devices.

I. Materials and Method

Polymethylmethacrylate (PMMA), polycarbonate
(PC), antimony trioxide (Sh,03), and graphene oxide
(GO) were employed in this study. The casting technique
was used to prepare nanocomposites films (PMMA-
PC/Sb,03-GO). The films were prepared by dissolving 1g
of the (PMMA-PC) blend with ratio 80/20 % in

A 7Feb
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- 62mm Mag- 2000KX  UserText=
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chloroform using a magnetic stirrer. The (Sb203- GO) NPs

were introduced in the polymeric blend by (1.4%, 2.8%,

4.2%, and 5.8%). The dielectric properties are determined

in the frequency range 100Hz-5MHz using an LCR meter.
The dielectric constant (§) is calculated by [6]:

€=Cp/Cy (1)

Co and Cp are vacuum and parallel capacitances. The
dielectric loss (¢ ") is gives by [6]:

g =¢-D )

D is the dispersion factor. The A.C conductivity was
calculated by [7]:

Opc = w - 8” & (3)

w is the angular frequency.

I1. Results and Discussion

Figure (1) indicates the SEM images of (PMMA-
PC/Sh,03-GO) nanocomposites. The compatibility of
different polymer components with (In20s;, Sh,03)
nanoparticles was investigated using scanning electron

EHT = 10,00 kV

WD~ 63 mm

10,00 KV si L
- 63mm Mag~ 1000KX  UserText

Fig. 1. SEM images for (PMMA-PC/Sh,03-GO) Nanocomposites: (A) for pure (B) for 1.4 wt.% Sh,03-GO NPs (C)
for 2.8 wt.% Sh,03-GO NPs (D) for 4.2wt.% Sh203-GO NPs (E) for 5.6 wt.% Sbh,03-GO NPs.
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microscopy. The films have a homogeneous grain
distribution at surface morphology, whereas the surfaces
of the (PMMA-PC/Sh,03;-GO) nanocomposites include
numerous aggregates or pieces of nanoparticles randomly
scattered on the surface. The results are shown when
increasing the content of (Sb203-GO) NPs, the number of
aggregations on the surface can be increased [8], also the
SEM images show the (Sh.03-GO) nanoparticles have
formed the paths network inside the (PMMA-PC) blend
where charge carriers are allowed to pass through this the
paths [9]. Figure (2) shows the FTIR spectra of (PC-
PMMA-Sh,03-GO) nanocomposites at room temperature
in the range 4000-500 cm*. These results reveal that there
was no chemical interaction between the components in
the (PMMA-PC) blends. The transmittance of the
carbonyl and methoxyl stretches of PMMA reduced with
increasing in PMMA content, while the transmittance of
these peaks increased with an increase in PC
concentration, according to a detailed examination of the
FTIR spectra for these blends. Because no alterations in
the peaks of any of these functional groups in the (PMMA-
PC) blend spectra suggest the creation of polymer blends,
it may be argued that there is no chemical interaction
between component polymers. Thus, these are certainly
physical blends. The absorption band at around 1723cm

at 1434cm? attributed to CH, scissoring. O — CHs
stretching resulted in a peak at 1143.66 cm* rocking made
of vibration. while the peak at 749.63 cm* was due to CH,
rocking made of vibration. Finally, the adding of (Sh,O3
and GO) NPs to the polymer blend results in two
noteworthy alterations: modest changes in absorption
band intensities and vibrational band intensities in peak at
995.79 cmtand 749cmt. This suggests that the interaction
between Sb,03; and GO NPs and the two polymers has
resulted in a decoupling of the corresponding vibrations.
Figure (3) shows the dielectric constant of (PMMA.-
PC/Sh,03-GO) nanocomposites varies with frequency, the
dielectric constant values decrease with increasing applied
frequency, with increasing frequency causing a decrease
in space charge polarization to total polarization, with
space charge polarization becoming more contributing to
polarization at low frequencies and less contributing with
increasing frequency, causing a decrease in dielectric
constant values for all samples of (PMMA-PC/Sb,0s-
GO)nanocomposites with polarization. When compared to
electronic polarization, ionic polarization reacts somewhat
more to changes in field frequencies because the mass of
an ion is larger. Figure (4) shows the dielectric constant
of(PMMA-PC/Sh,03-GO) nanocomposites vary with the
Sb,03-GO NPs content at 100 Hz, The dielectric constant
increases with increased

appear C= O stretching band in PMMA. The FTIR bands of (PMMA-PC) blend
[— Pure — 14wt% 2.8 wt.% 42 wWt.% — 5.6 wt.%]
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Fig. 2. FTIR spectra for (PC-PMMA-Sb,03-GO) NPs (A)for (PMMA-PC) blend (B) for 1.4wt% (Sb,03-GO) NPs,
(C) for 2.8wt% (Sh203-GO)NPs , (D)for 4.2wt% (SbO3-GO) NPs, (E) for 5.8wt% (Sh,03-GO) NPs.
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Fig. 4. Effect of(Sh203- GO) NPs content on dielectric constant for (PMMA- PC) blend at 100Hz.

concentration of Sh,O3;-GO NPs. This result might be
attributed to interfacial polarization inside
nanocomposites under an alternating electric field (E1)
and, additionally, in charge carriers [10]. Given the high
value of the dielectric constant for Sh,O03-GO NPs, the
dielectric constant (PMMA-PC/Sh,03-GO)
nanocomposites are also high [11].

Figure (5) indicates the dielectric loss with frequency
for (PMMA-PC) blend with and without different (Sb2O3-
GO) NPs concentrations. When the frequency is raised,
the dielectric loss values for all of the samples tested drop.
The creation of free charges occurs at a lower frequency
when free charges are generated at the interface between
the studied material and the electrode, it also has a
maximum value [12]. After a certain frequency value,
charge carriers can no longer follow the applied electric
field, dielectric loss lowers with increasing frequency, and
the fast reduction may be related to polarization for
trapped carriers [13]. Figure (6) indicates the dielectric
loss increases as the concentration of (Sb203- GO) NPs
increases, a result ascribed to a rise in charge carriers
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inside the nanocomposites. Furthermore, the increase in
dielectric loss with increasing concentrations of (Sh2Os-
GO) NPs might be due to the creation of a path of
conductive, which would result in leakage current [14,15].
Figure (7) shows the A.C electrical conductivity of
(PMMA-PC/Sh,03-GO) nanocomposites changes with
the frequency of the electric field at room temperature.
Because of charge-carrier mobility and ion hopping from
the cluster, A.C electrical conductivity improves with
higher electric field frequency. At low frequencies, charge
buildup occurs at the electrode-electrolyte interface,
resulting in reduced ion mobility and electrical
conductivity [16]. Because charge-carrier mobility rises as
the frequency field increases [17], the electrical
conductivity of nanocomposites improves which is agree
with [18-20]. The behavior of A.C electrical conductivity
of (PMMA-PC) with Sh,03-GO NPs contents is shown in
Figure (8). Because of the composition of dopant NPs, the
A.C electrical conductivity of the PMMA -PC blend
improves with increased Sh203-GO NPs concentration,
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room temperature.

177



Dhay Ali Sabur, Majeed Ali Habeeb, Ahmed Hashim

5.0x101 -
4.5x10™ ]
4.0x10™M ]
3.5x10M ]
3.0x10™M ]
2.5x1011 ]
2.0x10M ]

1.5%x1071 4

A.C Electrical Conductivity (S/cm)

1.0x101 4

5.0x10712 - T

0 1 2

3 4 5 6

Con. wt.%

Fig. 8. Effect of (Sb,03-GO) content on A.C electrical conductivity for (PMMA-PC) blend at 100Hz.

allowing for an increase in charge carriers [21-23]. As a
result, the resistance of nanocomposite materials reduces,
while A.C electrical conductivity rises. At high
concentrations, the nanoparticles in the nanocomposites
form a network, which is consistent with agree with
[24,25].

Conclusions

Flexible, lightweight and few cost films of (PMMA -
PC/Sh,0s-GO) were prepared using the solution cast
technique. The structure and dielectric properties of
(PMMA -PC/Sh,03-GO) films were studied to use in
different electrical applications. SEM micrographs
confirm the miscibility of polymers (PMMA -PC/Sh,03-
GO) in the blend. The growth of (Sh,0s-GO) in (PMMA
—PC) blend was confirmed by the presence of irregular-

shaped granular microstructures. The FTIR spectra show
the(PMMA-PC) blends did not indicate the existence of
any chemical interaction the adding of (Sb,O; and GO)
nanoparticles to the polymer blend results in two
noteworthy alterations: modest changes in absorption
band intensities and vibrational band intensities in peak at
995.79 cm? and 749cm?. The dielectric constant,
dielectric loss and A.C electrical conductivity rise as the
content of (Sb,03-GO) increases. The dielectric constant
and dielectric loss reduce as frequency rises, although the
A.C electrical conductivity increases. The results show
that the nanocomposites (PMMA-PC/Sh;03-GO) might
be employed in a range of electronic applications.

Sabur Dhay Ali — PhD student;
Habeeb Majeed Ali — PhD, Prof;
Hashim Ahmed — PhD, Prof.

[1]

[2]

[3]

[4]
[5]
[6]
[7]

A. Hashim, M. A. Habeeb, & A. Hadi, Synthesis of novel polyvinyl alcohol-starch-copper oxide nanocomposites
for humidity sensors applications with different temperatures, Sensor Letters, 15(9), 758 (2017);
https://doi.org/10.1166/s1.2017.3876.

A. Hazim, H.M. Abduljalil, & A. Hashim, Analysis of Structural and Electronic Properties of Novel
(PMMA/AI203, PMMA/AI203-Ag, PMMA/ZrO2, PMMA/ZrO2-Ag, PMMA-Ag) Nanocomposites for Low Cost
Electronics and Optics Applications, Trans. Electr. Electron. Mater. 21, 48 (2020);
https://doi.org/10.1007/s42341-019-00148-0.

Kaoutar Benthami, Mai ME. Barakat and Samir A. Nouh, Modification of optical properties of PC-PBT/Cr203
and PC-PBT/CdS nanocomposites by gamma irradiation, Eur. Phys. J. Appl. Phys., 92 (2), 20402 (2020);
https://doi.org/10.1051/epjap/2020200201.

G.G. Politano, C. Versace, Electrical and Optical Characterization of Graphene Oxide and Reduced Graphene
Oxide Thin Films, Crystals, 12, 1312 (2022); https://doi.org/10.3390/cryst12091312.

A. K. Jha, K. Prasad, and K. Prasad, A green low-cost biosynthesis of Sb203 nanoparticles,| Biochem. Eng. J.,
43(3), 303 (2009); https://doi.org/10.1016/j.bej.2008.10.016.

T.A. Abdel-Baset, A. Hassen, Dielectric relaxation analysis and Ac conductivity of polyvinyl
alcohol/polyacrylonitrile film, Physica B, 499, 24 (2016); http://dx.doi.org/10.1016/j.physb.2016.07.002.

P. Beena and H. S. Jayanna, Dielectric studies and AC conductivity of piezoelectric barium titanate ceramic
polymer composites, Polymers and Polymer Composites, 27(9) 619 (2019);
https://doi.org/10.1177/0967391119856140.

178


https://doi.org/10.1007/s42341-019-00148-0
https://doi.org/10.3390/cryst12091312
http://dx.doi.org/10.1016%2Fj.bej.2008.10.016
http://dx.doi.org/10.1016/j.physb.2016.07.002

(8]
[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

Fabrication and Tailoring the Structural and Dielectric Characteristics of GO/Sb,0:/PMMA/PC ...

A. Qureshil, A. Mergenl and B. Aktas, Dielectric and magnetic properties of YIG/IPMMA nanocomposites,
Journal of Physics: Conference Series, 153, 1 (2009); https://doi.org/10.1088/1742-6596/153/1/012061.

N.K. Abbas, M.A. Habeeb, and A.J.K. Algidsawi, Preparation of chloro penta amine cobalt (I11) chloride and
study of its influence on the structural and some optical properties of polyvinyl acetate, International Journal of
polymer Science, 2015, 926789 (2015); htt ps://doi.org/10.1155/2015/926789.

D.Vaishnavl and R. K. Goyal, Thermal and Dielectric Properties of High-Performance Polymer/ZnO
Nanocomposites, 10P Conf. Series: Journal of Materials Science and Engineering, 64, 1 (2014); );
https://doi.org/10.1088/1757-899X/64/1/012016.

A. Srivastava, K. Kumar Jana, P. Maiti, D. Kumar, and O. Parkash, Investigations on Structural, Mechanical,
and Dielectric Properties of PVDF/Ceramic Composites, Journal of Engineering, 2015, Article 1D 205490, 9
(2015); https://doi.org/10.1155/2015/205490.

E .Abdelrazek, Elashmawi I, Hezma A, Rajeh A, Kamal M, Effect of an encapsulate carbon nanotubes (CNTSs)
on structural and electrical properties of PU/PVC nanocomposites, Phys B Condens Matter., 502, 48 (2016),
https://doi.org/10.1016/j.physb.2016.08.040.

A .Rajeh, HM Ragab, MM Abutalib. Co doped ZnO reinforced PEMA/PMMA composite: structural, thermal,
dielectric and electrical properties for electrochemical applications, J Mol Struct., 1217, 128447 (2020);
https://doi.org/10.1016/j.molstruc.2020.128447.

S. Jul, M. Chenl, H. Zhang and Z. Zhang, Dielectric properties of nano silica/low-density polyethylene
composites: The surface chemistry of nanoparticles and deep traps induced by nanoparticles, Journal of express
Polymer Letters, 8(9), 682 (2014), https://doi.org/10.3144/expresspolymlett.2014.71.

.Chakraborty, K. Gupta, D. Rana and A. Kumar Meikap, Dielectric relaxation in polyvinyl alcohol—polypyrrole—
multiwall carbon nanotube composites below room temperature, Advances in Natural Sciences, 4, 1 (2014);
http://dx.doi.org/10.1088/2043-6262/4/2/025005.

P. Vasudevan, S. Thomas, K. Arunkumar, S. Karthika and N. Unnikrishnan, Synthesis and dielectric studies of
poly (vinyl pyrrolidone) /titanium dioxide nanocomposites, Journal of Materials, Science and Engineering, 73,
1, (2015); https://doi.org/10.1088/1757-899X/73/1/012015.

I. Tantis, G. Psarras and D. Tasis, Functionalized graphene poly (vinyl alcohol) nanocomposites: Physical and
dielectric properties, Journal of express Polymer Letters, 6(4), 283 (2012);
https://doi.org/10.3144/expresspolymlett.2012.31.

C. M. Mathew, K. Kesavan, and S. Rajendran, Structural and Electrochemical Analysis of PMMA Based Gel
Electrolyte Membranes, International Journal of Electrochemistry, 2015, Article ID 494308, 7, (2015);
https://doi.org/10.1155/2015/494308.

P. Pradeepa and M. Ramesh Prabhu, Investigations on the Addition of Different Plasticizers in poly
(ethylmethacrylate)/poly (vinylidene fluoride-co-hexa fluro propylene) Based Polymer Blend Electrolyte System,
International Journal of Chemical Technology Research, 7(4), 2077 (2015);

M.A. Habeeb, A. Hashim, and A. Hadi, Fabrication of New Nanocomposites: CMC-PAA-PbO2 Nanoparticles
for Piezoelectric Sensors and Gamma Radiation Shielding Applications, Sensor Letters, 15(9), (2017);
https://doi.org/10.1166/s1.2017.3877.

Hojjat and A. Mahmood and Borhani, Effect of EVA Content upon the Dielectric Properties in LDPE-EVA
Films, International Journal of Engineering Research, 4 (2), 69 (2015);_https://doi.org/10.17950/ijer/v4s2/206.
K. J. Kadhim, I. R. Agool, & A. Hashim, Effect of zirconium oxide nanoparticles on dielectric properties of
(PVA-PEG-PVP) blend for medical application, Journal of Advanced Physics, 6(2), 187 (2017);
https://doi.org/10.1166/jap.2017.1313.

O. Abdullah, G. M. Jamal, D. A. Tahir and S. R. Saeed, Electrical Characterization of Polyester Reinforced by
Carbon Black Particles, International Journal of Applied Physics and Mathematics, 1 (2), 101 (2011);
https://doi.org/10.7763/IJAPM.2011.V1.20.

N. Hayder, M.A. Habeeb, and A. Hashim, Structural, optical and dielectric properties of (PS-
INn203/ZnCoFe204)  nanocomposites,  Egyptian  Journal ~of  Chemistry, 63, 577 (2020),
https://doi.org/10.21608/EJCHEM.2019.14646.1887.

Qayssar M. Jebur, Ahmed Hashim and Majeed A. Habeeb, Fabrication, Structural and Optical Properties for
(PolyvinylAlcohol-Polyethylene Oxide—lron Oxide) Nanocomposites, Egypt. J. Chem., 63(2), (2020);
https://doi.org/ 10.21608/ejchem.2019.10197.1669.

179


https://doi.org/10.1155/2015/205490
https://doi.org/10.1016/j.physb.2016.08.040
https://doi.org/10.1016/j.molstruc.2020.128447
http://dx.doi.org/10.1088/2043-6262/4/2/025005
https://doi.org/10.1166/jap.2017.1313

Dhay Ali Sabur, Majeed Ali Habeeb, Ahmed Hashim

J.A. Cabyp!, M.A. Xa6i6%, A. Xammum?

BHIoTOB/IeHHSI YeTBEPTHHHUX HAHOCTPYKTYP
GO/Sb203/PMMA/PC Ta aganTaitist ix CTPyKTYpPHHX i
JieJIeKTPHYHHUX XaPAKTEePHUCTHK IS TBEPAOTIIHLHUX eJIEeKTPOHHHUX
HAHOIIPUCTPOIB

Kagpedpa onmuunoi mexnixu, Yuisepcumemcoiuii konedxc Anv-Mycmaxban, Basunon, Ipax
2BagunionceKull yuigepcumem, Oceimuill Koiedx e uucmux Hayk, gaxyremem Qizuxu, Ipax, ahmed_taay@yahoo.com

IlniBkM 4YeTBEpTUHHUX HAHOCTPYKTYp (PMMA-PC/Sb203-GO) OoTpHMaHO METOAOM JHTTS 3 DI3HUMH
xoHnenTpanisvu HY Sb203/GO (0, 1,4 %, 2,8 %, 4,2 % T1a 5,6 %). CTpYKTYpHI Ta ieNeKTpUIHI XapaKTePHCTHKI
cucreMd HaHOCTPYKTYp (PMMA-PC/Sb203-GO) nocnimxyBanu isl iX BUKOPUCTAHHS B Pi3HHX HAHOIPHCTPOSX
TBEPAOTLILHOI eNleKTpoHika. Mopdosorito tiiBok HaHocTpykTyp (PMMA-PC/Sh203-GO) nociimkeno 3a
JIOTIOMOT'O0 CKaHYIUOi eJIeKTpoHHOT Mikpockomii (SEM). SEM-3006pakeHHs1 BKa3yroTh Ha BENIMKY KiIbKiCTH
OJTHOPIIHUX 1 KOTEPEHTHUX arperariB abo mMaTkiB. AHami3 iH(pauyepBOHOI CHEKTPOCKOIIi 3 IMEePEeTBOPEHHIM
Dyp’e (FTIR) npoBoan, mob nokaszatu B3aeMoito Mk Sb203/GO NP Ta cymimmuiro PMMA/PC. docnimkeHo
JieNeKTPHYHI BIACTUBOCTI IUTIBOK HAHOCTPYKTYP B Aiana3oni yactot (100l n-5MIm). [TokazaHo, o gienekTpuyHa
MIPOHHKHICTD, ICNCKTPUYHI BTPATH Ta EIEKTPOIPOBIAHICTH 3MIHHOTO CTPYMY 3pOCTAarOTh 3i 301JIBLICHHSIM
xonnentpanii HY (Sb203-GO). [lienexTpryHa MPOHHUKHICT 1 Ji€IEKTPHYHI BTpaTh Oynu 3MEHIIEHi, TOMI SK
€JIEKTPUYHA POBIIHICTE 3pOcTalia 3 4acToTor0. Pe3yibraTy rokasaim, mo HaHocTpykrypu PMMA-PC/Sh203-GO
MOYKHA PO3TJIAATH SIK IEPCIIEKTUBHI MaTepiain Ul TBEPAOTIIbHUX eICKTPOHHUX HAaHOIIPUCTPOIB.

KurodoBi ciioBa: HAHOKOMITO3UTH, OKCH] IpadeHy, AieIeKTPHYHI BIACTUBOCTI, CyMilll, HAHOIPHUCTPO.
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The optical properties of the nanocomposite with two-layer spherical inclusions “metallic core — surfactant
layer” have been studied in the work. The question connected with an influence of the processes at the interface
“metal — adsorbate” on the excitation of the surface plasmonic resonances in the nanoparticle has been studied. The
fact of splitting of the surface plasmonic resonance due to the influence of the absorption bond near the surface of
the metallic nanoparticles and due to the emergence of the additional energy states has been established. The
relations for the effective parameters which describe the losses of coherence under the scattering at the chemical
interface have been obtained. The calculations for the frequency dependencies of the diagonal components of the
dielectric permittivity tensor of two-layer nanoparticle and for the absorption coefficient of the nanocomposite have
been performed. It has been shown that the frequency dependencies for the real and imaginary parts of the
longitudinal component of the dielectric tensor are close to the similar dependencies for the real and imaginary
parts of the dielectric function for the spherical metallic nanoparticle. At the same time the real and imaginary parts
of the transverse component weakly depend on the frequency in the visible spectrum and oscillate in the infrared
range. It has been established that the absorption coefficient of the composite can have one or two maximums

depending on the sizes and on the material of the particles-inclusions.
Keywords: dielectric tensor, absorption coefficient, adsorbate, surface plasmonic resonance, nanocomposite,

size dependence, effective relaxation rate.
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Introduction

Metallic nanoparticles play the significant role in
electronic, optoelectronic, thermal and biomedical
applications and, precisely for this reason, they attract an
attention of the researchers for a long time (see, e.g., [1,2]
and references therein). The new trend in optics of metallic
nanostructures — nanoplasmonics has appeared due to this
fact. One of the important problems of this trend is the
study of an optical absorption in the external
electromagnetic field [3, 4] and the setting of an optical
response which is very useful for the practical applications
[5]. An optical absorption of the metallic nanoparticles is
induced by the surface plasmonic resonances (SPR),
which are the collective oscillations of conduction
electrons, excited by the electromagnetic wave [6].
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Localized SPR in the metallic nanoparticles of the
simplest geometry (spheres, ellipsoids, cylinders) are
fundamental for the understanding of the properties of
surface plasmons and they have been researched for
several decades (see, e.g., [7] and references therein).
However, the available in the literature data, connected
with the size dependencies for the frequencies of SPR and
for the widths of resonance lines, are rather controversial
and the dominant physical mechanism, which determines
these size dependencies, is the subject of serious debate
(see, e.g., [8] and references therein).

The width of the resonance line is directly
proportional to the relaxation rate (plasmon decay rate)
and the additive contribution into the relaxation rate is
given by the different mechanisms, in particular:
volumetric damping, scattering on the surface of the
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nanoparticle and the radiation damping [9]. The
volumetric damping is determined by the processes of
electron-electron scattering, electron-photon scattering
and also by the scattering of electrons on the impurity
atoms and on the defects of the crystal structure [10]. The
contribution of the scattering of electrons on the surface of
the nanoparticles increases with the decrease in their size
[11], while the radiation damping plays an important role
for the relatively big particles [12].

It was considered in the majority of experimental [13-
15] and theoretical works [11, 12, 16-19] that the width of
SPR line varies smoothly with the variation of the
dielectric permittivity of the environment. It was
established in the work [20] in the frameworks of the finite
equations method that the width of SPR line oscillates as
the dielectric permittivity function of the environment.
The expressions for the surface plasmons lifetime was
obtained in the works [11, 12] using the same method and
taking into account the surface and radiation relaxation
channels. The work [21] contains the numerical studies,
based on the independent of time approximation of the
local density, which indicate the existence of the size
oscillations of the width of SPR line.

The presence of the surfactant (molecules, adsorbed
on the surface of the nanoparticles), which is used for the
stabilization of the metallic nanoparticles [22], is one more
important factor of the shift and the widening of SPR
peaks. It is connected with the fact that the additional
energy states appear as the result of the adsorption
bonding near the surface of metallic nanoparticles. These
states contribute into the decay of the surface plasmons,
excited in the particle. That is why the presence of the
chemically modified surface results in the decrease in
amplitude and increase in thickness of SPR peaks in
metallic nanoparticles, which was confirmed with the help
of two-photon emission spectroscopy [23]. The extension
value for SPR line is considered to be one of the main
parameters in such applications as sensorics [24], surface-
enhanced Romanov scattering [25], field concentration on
the ends of nanowires [26], plasmonic nanolithography
[27], nanooptics [28] ets.

The study of the optic characteristics of the
composites with two-layer nanoparticles-inclusions of the
different morphology is of great practical interest from the
viewpoint of the production of the materials with the
predetermined properties. In previous works [29-31] the
absorption by the composites with two-layer spherical
nanoparticles, namely: metal-oxide nanoparticles [29],
bimetallic nanoparticles [30], shell nanoparticles [31] was
studied. In particular, it was established in [29] that the
numerical results in the frameworks of the model of the
particle with oxide shell are in good agreement with the
experimental results as for the absorption spectrum.
Moreover, it is known that the optical properties of both
metallic nanoparticles and adsorbates, with the help of
which these particles are functionalized, are very different
from the properties of the composite particle. It should be
pointed out that the question connected with the influence
of the layer of the surfactant on the absorption properties
of nanocomposite with the inclusions of type “metal-
adsorbate” is unexplored. That is why the study of the
influence of chemical interaction on the interface
“metallic core — adsorbate layer” on the adsorption
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spectrum of nanocomposite with such layered particles is
actual.

. Basic relations

Let us consider the composite that consists of the
dielectric medium with permittivity €,, and the spherical
nanoparticles coated in the layer of adsorbed molecules
immersed in this medium (fig. 1).

Fig. 1. Geometry of the problem.-_‘

The scattering of electrons is anisotropic due to the
presence of the adsorbate layer on the nanoparticle, and
the absorption coefficient of such composite is equal to
[32]

n(@) =3 (2. (@) +m(@)), (1)
Where
9w 3/2 Imeé‘,(")(w)
w) =—Pe (2
nl(")( ) ¢ m [Reeé;)(")(w)+26m]2+[]m6$(")(w)]z ()
Here w is the frequency of the incident

electromagnetic wave, and c — its velocity; 8 — the
volumetric content of metallic fraction in the dielectric

matrix; e(g(")— the diagonal components of the dielectric
tensor of the composite nanoparticle “metallic core —
adsorbed layer of molecules”, which are determined by the
relation [33]

E(J;(”)+2€5+2BC(6(_+(”)—65)
Ei'(")+2€s—ﬁc(fcl(")—fs) :

el — ¢, @)

Informula (3) B, = (R./R)? is the volumetric content
of metal in the composite nanoparticle (R, is the radius of
metallic core, R is the total radius of the composite
particle), €, is the dielectric permittivity of adsorbate, and
the components of the tensor of the dielectric permittivity



Optical absorption of the composite with the nanoparticles, which are covered with the surfactant layer

of metal core in the frameworks of Drude model have the
form

10D @3
€Ec " T € (] )
w(w+iygP)
where € is the contribution of the crystal lattice into the

dielectric permittivity; w, is the frequency of bulk
plasmons, and the expression for the effective relaxation
rate has the form

an _

EK())
Yer

= Ybulk + Vs + Yrad + ychem (5)
In relation (5) yyu iS the bulk relaxation rate, which
is considered to be constant for each metal; y; and y,.,q are
the surface relaxation rate and radiation decay rate. Let us
point out that the value y,,q can be neglected for the
relatively small particles.
The surface relaxation rate can be written in the form

Vs = % s (6)

size RC’

where vy is Fermi electron velocity; R, is the radius of the
nanoparticle,

=22

is an effective parameter which describes the degree of
coherence loss under the scattering of electrons on the
surface of the nanoparticle [11], vy = vg/2R. is the
frequency of the individual oscillations of electrons.

The last addend in formula (5) describes the process

2t —(1 — cos )] @)

of relaxation, caused by the presence of the interface

“metal — adsorbed layer” [34,35]
1D terface Vg
Yechem = /n(ll) R_c (8)
In order to calculate parameters . /l(t”ﬁrf %€ et us use

the approach, proposed in [34]. In the frameworks of this
approach the local density of the states around adsorbed
atom (molecule) can be described with the help of Lorentz
formula

1 Ta/z
m (e—£q)?+([Tq/2)%

Qa(g) = )

where g, and [, are an amplitude and the width of the
spectral line, correspondingly.
Thus, the frequency dependencies for the coefficients

/n(t”‘j’rf ¢¢ are determined by formulas
_interface Wsp € - .
' /J'q Ang VE e°°+265'/l(w)’ (10)
_interface __ E ( 1+2¢€5 )
= = 5Ma% (g, | 7(w). (11)

In formulae (10) and (11): 0y = 64wrQ /31N, Vp (N,
is the concentration of electrons, @ is the number, which
depends on the symmetry of the adsorbed resonance state,
Q = 0,2 for S-and p, -states, Q ~ 0,33 —for p, - and p,,
-states); wp = &g/ (g is Fermi energy); n, is the surface
density of adsorbed atoms; ws, is the frequency of SPR,
and

J(hw) === [0, deleTagq(e + hw) (e + ho)Taeq(e)]; (12)
_— EF
Ji(he) = [ de0a(£)ea (e + ho) (13)
Where d is the distance between the center of adsorbed molecule and the image plane.
Calculating the integrals in (12) and (13) and taking into account the expression (9), we obtain
2 (eptho—ca+(3)
_interface _ 3Ty 2€; 2(ep—8q) | Ta EFthw—gq)"+(5 1
A = Toe, a%0 (6w+265) arctg—p—+ 5 - . (%a)z The [(hw +
+£a)arctg—(gp hoea) | (hw —
sa)arctgw (14)
_interface __ (ed)? Wsp & r2 2 2(epthw—gq) 2(ep—hw—gg)
' /J-n - 27‘[260 @ vp €®+2e5 h2w2+T2 X {F (arctg Ty arctg Ty ) +
[(erthw—eq)?+(Tq/2)|[(ep—hw—e4)"+(Ta/2)?]
ol [(er—e)?+(Ta/2)7F } a9

The relations (1) — (3) taking into account formulae
(4) - (8) and (14), (15) are going to be used further in order
to obtain the numerical results.
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1. Results of the calculations and their
discussion

The calculations have been performed for the
composites with the particles of the different content and
size, covered with the layer of oleylamine of the different
thickness, situated in different matrices. The parameters of
metals and dielectric permittivities of the matrices are
given in Tables 1 and 2, and the parameters of oleylamine
—in Table 3, correspondingly.

Figure 2 shows the frequency dependencies for the
real parts of the diagonal components of the dielectric
tensor for the spherical particle Au, covered with the layer
of oleylamine. It should be pointed out that the nature of
dependencies Reeg)(hw) and Reeg (hw) is significantly
different. The frequency dependencies for the real part of
the longitudinal component of dielectric tensor (Fig. 2, a)
are qualitatively similar to the similar dependencies for the
metallic spherical nanoparticles, covered with the layer of
an ordinary dielectric [36]. This similarity means the
presence of two extrema (maximum and minimum) and
the small-scale oscillations in the infrared part of the
spectrum due to the manifestation of the kinetic effects,
and also means the same character of the shifts of
maximums under the increase in radius of the particle
(sequence of the curves 1 — 2 — 3) and in the thickness
of the external layer (sequence of the curves 4 — 2 — 5
). As for the dependence Reeg (hw), let us point out that
this value decreases insignificantly with the increase in
frequency in the visible part of the spectrum. At the same
time, these dependencies have several minimums and
maximums in the infrared part of the spectrum (Fig. 2, b).
Such behavior can be explained by the significant
influence of the local density of the states, generated by
adsorbed molecules of oleylamine on Reeg, Whereas the

similar influence on Ree, is almost absent.

100

@

Rec:

0

‘ ho, eV .

Fig. 2. The frequency dependencies for the real parts of
the longitudinal (a) and transverse (b) components of the
dielectric tensor for the particles of different sizes with the
core Au:1-R,=10nm; t=5 nm;

2-R,=20 nm;t=5nm;3-R, =50 nm; =5 nm;
4-R, =20 nm; t=2 nm;

5-R. =20 nm; t=10 nm.

Figure 3 shows the curves of the frequency
dependencies for the imaginary parts of the diagonal

components of the dielectric tensor for particle
Table 1.
The parameters of metals (see, e.g., [36, 37] and the references there)
etals Au Ag Cu Pd Pt Al
Parame
n,, 1022 cm=3 5.91 5.85 17.2 2.53 9.1 18.2
€ 9.84 3.70 12.03 2.52 4.42 0.7
hawy,, eV 9.07 9.17 12.6 9.7 15.2 15.4
Y bk, €V 0.023 0.016 0.024 0.091 0.069 0.082
ep, eV 5.59 5.72 7.56 8.49 13.6 11.03
Ve, 10° m/s 1.41 1.49 1.34 2.84 2.98 1.91
Table 2.
Dielectric permittivities of the matrices [35]
Substance Air CaF, Teflon Al, 0, Tio, Ceo
T, 1 1.54 2.3 3.13 4.0 6.0
Table 3.
Parameters of oleylamine [38]
d, nm n,, cm~2 £q eV T, eV €
10 1.27 - 1012 1 2.13
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Au@OAmM. Let us point out that, as in the case of the
dependencies Ree(,(hw), the dependencies Imel,(hw)
(Fig. 3, @) are qualitatively similar to the similar
dependencies for metal-dielectric nanoparticles. The
increase in sizes of the metallic core (the increase in
content of metal in the nanoparticle) results in the increase
in the value of max(Imel,) and in their shift into the
range of smaller frequencies (“red” shift) — sequence of
the curves 1— 2 — 3. The increase in the thickness of
the adsorbed layer results in the “blue” shift along with the
decrease in the value of maximum (sequence of the curves
4 — 2 —5). As for the dependence Imeg(hw), it
should be pointed out the weak dependence on the
frequency in the visible part of the spectrum and the
complicated dependence (the presence of the oscillations)
in the infrared region (Fig. 3, b). Such behavior of the
imaginary part of the transverse component of the
dielectric tensor also can be explained by the influence of
the local density of the states, induced by the adsorbed
molecules.

10°

Ime;;

0.1 - L
1 2 4

ho, eV

Fig 3. The frequency dependencies for the imaginary parts
of the longitudinal (a) and transverse (b) components of
the dielectric tensor for the particles of different sizes with
the core Au under the same values of the parameters as in

Figure 2.

The Figures 4 and 5 show the curves of the frequency
dependencies for the real and imaginary parts of the
diagonal components of the dielectric tensor for the
particles of the fixed size with the cores of different
metals. It should be pointed out that the curves Reeg)(hw)
and Im eg)(hw) (Fig 4, a i 5, a) for the particles with the
cores of different metals are qualitatively similar (the
presence of two maximums and minimums for Reel, and
maximums for Imeb). However, these curves are
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quantitatively different in both magnitude and location of
extrema. Such quantitative differences result from the
significant difference between the contributions of the
crystal lattice into the dielectric permittivity and the
frequencies of bulk plasmons for different metals. The
curves Reeg(hw) and Im eg (hw) for the particles with
the cores of different metals are also qualitatively similar
(Fig. 4, b and 5, b). They depend insignificantly on the
frequency in the visible part of the spectrum, and oscillate
in the infrared part of the spectrum, and moreover, both
the values Reeg and Im eg have the same order for all
particles through all frequency region which is under the
investigation.
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Fig. 4. The frequency dependencies for the real parts of
the longitudinal (a) and transverse (b) components of the
dielectric tensor for the particles with the cores of different

metals (R, = 20 nm;t =5 nm).

Figure 6, a shows the frequency dependencies for the
transverse, longitudinal and integral coefficients of the
absorption for the composite with nanoparticles
Au@OAmM (R, = 20 nm, t = 5 nm). Due to the fact that

M, n. has the maximum in the infrared domain of the
spectrum, and 7, - in the visible domain, an integral
coefficient of the absorption 1My 7y has two maximums,
which correspond to the maximums 7, (). Let us point out

that max n; is reached at the frequency of the surface

plasmonic resonance a);'p, which is close to the frequency
wgy, for the spherical metal-dielectric particle (in the case
Yéem =¥ ., =0 the spliting of the frequencies

disappears and w!, = w3, = wy,).
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Ime)!

Imc;

0

I 3 4

2
ho, eV
Fig. 5. The frequency dependencies for the imaginary
parts of the longitudinal (a) and transverse (b) components
of the dielectric tensor for the particles with the cores of

different metals (R, = 20 nm; t =5 nm).

Now let us determine the frequency of the
longitudinal surface plasmonic resonance. As is known,
the condition of the excitation of SPR is

n;(w) = max,
Or

Reeg) + 2¢, = 0. (16)
Using the expressions (3) and (4) and taking into
account the fact that in an optical range of frequencies

w > y,ﬂff, we obtain the relation for the frequency of SPR

Wp

(1-Boles+@+Bc)em
\/E°o+2E$(1+2,3c)€s+2(1—ﬁc)€m

[ —
Wsp =

a7

Table 4 gives the calculations for the frequencies of
the longitudinal SPR using formula (17) for the particles
in teflon and Cg, with the different metallic cores under
the different content of metal. Let us point out that the
increase in the dielectric permittivity of the matrix
dielectric and in the volumetric content of metallic
fraction (decrease in the thickness of the adsorbate layer)
results in the decrease in the frequency of SPR. At the
same time the frequency of SPR increases, speaking about
the sequence of metals Au - Ag — Cu — Pt, due to the
fact that wf* < w)? < wS* < wh.

As for max n, in the infrared part of the spectrum, it
should be pointed out that it can be associated both with
SPR at the frequency wg,, and with the kinetic effects in
this domain of the frequencies. The authors plan to deal
with the detailed study of this issue and with the
development of the corresponding theory in the next work.
The results of the calculations of the influence of the
dielectric properties of the matrix on the integral
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absorption coefficient of the composite with the particles
Au@OAmM (Fig. 6, b) indicate the presence of the red shift
and small increase in value of the maximum of the integral
absorption coefficient with the increase in the dielectric
permittivity of the matrix medium.

10°

10°
2

22 2.4

ho, eV
Fig. 6. The frequency dependencies: a — longitudinal,
transverse and integral absorption coefficients of the
composite with the particles Au@OAm in teflon
(B = 0.15); b — integral absorption coefficient of the
composite with the particles Au@OAmM (B = 0.15) in the

different matrices (R, = 20 nm; t =5 nm).

2.6

The results of the calculations of the frequency
dependence of the integral absorption coefficient for the
composite with the nanoparticles Au@OAm of the
different sizes indicate the fact that the location of the
maximum of the integral absorption coefficient (in the
visible part of the spectrum) is practically independent on
the radius of the metallic core of the particle and on the
thickness of the adsorbed molecules layer (Fig 7, a). At
the same time, the increase in the content of metal in the
nanoparticle results in the increase in the value of this
maximum, and also the other maximum appears in the
infrared part of the spectrum. Apart from this, the
maximums 7y (hw) shift towards “blue” side, and their
value increases in the sequence of materials of the cores
of the particles-inclusions Au — Cu— Ag — Pt
(Fig 7, b), due to the fact that the frequencies of the surface
plasmonic resonance increase exactly in this order. The
second maximum of the integral absorption coefficient (in
the infrared part of the spectrum) is noticeable only for the
particles-inclusions with the cores Au, Cu, Ag. Also let us
point out that max ny, for the composite with the particles
AI@OAM shifts towards “blue” side with the decrease in
effective electron mass (Fig 7, ¢), because in this case the
frequency of bulk plasmons increases and the frequency
of the surface plasmonic resonance increases
correspondingly.
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Table 4.

The frequencies of SPR for the nanoparticles with the cores of different metals with the different volumetric
content of metal

€m = 2.3

€n = 6.0

wly, eV

Be

wl,, eV

Au Ag Cu

Pt

Au Ag Cu Pt

0.1 2413 3.242 3.118

5.

159

2.385 3.176 3.086 5.062

0.2 2410 3.235 3.115

5.

150

2.351 3.099 3.049 4.950

0.3 2.407 3.229 3.112

5.

140

2.315 3.019 3.007 4.831

0.4 2.404 3.222 3.109

5.

130

2.275 2.935 2.963 4.706

0.5 2.402 3.215 3.106

5.

120

2.232 2.846 2.913 4.573

0.6 2.399 3.209 3.102

5.

110

2.185 2.753 2.859 4.432

0.7 2.396 3.202 3.099

5.

100

2.134 2.653 2.799 4.281

0.8 2.393 3.195 3.096

5.

091

2.076 2.548 2.731 4.120

0.9 2.390 3.188 3.093

5.

081

2.013 2.435 2.656 3.946

1.0 2.387 3.181 3.089

5.

070

1.941 2.313 2.570 3.758

Ny, M

R.—10nm, /— 10 nm
R.=20nm, /= 10 nm
R.=50nm, /=10 nm
R.=20nm, /=2 nm
R.=20nm,/=5nm

Ns, CM

4 6
hw, eV

I —m = 1.06m,
2—m = 1.48m,
s13—m =1.60m,

,cm

n

10°

10*

2 6 8

hcolt eV
Fig. 7. The frequency dependencies for the integral
absorption coefficient of the composite with the particles
in teflon (8 = 0.15): a — Au@OAmof the different sizes;
b — of the fixed size (R, = 20 nm; t =5 nm) with the
cores of the different metals; ¢ — AI@OAmM of the fixed
size (R, = 20 nm; t =5 nm) under the different values
of the effective mass.

Conclusions

The theory of the light wave absorption by the
composite with the spherical two-layer nanoparticles of
the type “metallic core - surfactant” has been constructed.
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The contribution of all mechanisms, in particular, the
mechanism connected with the presence of the interface
“metal — adsorbed layer” into the widening of the lines of
the surface plasmonic resonance has been analyzed.

It has been established that the behavior of the
frequency dependencies of the real and imaginary parts of
the longitudinal component of the dielectric tensor for the
composite spherical nanoparticles is the same as for the
frequency dependencies of the real and imaginary parts of
the dielectric function of the spherical metallic
nanoparticle, namely, the same quantity of the extremums
of the real and imaginary parts, the presence of the small-
scale oscillations in the infrared part of the spectrum,
caused by the kinetic phenomena, and also the red shift of
the maximums under the increase in the radius of the
particle.

It has been shown that the influence of the local
density of the states, formed by molecules of adsorbate, is
significant for the real and imaginary parts of the
transverse component of the dielectric tensor for two-layer
nanoparticle.

It has been demonstrated the presence of two
maximums in the frequency dependencies of the integral
absorption coefficient of the composite with the spherical
layered nanoparticles “metallic core — adsorbate layer”,
which are located in the different parts of the spectrum.
These maximums correspond to the maximums of the
transverse and longitudinal absorption coefficients.
Moreover, the maximums of the longitudinal absorption
coefficient are reached at the frequencies of the surface
plasmonic resonance, which are close to the similar values
for the spherical metal-dielectric nanoparticles.

The evolution of the size dependencies of the
frequency of the longitudinal SPR for two-layer
nanoparticles “metal — adsorbate layer” under the increase
in content of metallic fraction for the different dielectric
matrices and the cores of different metals has been studied
in non-dissipative approximation.
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OnTuyHe NOrJIMHAHHSA KOMIIO3UTY 3 HAHOYACTHHKAMHU, BKPUTHMH IIApOM
HOBerHeBO-aKTI/IBHOi PE€I0BUHH

'Hayionanenuti ynieepcumem «3anopisvra nonimexuixa», Yrpaina, andko@zp.edu.ua
2Inemumym memanogpizuxu im. I. B. Kypoomosa HAH Vipainu, Kuis, Yipaina
SUAD Systems, 3anopisicorcs, Vipaina

B po6oTi 10CHimKEeHO ONTHYHI BIACTUBOCTI HAHOKOMIIO3UTY 3 JABOIIAPOBHMH CHEPUIHUMHU BKIIOYCHHIMH
«MeTasieBe AP0 — Iap MOBEPXHEBO AKTHUBHOI PEYOBMHHMY». PO3MNISIHYTO MHUTaHHS NpO BIUIMB IMPOILECIB Ha
iHTepdeiici «meran — agcopbar» Ha 30y[KSHHS MOBEPXHEBUX IIa3MOHHUX PE30HAHCIB Yy HAHOYACTHHIIL.
BcranoBieHO (akT po3IIenyieHHsS MOBEPXHEBOTO IUIA3MOHHOIO PE30HAHCY BHACIIIOK BIUIMBY aAcOpOLiHHMX
3B’S3KiB MOOJM3Y IMOBEpXHI METANCBUX HAHOYACTHHOK 1 BHHUKHEHHS JOJAaTKOBUX EHEPreTHYHHX CTaHiB.
OTpHUMaHO CITiBBITHOIIEHHS TS e()eKTUBHUX ITapaMeTpiB, IO ONUCYIOTh BTPATH KOT€PEHTHOCTI ITPH PO3CiIOBaHHI
Ha xiMmiuHOMY iHTepdeiici. [IpoBeeHO PO3PaXyHKU YACTOTHHX 3aICKHOCTEHl J[iarOHaJIbHUX KOMIIOHEHT TEH30pa
TieJIEKTPHYHOI IPOHUKHOCTI JIBOLIAPOBOI HAHOYACTHHKH Ta KoeillieHTa OTIMHAHHS HAHOKOMITO3UTY. [TokasaHo,
III0 YaCTOTHI 3aJIeKHOCTI JiCHOT # YSIBHOI YaCTHH TO3/I0BXHBOI KOMIIOHEHTH Ji€IEKTPHYHOrO TeH30pa ONU3bKI
JO aHAJOTIYHHX 3aJISKHOCTeH JificHOI W ysSBHOI YacTHH [ieNeKTpu4yHoi QYHKLIl chepudHoi MeTaneBoi
HAaHOYACTUHKH, B TOM Yac sIK JiiicHa 1 ysBHA YaCTHHH MONEPEYHOT KOMIIOHEHTH CJIA0KO 3aeXaTh BiJl YaCTOTH y
BUIMMIiT 00sacTi crekTpa i ocHuIoTh B iHdpadyepBoHiil obnacti. BecraHoBneHo, 1110 Koe(illieHT MOTJIHHAHHS
HAHOKOMIIO3UTY MOXKE MAaTH OJWH a00 Ba MakCHUMyMH B 3aJIe)KHOCTI BiJ PO3MIpiB i Marepially 4aCTHHOK-
BKJIIOYEHb.

KonrodoBi cioBa: nienekTpudHUHA TEH30p, KOS(ILIEHT IOTIMHAHHS, afcopOar, MOBEpXHEBUH IIA3MOHHUM
pe30HaHC, HAHOKOMITO3HT, PO3MipHA 3aJISKHICTh, €()eKTUBHA IIBHIKICTD PENTaKcariii.
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The nanocrystalline NiMoO4 obtained as a result of hydrothermal synthesis was exposed to laser radiation
with a pulse energy of 70 mJ/cm? for 5 minutes. The phase composition and size of crystallites of the triclinic
structure of NiMoOs were determined by X-ray analysis. The average crystallite size was 18 nm for laser-irradiated
nickel molybdate. Impedance analysis was used to analyze the temperature dependence of the electrical
conductivity of laser-modified NiMoOa. The frequency index of the power law, determined by the nonlinear
approximation method, was 0.5-0.67, which corresponds to the hopping mechanism of charge carriers. The
electrochemical behavior of NiMoO4 was studied using cyclic voltammetry and galvanostatic charge/discharge
testing. The laser-irradiated NiMoOa reaches a specific capacitance of 553 F/g at a scan rate of 1 mV/s. The hybrid
electrochemical system based on electrodes of modified NiMoO4 and carbon material provides high Coulomb
efficiency (95%) for a significant number of charge/discharge cycles.
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Introduction

In the last decades, research in the field of energy
storage has significantly increased due to the rapid
development of nanotechnology. Energy storage devices
are based on electrochemical and electrostatic processes
governed by electrons in electrode materials and provide
more reliable and flexible power supply while reducing
dependence on the fossil fuel industry [1, 2]. The
development of hybrid supercapacitors (HSC) is of
significant importance for energy accumulation and
storage. HSC have several advantages over traditional
batteries and supercapacitors [3]. They are capable of
achieving higher energy density compared to symmetrical
supercapacitors and higher power compared to lithium-ion
batteries, making them ideal for applications that require
high power output over a long period of time. In a hybrid
supercapacitor, the energy storage mechanism is based on
both electrochemical and electrostatic principles [4]. A
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capacitive electrode stores energy by adsorbing ions,
while a battery-type electrode stores energy through an
electrochemical reaction. During discharge, both
electrodes release the stored energy simultaneously,
producing a powerful output current. However, hybrid
supercapacitors are still in the early stages of
development, and there are challenges that need to be
overcome before they can find extensive use. Among them
are the optimizations of electrode materials, increasing the
energy efficiency of the device, and reducing production
Costs.

By choosing the optimal methods of obtaining and
modifying nanostructure materials, it is possible to
increase the energy and power density of accumulation
and storage devices [5]. In particular, one of the factors of
increasing the surface area, improving the chemical
reactivity of the electrode and adsorption of active
particles and, accordingly, increasing the performance of
devices is the defective structure of electrode materials [6,
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Laser-modified nanocrystalline NiMoQO, as an electrode material in hybrid supercapacitors

7]. However, traditional technologies for obtaining
nanomaterials with predetermined structural properties
require high temperatures and are energy-intensive. An
alternative is laser irradiation of synthesized materials,
which is characterized by a much faster and localized
thermal effect, allowing for accurate control of the
physicochemical properties of the material and its
transformation into a more stable energy state [8, 9]. A
perspective battery-type material for HSC is the nickel
molybdate (NiMoO.), which stores charge due to the
redox reaction of Ni ions and has high electrical
conductivity due to Mo ions [10, 11]. By varying the
parameters of laser radiation (intensity, pulse duration,
operating mode, and wavelength), the structural and
morphological properties of nickel molybdate and,
accordingly, the capacitive characteristics of electrodes
based on it can be significantly improved.

. Experiment

Nickel molybdate was obtained as a result of
hydrothermal synthesis, the procedure of which is
presented in [11]. The hydrothermally synthesized nickel
molybdate was subjected to laser irradiation. The laser
modification was carried out by emission of a Nd—
yttritium—aluminum-—garnet (Nd-YAG) laser in the near-
infrared (1064 nm), which operates in the modulated Q-
switched mode with a pulse duration of 10 ns and a pulse
repetition rate of 28 Hz. The optimal laser energy in a
pulse of 70 mJ/cm? has been experimentally determined,
the effect of which does not damage the structure of the
material and at the same time stabilizes the energy state.
The irradiation duration was 5 minutes.

The crystal structure of the laser-modified material
was studied by X-ray diffraction method (DRON powder
diffractometer, Cu Ka radiation). The temperature
behavior of the electrical conductivity of laser-modified
nickel molybdate was studied using the AUTOLAB
PGSTAT 12 measuring complex in the frequency range of
102 —10° Hz at a voltage of 0 V, in the temperature range
of 25-200 °C. The sample was pressed into a cylindrical
mold, 14 mm in diameter, with a material thickness of 1
mm. The real conductivity component was determined by
the formula: o=h/(Z'xS), where h is the thickness of the
sample, Z'is the experimentally determined real part of the
resistivity, S is the surface area of the sample under study.
Electrochemical behavior was studied by potentiodynamic
and galvanostatic  methods using a  Tionid
charge/discharge stand. Electrochemical studies were
carried out in a three-electrode cell using 6 M KOH
electrolyte, in which a chlorine-silver electrode was used
as a reference electrode, a platinum electrode as an
auxiliary electrode, and a nickel molybdate electrode as a
working electrode. The working electrode was formed
from a mixture of nickel molybdate and acetylene black
(80 to 20%) mixed in alcohol and pressed into a nickel
mesh, 0.25 cm? in size. The mass of the active material in
the electrode was 15 mg.
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1. Results and discussions

Fig. 1 shows the X-ray diffraction patterns of the
initial and laser-irradiated NiMoO4 material. The XRD of
both NiMoO4 materials are in agreement with JCPDS 13-
0128, which corresponds to a triclinic crystal structure
with a P1 space group [12, 13]. Average crystallite sizes
calculated by the Scherer equation: D=0.91/Bcos®, where
2=0.15405 nm is the wavelength of Cu-Ka radiation, g is
the FWHM of the most intense maxima, and & is the Bragg
angle, were 17 nm for the initial and 18 nm for the laser-
irradiated nickel molybdate. The lack of new bands in the
Raman spectra [11] of the laser-irradiated material
confirms the stability of the nickel molybdate structure to
laser radiation. At the same time, there is a decrease in the
integrated intensity and a slight broadening of the XRD
bands of the modified material compared to the initial one,
indicating the appearance of new structural defects due to
laser irradiation.
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Fig. 1. X-ray diffraction patterns of the initial nickel
molybdate (denoted as NiMoQ,) and laser-irradiated
material (denoted as NiM0oQOs-L).

To determine the effect of laser irradiation on the
electrical properties of nickel molybdate, the temperature
dependence of the conductivity was studied. The
temperature dependence of the electrical conductivity at
direct current for the initial and modified NiMoOy in the
temperature range of 25-150 °C is typical for
semiconductor materials (Fig. 2a). The DC electrical
conductivity of the initial NiMoO, at room temperature is
4-10° S/m, while that of the laser-irradiated one is
3.7-10° S/m. For the initial NiMoQs, the electrical
conductivity increases up to a temperature of 175°C and
decreases to 1.6:10* S/m at 200 °C. For laser-modified
NiMoOs, the electrical conductivity reaches its maximum
value at 150 °C and decreases to 3.6-10"> S/m at 200°C.
The decrease in electrical conductivity at higher
temperatures may be due to the scattering of charge
carriers on lattice vibrations and point defects caused by
the presence of higher oxidation states of Ni and Mo, as
well as thermally activated defect generation.

The activation energy at DC can be calculated using
the Arrhenius equation:
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o0=c0eXp(-E/KT),

where E is the activation energy, k is the Boltzmann
constant, oo is a constant, and T is the temperature. For this
purpose, the dependences of Inoqc on 1/T were plotted, and
their linear approximation was carried out in the
temperature range of 25-150 °C (Fig. 2b). As a result, we
obtained activation energy values of 0.13 eV for the initial
NiMoO. and 0.03 eV in the range of 25-75 °C and 0.17 eV
at 100-150 °C for the laser-irradiated NiMoOa,. For the
modified material, there is an activation of defects with
increasing temperature, which can act as traps for charge
carriers, which leads to an increase in the activation
energy.

To obtain information on the dynamics of charge
carriers and to establish the nature of charge transfer
mechanisms in nickel molybdate after laser irradiation, the
frequency dependence of conductivity on alternating
current in the frequency range 10-2-10° Hz was studied
(Fig. 3a). The relationship between conductivity and
frequency of the applied field is described by the

25x10%1  —#—NiMoO,
* NiMoOJ-L
2.0x10™ 4
= . \
A 1.5x107 4
b%
1.0x10*
e " :
sox10°q "
= e — .
0.0 T R -
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T(C)
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following equation [14]:
o(w)=0dctA®®,

where oy is the frequency-independent conductivity, A is
a constant value, w is the angular frequency, and s is the
frequency index (0<s<1). At a value of s<1, the electrical
conductivity is governed by the hopping mechanism of
charge carriers between localized states or defects in the
material by tunneling through a potential barrier. Using
this law, the conductivity plot was fitted using the method
of nonlinear approximation of curves and is shown in Fig.
3a, and the dependence of the fitted parameters is shown
in Fig. 3 b.

The numerical value of the frequency degree and its
temperature behavior determine the dominant conduction
mechanism in the material. Thus, for the laser-irradiated
NiMoQyg, the frequency index was 0.5-0.67 and decreased
with increasing temperature (Fig. 3b). At higher
temperatures, thermal energy can cause a decrease in the
density of localized states, as defects and impurities
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Fig. 2. The temperature dependence of the electrical conductivity (a) and the dependence of /naqc on 1/T (b) at direct
current of the initial and laser-irradiated NiMoOa,
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Fig. 3. Temperature dependence of the AC electrical conductivity of laser-irradiated NiMoO4 (a). Dependence of s
and A parameters on temperature (b).
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become more mobile and the crystal structure of the
material becomes more disordered. This can lead to a
decrease in the number of available hopping sites and a
corresponding decrease in the value of s. The Jonscher
constant A depends on both the type of material and the
temperature. The increase in A with increasing
temperature (Fig. 3b) is characteristic of many materials
with a hopping conduction mechanism and is associated
with an increase in thermal energy available to promote
the hopping process. At higher temperatures, thermal
energy and laser irradiation can help overcome barriers to
charge carrier movement by increasing the concentration
of charge carriers that can participate in the hopping
process, resulting in an increase in the overall electrical
conductivity of the material.

The Arrhenius equation was used to determine the
activation energy (AEsx) of laser-irradiated NiMoO, at
different frequencies [15]. Fig. 4 shows the linear
dependence of /no on the inverse temperature. The figure
shows that with increasing AC frequency, the activation
energy decreases, indicating that at higher frequencies, the
charge carriers in the material are subjected to more
frequent and rapid changes in the direction of the electric
field. This can facilitate the movement of charge carriers
and make it easier to overcome the energy barrier. As a
result, the activation energy required for the movement of
charge carriers will decrease.
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Fig. 4. The variation in ¢ as a function of inverse
temperature (Arrhenius plot) of laser-irradiated NiMoOa,

To determine the effect of laser irradiation on the
capacitive characteristics of nickel molybdate, the
electrochemical behavior of two systems was
investigated: the initial NiMoO, and the laser-irradiated
one. Cyclic voltammograms (CV) were recorded in the
range of -0.2-0.4 V at a scan rate of 1, 2, 5 and 10 mV/s
(Fig. 5a, b). Redox peaks on the CV arise from the
interaction of nickel ions from the NiMoO, structure with
OH- groups from the electrolyte [16]:

Ni2* +20H" = Ni(OH),
Ni(OH) + OH- <> NiOOH+ H,0 + &

One anodic and two cathodic peaks are observed on
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the CV of both materials. The appearance of two cathodic
peaks indicates that the reduction of NiMoO4 forms a
system with two phases existing at different potentials and
is probably y-NiOOH and p-NiOOH structures [17].

The specific capacitance was calculated using the
formula C=0/mAU, where Q is the charge released by the
system during cathodic scanning, AU is the voltage range,
and m is the mass of the active material. The specific
discharge capacitance at a scan rate of 1 mV/s was 575 F/g
for the initial NiMoO4 and 553 F/g for the laser-irradiated
material and decreased to 242 F/g and 139 F/g at a scan
rate of 10 mV/s for NiMoO4 and NiMoOs-L, respectively
(Fig. 5¢). For battery-type electrodes, such as nickel
molybdate, the specific capacitance is mainly determined
by the redox reactions of the active material and the
diffusion of ions into and out of the electrode structure. As
the scan rate increases, the time available for ion diffusion
decreases, resulting in less efficient transportation of ions
to the electrode. As a result, the capacitance decreases. In
addition, at higher scan rates (10 mV/s), redox reactions
on the electrode surface may not be able to keep up with
the potential change, which leads to a decrease in the
electrode area involved in the reaction, which also leads to
a slight decrease in the capacitance. The laser-modified
NiMoOg has a slightly lower capacitance compared to the
initial material due to the reorganization of defects in the
system, which stabilizes after laser irradiation.

Fig. 5 d shows the galvanostatic charge/discharge
curves of the initial NiMoO, and laser-irradiated at a
current of 0.2 A/g in the range of -0.2 to 0.35 V. The
asymmetry of the charge/discharge curves is caused by the
irreversibility of the electrolyte in the structure of
electrode materials due to the passage of Faraday
reactions. Thus, the laser modification of NiMoO4 leads to
a decrease in the specific capacitance caused by the
destruction of the crystallite surface and a decrease in the
intercalation potential of the electrode.

To study the electrochemical parameters of electric
energy devices, hybrid supercapacitor was formed with a
cathode based on laser-irradiated NiMoO4 and an anode
made of carbon material placed ina 6 M KOH electrolyte.
The presence of redox peaks on the CV of the hybrid
electrochemical system (Fig. 6a) indicates the
accumulation of charge due to Faraday reactions, which is
typical for nickel molybdates, while flat areas on the CV
correspond to the charge/discharge of the double electric
layer of carbon material. As the scan rate increases, the
shape of the CV becomes more rounded, which indicates
an increase in resistance and a slowdown in the response
time of electrochemical reactions.

The specific capacitance was determined from
galvanostatic charge/discharge curves (Fig. 6b) at
discharge currents of 0.2, 0.5, and 1 A/g by the formula:
C=I4t/mAU, where | is the discharge current, t is the
discharge time, AU is the voltage range, and m is the sum
of the masses of carbon material and NiMoOa. The values
of the specific capacitances of the hybrid electrochemical
system are presented in Table 1. The specific energy and
power are calculated by: E=1/7.2C4U? and P=E/At, and
the corresponding numerical values are presented in
Table I.
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Fig. 5. Cyclic voltammograms of the initial (a) and laser-irradiated NiMoO, (b). Dependence of specific
capacitances of NiMoO,4 and NiMoOs-L on scan rate (c). Galvanostatic charge/discharge curves of the initial and
laser-irradiated NiMoO at a current of 0.2 A/g (d).
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Fig. 6. Cyclic voltammograms (a) and galvanostatic charge/discharge curves (b) of a hybrid electrochemical system
based on laser-irradiated NiMoOs,

The increase in specific capacitance for HSC based on
laser-modified material can be explained by the fact that
at the initial stages of scanning, the active material is not
completely involved in the intercalation of electrolyte
ions. During repeated cycling of the hybrid
electrochemical system based on NiMoQ4-L, more nickel
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is converted to nickel oxyhydroxide, increasing the
surface area involved in the redox reaction. This leads to
an increase in the discharge time and, accordingly, an
increase in the specific capacitance of the material and
95% Coulomb efficiency (Fig. 7).



Laser-modified nanocrystalline NiMoQO, as an electrode material in hybrid supercapacitors

Table I.
Electrochemical parameters of a hybrid electrochemical
system based on laser-irradiated NiMoO4

Conclusions

Laser modification of nanocrystalline NiMoO4 by Nd-

Parameter NiMoO-L YAG laser radiation with a pulse energy of 70 mJ/cm? for
Discharge current (A/g) 02 | 05 1 5 min stabilizes the defective nickel molybdate subsystem
and leads to the appearance of new structural defects in the
Specific capacitance (F/g) 233 | 185 | 78 material that affect the change in electrical conductivity. It
Specific energy (Whkg) 73 58 24 was _found Fhat the dc electrical conductivity of laser-
irradiated NiMoOQy, decreases to 3.7-10° S/m compared to
Specific power (W/kg) 151 | 385 | 792 the initial material (4-10° S/m). The study of the
temperature dependence of the dc electrical conductivity
160 - of the modified material showed that in the range of 100-
] 40000999 9990020 150°C, defects are activated, which leads to an increase in
1404 Q,«g::w“"' the activation energy. The mechanism of charge transfer
120: oo::°° “ in nickel molybdate after laser irradiation is governed by
— o2’ : B.:‘;f:m hopping of charge carriers between localized states or
E?:D 100 1 ogg" peE structural defects by stimulating their tunneling through a
‘8’ oo potential barrier. In addition, the electrode material based
g 807 N on laser-irradiated NiMoOs has a high specific
T P 95 % Coulomb efficiency capacitance and high Coulomb efficiency (up to 95%) for
g | numerous charge/discharge cycles in a hybrid
40 electrochemical system with a carbon-based electrode,
1 which makes it promising for use in modern
2“'_ electrochemistry.
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JlazepHo-MoaugikoBanuit HaHoKpucTaTiYHMKA NiMo0O4 fIK eJ1eKTpoIHui
MaTtepiaJj B riOpuIHUX CyNIepKOHACHCATOPAaX
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Hanoxpucraniganii NiMoOas, oTpuMaHuii B pe3ynbTaTi TipOTEpMaNbHOTO CHHTE3Y IIJaBald BIUIHBY
JIa3epPHOTO BUNPOMIHIOBAHHS 3 eHepriecio B iMimynbei 70 mIIx/cM? npotarom 5 xeumud. Da3oBuil cKkiIaj i po3Mipu
KPHCTANITIB TPUKIIHHOI cTpykTypr NiMoOs BH3HauMIM MeTOIOM X-TIpoMeHeBoro aHamizy. CepemHiil po3mip
KPHUCTANITIB CTaHOBMB 18 HM I Ja3epHO-ONPOMIiHEHOro Mojionaty Hikemo. [yl aHamizy TeMmepaTrypHOI
3aJIOKHOCTI €JIEKTPOTIPOBIAHOCTI Ja3ePHO-OMPOMIHEHOTO MOJIOAATy HIKEIH BHKOPUCTOBYBAJIM iMIICTAHCHUM
anaii3. YacTOTHHMIT MOKAa3HWK CTENeHsl, BU3HAYEHHH 3a JOIMOMOI0I0 METO/LY HEeNiHIHHOT anpoKcuMallii, CTaHOBUB
0,5-0,67, mio BinmoBimae CcTpUOKOBOMY MeXaHi3My HociiB 3apsnay. Enekrpoximiuny moBeminky NiMoOas
JOCII/KYBaJIH 3 BUKOPHCTAHHAM IUKIIYHOT BOIBTAMIIEPOMETPIil Ta TalbBAHOCTATUIHOTO 3apsTHOTO/PO3PSITHOTO
tectyBaHHs. JlazepHO-onpomMineHnit NiMoOs nocsarae muromoi eMHOCTI 553 /T py MBUIKOCTI CKaHyBaHHS |
MB/c. I'GpuaHa enekTpoxiMidHa cucTeMa, cOpMOBaHA Ha OHOBI €NEKTPoIiB 3 MoaudikoBaHoro NiMoOs Ta
BYTJIEIIEBOTO MaTepialy ZEMOHCTPYE BHCOKY KyJOHIBCBKY e(heKTHBHICTH (95%) It 3Ha4HOI KiNBKOCTI IUKIIB
3apsay/po3psmy.

KarouoBi ciaoBa: riOpuanuil  CymepkoHAEHCAaTOp, Jla3epHE OMNPOMIHEHHS, MONIOJaT — HIKello,
€JIEKTPOTIPOBIHICTh, TUTOMA EMHICTb.
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The results on using of carbazole-based azopolymer layers (Polyepoxypropylcarbazole: Methyl Red with
magnetic particles of Fe2SO4) for the recording of 1-D and 2-D surface relief gratings are presented in this report.
Morphology study using AFM and MFM of obtained structures has shown their good quality. Surface relief gratings
with profile height up to 1.2 pm were obtained during the holographic recording using blue laser. Along with
surface relief grating it was shown the direct formation of magnetic relief. Possibility of simultaneous direct
fabrication of surface and magnetic relief by optical holographic recording using azopolymer thin films as recording

media was shown.

Keywords: azopolymer, polyepoxypropylcarbazole, methyl red, thin films, recording media, holographic

gratings, direct recording, surface and magnetic relief.
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Introduction

Recently, research and the development for new
recording media on the base of non- crystalline
photosensitive materials have been actively carried out [1-
3]. Of particular interest are carbazole-containing
copolymers, which could be used for photoinduced
formation of surface reliefs [4-6]. Versatile optical
elements (refractive elements [7], optical storage elements
[8-10]) can be fabricated using such media. Carbazole-
containing polymers can be used for both optical and
electron-beam recording, which may be of interest for the
implementation of combined recording [11]. To increase
the light sensitivity of recording materials, their optical
sensitization is of great importance [12-14]. Various dyes
and additives can be used as spectral sensitizers.

Photostimulated changes in optical and physical
properties are the basis for recording and optical
information storage [1,3,8]. Substantial materials motions
(induced by photoisomerization reactions of azobenzene
molecules) can be obtained under light exposure of
azopolymers. Carbazole-based azopolymers under the
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influence of laser irradiation exhibit changes in thickness,
transmission, provide ability to form surface relief’s, high
resolution and possibility of optical elements fabrication
such as photonic crystals, broad-band antireflection
coatings, diffraction gratings, nanostructured polarizers,
microlens arrays, holograms, plates, etc. [3]. Carbazole-
containing azopolymers are good light-sensitive materials
due to high refractive index modulation, high resolution,
low absorption for visible and infrared light, high signal-
to-noise ratio and good stability of parameters in the
environment. However, this recording material is
primarily sensitive to the ultraviolet region of the
spectrum. Therefore, the problem of expanding the
spectral photosensitivity into the visible region of the
spectrum to adjust it to the wavelength of recording is
topical. To expand the spectral sensitivity, it is necessary
to use the optical sensitization of the polymeric recording
layer by introducing a dye that has absorption in the
desired region of the spectrum.

Exposure by interference intensity pattern is usually
used to fabricate diffraction gratings [15-17]. Selective
etching usually is used for the surface relief formation
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[1,3,15]. Direct fabrication (without a step of selective
etching) of gratings by interference pattern exposure was
shown in [18-20].

The results on using of carbazole-based azopolymer
layers for the direct recording of surface relief gratings are
presented in this report.

I. Experiment

Polyepoxypropylcarbazole:Methyl Red (PEPC:MR)
with magnetic particles of Fe;SO,4 was synthesized. As a
photosensitizer, the azopolymer contained azodye Methyl
Red.

PEPC thin films were fabricated using spin coating.
Experiments were carried out at room temperature. Two-
beam spectrophotometer SPECORD M40 in the range of
wavelengths of 450-900 nm was used for the recording of
PEPC:MR films transmission spectra which showed good
transparency in the VIS region (Fig.1, curve 1).

100
80

60

Transmittance, %

40 Arec=473nm Arcad=650nm 1- PEPC

2-substrate
——3-PEPC:MR

20

T T T T T 1
400 500 600 700 800 900

Wavelength, nm

Fig.1. Transmission spectra of PEPC:MR films. 1- PEPC,
2 — substrate transmission, 3 — transmission of PEPC:MR.

By arrows are indicated the wavelength positions used
for the gratings recording and diffraction efficiencies
measurement. Addition of methyl red provided necessary
increase of absorption (curve 3 Fig.1) and sensitivity on
the recording wavelength (473 nm), with high
transmittance on the reading wavelength (650 nm).

Films thickness was measured using atomic-force
microscopy and interference microscope MII-4. Optic
Meter program was used for processing of the obtained
photographed interference patterns. Thicknesses of films
were within 1-3 um. Atomic Force Microscope (AFM)
was used for study of surface relief and morphology of the
recorded gratings. Magnetic Force Microscope (MFM)
was used for study of magnetic relief of obtained
structures.

Holographic gratings (1-D and 2-D) were recorded by
standard two laser beams setup with the use of (Fig. 2)
linearly p-polarized beams of DPSS laser (I=1700
mW/cm? and A=473 nm). Intensity ratio of beams
consisted 1:1, spatial frequency - 170 lines/mm (period ~
6.0 um). Dependence on recording light polarization of the
grating relief formation processes was shown in previous
works [2, 6]. In present work p-p- configuration of
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polarized light was used. Simultaneously with grating
formation in-situ diffraction efficiency 1 measurements
were carried out in order to obtain n dependence on time
of recording.

" Q1
§ M/LD /%

O
Y,

Fig.2.Experimental setup for gratings recording: LD,
DPSS and PD are light emitting diode, laser, and
registering unit, respectively, BS- beamsplitter, M — flat
mirrors, SF and L - collimator, S — sample (registering
media).

Dependence of the grating formation on exposure
time was measured by detecting the intensity of first-order
diffraction beam (in transmission) using normally incident
light of laser diode (650 nm). Intensities ratio of the first
order diffracted beam and the transmitted out of the
grating beam was taken as diffraction efficiency value 1.

I1. Results and Discussion

AFM image of the directly recorded holographic

diffraction grating (without selective etching) with the use
of PEPC:MR films is shown in Fig.3. Relief heights of the
recorded gratings were within 0.3-1.2 pum, that gives relief
modulation depth h/d ~ 0.05 — 0.2 (h — relief height, d —
grating period — 6 um). Images of gratings in Fig.3-5 show
that holographic surface relief gratings with relatively
large thickness modulation could be obtained by direct
one-step holographic recording without any subsequent
processing steps using PEPC layers as recording media.
It is also necessary to note that p-p polarization
configuration allows to achieve surface relief grating with
the largest amplitude up to 50% of original film thickness.
In photosensitive azopolymer materials vectorial mass
transport during formation of photoinduced surface
pattern is known to depend on the excitation wavelength,
distribution of intensities and light polarization [1, 6].
Very interesting results were obtained in MFM
microscopy studies of the obtained gratings. Amorphous
chalcogenides and various photosensitive polymers being
non-crystalline materials can be easily doped [16, 19, 21,
22]. Introduced admixtures change physical and chemical
(magnetic, optical luminescent, etc.) properties of
substances [21]. Such changes enabled to provide direct
simultaneous recording of surface and magnetic relief
with the use of such substances [23]. Fig. 4 — 5 show that
similar result can be obtained with the use of PEPC:MR
films with Fe>SO4 particles. MFM and AFM images (Fig.4
and 5) show correlation between grating surface relief and
distribution and value of magnetic field.
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Fig.3. AMF image of fabricated grating (d~ 6 um) obtained with the use of PEPC:MR films: a — 2-D image, b-3-D
image, ¢ — grating profile.
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Fig. 4.AFM image of gratings surface relief and MFM image map (overlapped, colour image, right scale bar) of
grating fabricated using PEPC:MR films with Fe,SO4 particles [24].
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Fig.5. AFM and MFM profiles of grating (shown in Fig.4) directly recorded with the use of PEPC:MR films with
Fe2SO,4 particles.
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Nanoparticles  redistribution in  photopolymer
nanoparticle-dispersed matrix as a result of light exposure
observed in [25, 26] may also be mechanism of the
magnetic relief formation in layers of PEPC:MR with
Fe,SO4 particles. Direct magnetic relief recording
simultaneously with the recording of surface relief by
interference pattern using PEPC:MR with Fe;SO,
particles as recording media provide possibility for
magnetic memory applications and fabrication of optical
elements with combination of unique properties.

Conclusions

fabrication of high quality optical elements with unique
properties using changes of films properties after doping
and laser irradiation (changes in absorption, transmission,
reflection, in thickness, in magnetic and other physical
properties) and for information recording.
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Holographic grating recording by a direct, one-step
process (recording wavelength 473 nm) using
polyepoxypropylcarbazole (PEPC): methyl red layers
with magnetic particles Fe;SO, was shown in this work.
Diffraction efficiency values in transmission of the
fabricated gratings were ~ 34%. Simultaneous surface and
magnetic relief recording using as recording media
polyepoxypropylcarbazole (PEPC) layers: methyl red
with Fe2SO, magnetic particles was shown. Obtained
results have shown that PEPC films can be used for the
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B. Botnapi!, A. Kopuosuii!, M. ITonosuu’

IIpsime ¢popMyBaHHSI MATHITHOTO TA MOBEPXHEBOI0 peJibey HA OCHOBI
Kap0a30J1BMiCHOT0a30Mo0JiMepy

Ynemumym ¢hisuxu nanienpoeionuxis in. B.€. Jlawxapvosa, HAH Ypainu, Kuis, Ykpaina, paiuk@ua.fm
21Hcmumym npuxnaonoi ¢izuxu, Kuwunie, Monodosa

Y  pobori  mpencraBieHO  pe3yNbTaTH  JOCHIIKEHHS  InapiB  Kap0a30JBMiCHMXa30MOJIMeEpiB
(TToTieOKCHITPOTIiIKAp6a30J1: METUIIOBHIA YePBOHMH 3 MarHiTHOIO qoMitikoro Fe2SO4) ms crBopenns 1-D ta 2-D
HOBEPXHEBO peNbeHHUX PelIiToK. [IpoigrocTpoBaHO rapHy SIKICTh OTPUMAHHMX CTPYKTYpP Ha OCHOBI Pe3yNbTaTiB
JociipkeHb Mopdororii moBepxHi 3 BukopuctanHsiM ACM ta MCM. 3a 1omoMoror CHHBOTO Ja3epa B Hporeci
roJjorpadiyHOro 3amHuCy OTPUMAHO TOBEPXHEBO peNbe(pHI PEemIiTKH 3 BUCOTOK mpodimo pemsedy mo 1,2 pm.
Pa3oM 3 yTBOPEHHSM MOBEPXHEBO pelbeGHOT rpaTKH MOKa3aHo NpsiMe HOpMyBaHHS MAarHITHOTO pelbedy PEIIiTKH.
ITpoeMOHCTPOBAHO MOKIIMBICTH OZHOYACHOTO MPSIMOTO (JOPMYBaHHSI TOBEPXHEBOIO Ta MATHITHOIO penbedy npu
ONTHYHOMY 3aIUCi PEIIiTOK Ha TOHKHX IUTIBKAaX a30IoiMepy.

KirouoBi ciioBa: asomoniMep, MOJi€NOKCHIIPOITIKApOa30a, METHIOBUH YEpBOHMH, TOHKI ILTiBKH,
rosorpadidHi peuriTKy, IPsIMUIL 3aMuC, ITIOBEPXHEBHUH 1 MarHITHUIT penbed.
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A red emitting Eu® doped SrsLa(AlO)3(BOs)a and Sm®* doped SrsLa(AlO)3(BOs)s phosphors with high
efficiency have been synthesized by combustion method and the photoluminescence properties of samples are
investigated in detail. Morphology by scanning electron microscopy and chromaticity by CIE were studied. The
results demonstrate the excitation ranges from 340 nm to 420 nm, especially, the strongest excitation (394 nm and
406 nm) locates in the UV region for Eu®* and Sm®* doping, suggesting that the phosphor can match well with LED
chips. Under n-UV light excitation of 394 nm the Eu®* doped SrsLa(AlO)3(BO3)s and 406 nm Sm3* doped
SrsLa(AlO)3(BOs)4 phosphor can emit bright red light with main emission peaks located at 617 nm and 602 nm are
observed, The PL properties indicate that the phosphor has excellent stability. These results imply the importance
of SraLa(AlO)3(BOs)a:Eu* and SrsLa(AlO)s(BOs)a:Sm?®* red phosphors in white LEDs under n-UV excitation.

Keywords: Rare earth doped, Combustion synthesis, w-LED, CIE-Coordination, SraLa(AlO)s(BO3)sEU®,

SrsLa(AlO)3(BO3)4:Sms*, red phosphor.
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Introduction

Due to advantages of great brightness, low power
consumption, and extended operating life, white light-
emitting diodes (w-LEDs) have been regarded as
significant solid-state light sources [1, 2]. Commercial w-
LED currently employ a blue InGaN LED chip to excite a
yellow emitting YAG:Ce phosphor, however this method
renders colour poorly in the red region, resulting in a very
low colour rendering index (CRI) [3]. Additionally,
compared to green and blue phosphors, the luminous
efficacy of red phosphor triggered by n-UV is
significantly lower. As a result, the creation of novel,
highly efficient red phosphors triggered by n-UV chips
has received a lot of attention in the process of making w-
LEDs [4]. Due to 5Do—7F; (J=0, 1, 2, 3, 4) transitions, the
Eu®* ion has been identified as one of the best red
activators in the phosphors. Examples of this include Eu®*
doped Ca12A|14032F2 [5], LaBM006 [6], SI’zLiSCB40lo
[7], BiaO3s(BOs)(PO.) [8], LiYGeOs [9], Srs(PO.)sF [10],
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ZnAl12019 [11] and NaGdMgWOs [12], They demonstrate
effective red emission when excited by n-UV light.

The desire to use Sm** ions efficient emission in a
variety of materials, particularly for phosphors in red and
orange, but with the introduction of InGaN and GaN laser
diodes in the excitation peak at 405 nm, where Sm** ions
exhibits a quite substantial absorption, visible laser output
has also grown. Numerous studies of Sm** ions in various
materials, including phosphors [13, 14], single crystals
[15,16], and glasses [17,18]. The Sm®* in phosphors
always exhibits a bright reddish emission, which can
improve the color-rendering index (CRI) of phosphor-
converted w-LEDs [19]. All lanthanide aluminates hosts
are promising since they are used to produce white light
by increasing the intensity of a red component [20-23].

A Th® doped SrsLa(AlO)3(BOs)4 phosphor that emits
a yellowish-green colour and has exceptional thermal
stability and very high quantum efficiency, It has a great
potential for combining red and blue
SrsLa(AlO)3(BOs)4:Eu* to obtain an excellent for n-Uv
w-LED [24]. In this paper, SrsLa(AlO)s(BOs)4:Eu®* and
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SrsLa(AlO)3(BOs)4:Sm** phosphors were prepared by
traditional combustion method and their
photoluminescence, morphological and CIE properties
were studied. The best proportion of the two rare earth
ions was investigated also.

I. Experimental

The combustion process was used to create the
SrsLa(AlO)3(BOs)4 phosphors doped with Eu®* and Sm3*
ions. Every initial component used in the experiment is of
analytical (AR) grade. Sr(NOs), (Extra pure 98%),
La(NO3)3.6H0 (99% AR), AI(NOs3):.9H,O (98.5%
AR/ACS), H3(BO)s (Extra pure 98%), Eu,03 (99.9% AR),
Smy03 (99.9% AR) and NH>CONH, (99.5% AR) were
employed as starting materials and fuel, respectively. By
combining the proper volume of diluted nitric acid, Eu,O3
and SmyOz are transformed into nitrate form. Every
compound in the mixture was combined using the
stoichiometric ratio. The mixed colourless solution was
then heated at a higher temperature while being stirred
(100°C), producing an extremely viscous wet gel. The gel
that results is put into a furnace that is kept at 550°C and
reheated at 600°C for 2 hr and cooled up to room temp.,
It takes the flame around 40 seconds to die out. The final
product obtained is then crushed with a mortar pestle and
the fine powder sample is used for further investigations.
SEM Images of the prepared sample is taken and
Shimadzu RF5301PC Spectrofluorophotometer was used
to measure the PL. A spectral slit width of 1.5 nm was used
to record the excitation and emission.

I1. Results and Discussion

2.1. SEM studies

SEM investigation of the host SrszLa(AlO)3(BOs)a
phosphor was performed to study the morphology and
particle size, as shown in Fig.1. The phosphor is prepared
using a combustion method approach and has a solid
microcrystalline structure with certain uneven shapes and
aggregation between crystalline grains. The average
particle size of the Srs;La(AlO)3(BOs)s sample is
determined to be between 2 and 15 micrometers. The
majority of commercial phosphors now on the market
have particle sizes in the range of a few micrometers
[25,26].

2.2. Photoluminescence studies

2.2.1. Photoluminescence properties of
SrsLa(AlO)3(BO3)a:Eu®" phosphor
Figure 2 displays the excitation spectra of

SrsLa(AlO)3(BOs)4:Eu* phosphor were studied in the
wavelength range of 350 and 400 nm after the emission
peak at 617 nm. The excitation peaks at 362, 380, and 394
nm, corresponding to Eu® ions transitions 7Fo—°Lo,
"Fo—°Gs, and "Fo—°Ls [27]. The maximum excitation
peak in the SrsLa(AlO)3(BOs)4:Eu®* phosphor was
determined to be 394 nm.
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SEM HV: 10.0 kV WD: 15.69 mm
View field: 29.0 pm Det: SE
SEM MAG: 7.16 kx Date(m/dly): 04/15/22 GSC Gad

. 1. SEM Photograph of host SrsLa(AlO)3(BO3)a.
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Fig. 2. The excitation spectrum of
SrsLa(AlO)3(BO3)4:Eu®* (monitored at 617 nm).
Figure 3 displays the emission spectra of

SrsLa(AlO)3(BOs)s phosphors doped Eu® ions at an
excitation wavelength of 394 nm. Two well-resolved
emission bands 590 nm (°*Do—"F1) and 617 nm (°Do— "F2)
might potentially be seen based on the luminescence
spectra, in line with the well-documented Eu®* ions doped
phosphor literature of published data. It is widely accepted
that the electron dipole and magnetic dipole transitions are
responsible for the emission peaks at 617 nm and 590 nm,
respectively [28].
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Fig. 3. The emission spectra of SrsLa(AlO)3(BO3)s:Eu®*

phosphors under 394 nm excitation.
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2.2.2. Photoluminescence properties of
SrsLa(AlO)3(BO3)s:Sm** phosphor
The photoluminescence excitation spectra of

SrsLa(AlO)3(B0Os)4:Sm®* phosphor are shown in Fig. 4.
These materials' PLE spectra were obtained at room
temperature by measuring emission wavelength at
602 nm. These spectra exhibit four narrow and strong
excitation peaks at 347, 364, 377 and 406 nm ascribed to
transitions from ground state ®Hs, to excited states *Hgy,
®Dayz, *D1s2 and *F7p arising from f-f transitions of Sm®*
ions [29-33]. The highest excitation peak formed at
406 nm as a result of the ®Hs;, —4F, transition.

x=0.3%
x=0.5%
x=1%

x=1.5%

406 nm

Aem = 602 nm

1

Intensity (a.u.)

380
Wavelength (nm)

Fig. 4. The excitation spectrum
SrsLa(AlO)3(BOs)4:Sm* (monitored at 602 nm).

420
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The PL spectra of SrsLa(AlO)3(BO3)4:Sm3* phosphor
stimulated at 406 nm n-UV light are shown in Fig. 5.
There are two primary emission peaks in the 525-625 nm
range, which are located at 566 and 602 nm, as a result of
intra 4f-4f transitions from excited states (*Gs,) to ground
states (°Hsj2 and SHy,) respectively. The magnetic dipole
(MD) permitted transitions (*Gs2—®Hs; and “Gsz—°H7s)
detected at 566 and 602 nm dominate the emission spectra
and are responsible for the orange-red emission of
activator ions, according to the selection rule (change in
j=0,+1).[34-36].

x=0.3%
x=0.5%
x=1%

- x=1.5%

602 nm

566 nm

Aex =406 nm

1

Intensity (a.u.)

575 600
Wavelength (nm)
Fig. 5 The emission spectra of SrsLa(AlO)3(BO3)s:Sm3*

phosphors under 406 nm excitation.

550 625

Concentration Quinching

It should be noted that the position of the emission
peaks and the form of the emission spectra are similar in
each doping concentration; nevertheless, the intensity
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factor varied gradually with varying Eu®* and Sm®* ions
concentrations in each phosphor. When compared to other
concentrations of synthesized phosphors,
SrsLa(AlO)3(BO3)4 phosphor (Fig. 6 & 7) has a maximum
emission intensity of 1.0 mole % for Eu®* ions and
1.5mole % for Sm® doping. The drop in emission
intensities was correlated with a rise in Eu®*and Sm** ions
concentrations as a result of the concentration quenching
process. As the overall average between the Eu®* and Sm®*
ions reduces with increasing ion concentrations in
SrsLa(AlO)3(BOs)4:Eu®* and  SrsLa(AlO)3(BOs)s:Sm3*
phosphor respectively, a non-radiative energy transfer
mechanism occurs via cross-relaxation, enhancing
concentration quenching (Fig. 6 & 7) [37, 38, 39].

|—=—617

1

L

Intensity (a.u.)

T
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of4 016 018 1.0
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Fig. 6. Variation in the emission intensity 617 nm as
function of the Eu® jon concentration in

SrsLa(AlO)3(BOs)a:Eu®* phosphor.
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Fig. 7. Variation in the emission intensity 566 nm and
602 nm as function of the Sm®* ion concentration in
SrsLa(AlO)3(BOs)4:Sm* phosphor.
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2.3. Chromaticity Analysis

Colour coordinates are the essential parameters for
examining the phosphor's CIE chromaticity performance.
The CIE chromaticity coordinates of
SrsLa(AlO)3(BOs)4:Eu®" and  SrsLa(AlO)s(BOs)s:Sm3*
Phosphors excited at 394 nm and 406 nm respectively are
presented in Fig.7. The corresponding x and y coordinates
are (0.684, 0.314) for 617 nm and (0.635, 0.363) for 602
nm. To our observation for all the studied
SI‘3L6.(A|O)3(BOa)4IEU3+ and SI‘3L6.(A|O)3(803)43SITI3+
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phosphors emission points are found to be located in the
red region. Hence, the present red-emitting phosphors find
remarkable applications in near ultraviolet excited for w-
LEDs [40, 41].

CIE 1931
520 SryLa(AI0)y(BO,) :Eu>", Sm™™ Phosphors
0.8 1 540 SryLa(AI0)y(BO):Eu*
7 617am
560 SeyLa(AIO)y(BO,):Sm>*
0.6 o  020m

580

0.8

Fig.7. CIE  chromaticity = diagram  of  the
SI‘::,L:'i(A'C)):;(BO?,)4ZEU3Jr and SrgLa(AIO)3(803)4:Sm3+
phosphors.

Conclusion

A Series of SrsLa(AlO)3(BO3s)a:xEU®* (x = 0.2, 0.5, 1,
1.5 mole %) phosphor and SrsLa(AlO)3(BOs)s:xSm3*
(x = 0.5, 1.0, 1.5, 2.0 mole %) phosphor powders were
successfully synthesized by the combustion method. The
morphological and photoluminescence properties were
investigated. The SEM image identifies the irregular
morphology of the SrsLa(AlO)3(BOs)4 phosphor samples
with micron ranged particles. The photoluminescence
properties investigated under photo-excitation showed
that the Eu®* doped SrsLa(AlO)3(BOs)s phosphors
exhibited a main red emission peak at 617 nm
corresponding to SDo—"F transition, also the Sm** doped

SrsLa(AlO)3(BO3s)s phosphors  exhibited main red
emission peak at 602 nm corresponding to “Gsp—%H72
transition. The optimized concentration of Eu®* and Sm®*
ions in the present host is 1% and 1.5% mole respectively.
Beyond that concentration, the quenching effect
dominates. The CIE of present phosphor doped with Eu®*
and Sm3* ions was calculated to be (0.684, 0.314) and
(0.635,0.363) respectively. All results indicate that the as-
prepared SrsLa(AlO)3(BO3)sEu®* and
SrsLa(AlO)3(BOs)4:Sm3* phosphor have excellent red
luminescence properties and is suitable as red-emitting
phosphor for w-LEDs application.
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CuHre3 i pOTOTIOMiHECHEHTHI XaPAKTEPUCTUKH JIOMiHOGOPY
SrsLa(AlO)3(BOs)s:Eu®t, Sm* gast n-Y® w-LED

Vuieepcumem I'onosanu, Maxapawmpa, Inois, yerojwar@gmail.com

MeTo[0oM CHaTioBaHHS CHHTE30BaHO BUCOKoedekTuBHi mominodopu SraLa(AlO)3(BOs)s, nerosani Eu®* i
Sm3*, 30yKeH]i YePBOHMM CBITJIOM, a TAKOX AETAILHO JOCITIIKEHO (DOTONIOMIHECIEHTHI BIACTUBOCTI 3pasKiB.
BuBueHO MOp(oJIorito 32 JOMOMOrOI0 CKaHYIOUOi elIeKTPOHHOI MIKPOCKOIT Ta XpOMAaTHYHICTh 33 JAOIIOMOTOI0
CIE. Pe3ynbraté JeMOHCTpYIOTh niama3oHu 30ymkenHs Bin 340 M 1o 420 HM, 0co0nuBO, HalCHIbHIIIE
360ymxenss (394 um i 406 HM) 3HaxoauThesl B Y D-001acTi npu gomyBaHHI Eud* i Sm®', o cBiguuTh Mpo Te, 10
nroMiHOGOp Moxe noOpe moeaHyBaTHcs 3i cBiTnogiognumu dinamu. [1ix aiero n-Y®-cpitna 394 um mominopop
SraLa(AlO)3(BO3)4, nerosanmii Eu®*, i 406 um Sm®*, merosanmii Sr3La(AlO)3(BOs)s, Moxke BUMPOMiHIOBATH
SICKpaBO-UEPBOHE CBITJIO 3 OCHOBHHUMH ITiIKAMH BUIIPOMIHIOBaHHS, PO3TamloBaHMMHU Ha 617 HM 1 602 HM.
BrnactuBocti ®JI BKa3yroTh Ha 4ynOBY CTaOUIBHICTH JFOMiHOGOpa. Lli pe3ynpraTh BKa3ylOTh Ha BaXKJIHBICThH
gepBonux Jominodopis SrsLa(AlO)s(BOz)s: Eus* i SrsLa(AlO)3(BO3)s: Sm3* y 6imux ceiTogiomax mpu n-Y®-
30y/IKEHHI.

KirouoBi cjioBa: jeryBaHHs piAKiCHO3eMeNbHUMH elleMeHTamu, ropinas, w-LED, CIE-koopnunaris,
SrsLa(AlO)3(BO3)4:Eu®*, SraLa(AlO)3(BO3)4:Sm?*, uepponuii mominodpop.
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Ocragiituyky
borpany KoctasHTHHOBHYY
uren-Kopectonoenmy He aUioHAABHOT AKademii nayK Vxpainu,

3AcAYXKeHOMY Otswy HAYKY T mexHIKU V' Kpainu,
Aaypeamy DepKasHoi npemii 9/1y<pai'uu 6 2aAY31 HAYKU 1 MeXHIKU,

00Kmopy PizuKo-mamemamuunux Hayx, npogpecopy,
npogecopy Kagedpu mamepiaro3nascmed i HOBIMHIX MeXHOA0ZIT,
201061 CEUIAAT308aHOT 6ueHOT padu 1o 3axucmy 00KmMOpCoKUX Oucepmauii,
pedaxmopy HayKoeozo Kyprary “Qizuxa i ximis meepdoeo mira”
nouecromy pekmopy JpuKkapnamceKpzo HAUIOHAABHOZ0 YHIBEPCUMENTY
iment Bacuas Cmegpanuxga

Beabmumanosunii bornane Kocraurunosuuy!

1(upo simaemo Bac 31 crasnum FOeireem.
BaKaemo Bam miuHozo 300pos s,
Hacnazu 00 nAidHoi meopuoi pobomu ue na dosei poKu,
HAMXHEHHS Y 36EPULEHHT 6Cb020 3A0YMAHO020 Md 3ANAGHOBAHOZ0, WUPUX OpY3i6.
3uuumo dobpa ma wacms na woeHs.

Koneru mo po6oTi, npys3i,
pelakuiiiHa Koieris
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[epconamnii. Ocraditiuyk borman KoctsaTuHOBIY

Ilepconanii

Ocradiituyk bornan KoctsasHTHHOBUY

Ocradiiiuyk bBornan KocTsHTHHOBHMY — 9I€H KOPECTIOHACHT
HAH Vxpaiam, mnpodecop, TOKTOp (i3nKO-MaTeMaTHYHUX HayK,
3aBiyBau Kadeapu wmaTepialio3HAaBCTBA 1 HOBITHIX TEXHOJOTIH
[IpukapraTchkoro HaI[iOHATBHOTO YHiBepcHTeTy imeHi Bacwuis
Credanuka, pekrop [Iprkapnarcbkoro HaliOHaJIbHOTO YHIBEPCUTETY
imeHi Bacuns Credanunka (2005-2012 pp.).

Hapoguscs 8 mororo 1948 p. y cenmi Ximuma KociBcbkoro
paiiony IBano-®pankiBcbkoi o0OmacTi. [Ticns 3akiHYeHHS 3 BiI3HAKOIO
PosxHiBCbKOi cepenHboi mkonu B 1966 poui HaBuaBcs Ha (pi3uKO-
MaTeMaTHuHOMY (akynbTeTi I[BaHO-DpaHKIBCHKOTO IEPKABHOTO
MEAIHCTUTYTY, 1€, MiCJIsl 3aKiHYSHHSI, TIPAIIOBaB Y HAYKOBO-IIOCTIIHIH
naboparopii. 3 1972 no 1975 pik HaB4aBca B acmipantypi [Hcturyty
Mmetanotpizuku AH Ykpainu.

bocoan Ocmadpitiuyx — suxnadau ma nauanvhux HJC

NEAIHCTUTYTY, a TaKoX JoLUeHTOM Kadenpu ¢i3uku. AKTHBHO
MpaioBaB y ramxy3i (i3uMKd TBEPIOTO Tija, a caMe: CTBOPCHHS
HOBHX aHTU(PUKLIAHUX KUCIOTOCTIHKMUX MaTepialliB Ta 3aXUCHUX
MMOKPHUTh Ha MeTajlaX 1 CIUIaBax, 31MCHIOBAB KEPIBHUIITBO PSIOM
HAyKOBHX MPOEKTIB 1 TeM. 3 1988 poky opraHizyBaB i yCTaTKyBaB
VHIKQJIBHUM  OOJIIHAaHHSIM HayKoBY JaOoparopito  ¢i3uku
Mar”iTHAX IDTIBOK 1 32 KOHKYPCOM II€PEXOAWTh Ha pPoOOTY B
Inctutyr meranodizukn AH Vikpainm Ha mocany 3aBimyBaya
1abopaTopiero, 30CEPEAMBIIU CBOi 3YCWIIIS Ha JOCIHiPKEHHI 1
Moau(ikamii  CTPYKTypH i MarHiTHUX  BJACTUBOCTEH
MOHOKPUCTATIYHUX (epuT-rpaHatoBux IUTiBok. Ilicns 3axucty
JOKTOpchKkoi  nuicepranii «CTpykTypa 1 MAarHiTHI BIAQCTHBOCTI
10HHO-IMIUTAHTOBaHUX emiTaKkcianbHUX (bepuT-rpaHaToOBUX
wiiBok» (BueHa paga Incturyty metanodizuku HAH VYkpainwm,

bozoan Ocmagpitiuyk — sunycknux
@izuko-mamemamuiHo2o
gaxyromemy

B 1975 poui 3axuctuB qucepraniio Ha

3M00yTTSl HAYKOBOI'O CTYIEHS KaHIUIaTa
¢i3uKo-MaTeMaTHYHUX HAyK Ha TeMy
«EnekTpoHHa CTpyKTypa iHTepMeTaliIiB
tuny ¢a3 Jlasecay». 3 1976 poky npairoBaB
HavanbHukoM HJIC IBano-®paHKiBCHKOTO

bozoan Ocmadpiiiuyx — pexmop
Ipuxapnamcvro2o HayioHATbHO20
YHigepcumemy
imeni Bacuns Cmeghanuxa

M. KuiB) y 1993 poui OyB 3ampomieHuii Ha mocady Mpopekropa 3 HaykoBoi poGotu [IpukaprnaTchbKoro
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[epconamnii. Ocragiliuyk borman KoctsaTnHOBHY

yHiBepcuteTy imMeHi Bacuins CredaHuka, 0JHOYACHO BHUKOHYIOUH
000B’sI3KM 3aBiTyBava CIUIFHOIO HAYKOBO-IOCIITHOIO JTa00paTOpiero
¢i3uKK MarHiTHUX MTiBOK [HCTHTYTY Metanodizuku HAH Ykpainu i
[Ipuxapratcekoro yHiBepcureTy. Pimennsm Kabinery MiHicTpiB
VYxpainu B 2001 pori naniii nmaGoparopii Oyyno HagaHO CTaTyc
HalllOHAJILHOTO HAYKOBOTO Ha/l0aHHsS YKpaiHu.

Moro ocHOBHI HayKOBI iHTepecH 30cepekeHi B ramysi Gisuku
MarHiTHHX MartepialiB Ta HAaHOPO3MIpHHUX cHcTeM. PesynbTary,
OTpUMaHi 3 HOTO yJacTIO 1 ITiJ] HOTO KepiBHUIITBOM, 3HAXOIATHCS Ha
PiBHI CBITOBUX CTaHIAPTIB, a iX MpaKTHYHE 3aCTOCYBAHHS JJO3BOJIUIO
CTBOPHUTH TEHEpaTopd 1 HAaKOMU4YyBayi eNeKTPUYHOi eHeprii 3
napaMeTpaMH, M0 3HaYHO TEePEBHUIIYIOTh BiJIOMi CBITOBI aHAJIOTH.
Cporo HaykoBy pobory mpodecop Ocradifiuyk b.K. 3apxau

MOEJHYBaB 13 TemaroriyHoro. BiH € aBTtopoM 8§ mOCiOHHKIB, 3

migpyaaukiB, 4 wmoHorpadiii, monax 200 HayKoBUX cTaTted i

bocoan Ocmadhitiuyx — npopexmop ~ BUHAXO[iB, MiAg HOro HAYKOBHM KEPiBHUITBOM 3axuiicHO 43

3 HayKo80i pobomu KaHIUAATCHKAX 1 10 MOKTOPCHKUX A¥CepTalliid, AECATKHA JTUTLTOMHHIX

i maricrepcekux po6it. Ilpodecop Octadiiiuyk B.K. € unenom

peakonerii TBOX HAYKOBUX >KYPHAJiB, TOJOBOIO CIIEI[iali30BaHOI BUYEHOI pajd TO 3aXUCTy ITOKTOPCHKUX

nmuceprarii, ekcrieprom 3 ¢izukn BAK Ykpainu, 3actymankom ['onoBu daxosoi panu MOH VYkpainu. 3 1994

POKY OJTHOYACHO 3aBinye Ka(eapor MaTepiajJOo3HABCTBA 1 HOBITHIX TEXHOJIOTIH, YCIIIIHO KEPYE IiITOTOBKOIO

JIOKTOPCHKUX 1 KaHIUWAATCHKHUX MIHCEpTalii, po3poOKor (yHIAMEHTATbHUX 1 MPUKIAAHUX TEM B Talysi

HAHOTEXHOJIOTIH 1 Pi3MKOTEepMOJMHAMIYHUX BIAaCTUBOCTEl HaHocucTeM. 3 moTtoro 2005 poky no mrotuit 2012

poky Ocragiiiuyk b.K. — ob6ilimaB mocany pekrtopa [IpukapnaTchKkoro HaliOHaJBHOTO YHIBEPCHUTETY iMEHi
Bacwiis Credanuxa.

Woro Bumrensmu Oymu akamemik HAH VYpainu, 10kTOp (i3MKO-MAaTeMAaTHUHMX HAyK, Hpodecop
Hemomkanenko B.B. (Incturyt meranodizuku HAH VYkpainu, m. KuiB); akagemik HAH VYxkpainu, nokrop
¢izuko-MaTeMaTHUHUX Hayk, npodecop bapesxtap B.I. (Incturyr marnetmsmy HAH VYkpainu, m. Kuis).
Haropomu: [lepxaBHa mpemiss YkpaiHu B Tany3i Hayku i TexHiku (2002); Jlaypear peiitunry «[ amuibki
KMITJIIMBLI pOKy» B HOMiHauii «Kpamuii BueHHH BHHAXiTHHK»; 3aCIy>KEHHH Hifd HAyKW 1 TEXHIKH YKpaiHH
(2005); unen-xopecnonaent HAH Ykpainu (2006).

bozoan Ocmadpitiuyk — 3asioysau xagedpu mamepianosnascmea i Hogimuix mexroaoeiu llpuxapnamcokozo
HayionanbHo2o yHisepcumemy imeri Bacuns Cmeganuxa
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Koryty
Iropro TumodgiiioBuay
00Kmopy mexXHIMHUX HAYK, npoghecopy,
uAeHy pedaruiiinoi Koaezii HayKoe020 JKypHary “(Di3uKg i Ximis meepdozo mira’,

3asidysany Kageopu Komn 10omeproi iHKenept ma eAeKmpoHiKy
JIpuKapnamcvKozo HAUIOHAAbHOZO YHIBepcumemy imeni Bacurs Cmepanuxa

BeabmumanosHuii Irope Tumoddiiiosuuy!

1[upo simaemo Bac 31 crasnum FOeireem.
Baxgemo Bam miunozo 300poe’s,
Hacuaeu 00 nAidHoi meopuoi pobomu we na doeei poKu,
HAMXHEHHS ) 36EPULEHHT BCb020 3A0YMAHO20 Md 3ANAGHOBAHOZ0, WUPUX OPY316.
3uuumo dobpa ma wacms na wooens.

Kouneru o po6oti, npys3i,
penaxiiitHa KoJyeris
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[epconamnii. Koryt Irop TumodiiioBuyu

Ilepconanii
KoryT Irop TumodgiiioBuu

Koryr Irop TumodiiioBud — IOKTOp TEXHIYHUX HayK, npodecop, 3aBiayBad Kadeapu
KOMIT'IOTEpPHOT 1HXeHepl Ta eneKTpoHiku [IpHKapmarchKOro HaI[iOHAIBHOTO YHIBEPCHTETY iMEHi
Bacuns Credanuka.

Haponuscs 22 motoro 1953 p. y ceni 3enene ['ycaruncbkoro paitony TepHOMIIbCHKOT 00IacTi.

VY 1970 p. 3akinuuB [ pumaiinliBCbKy 3aralbHOOCBITHIO CEPEIHIO MIKOTY.

Y 1970-1975pp. HaBuaBcs Ha enekTpodizmuHoMy (axynbreTi JIBBIBCHKOTO MOJMITEXHIYHOTO
IHCTUTYTY 3a crnenianbHicTIo «HamiBnpoBigaukoBi npwiagny». Ilpu kadenpi HamiBIpOBIIHHKOBOT
enekTpoHiku JIbBiBcbkoi momiTexHiku Irop TumodilioBUY 3aKiHYUB acIHipaHTypy 1 JOKTOPaHTYpY,
3axucTuB Kauauaarchky (1993, KuiBchkuil momiTexHiYHMI IHCTUTYT) Ta JOKTOpchKy (2010, HY
«JIpBiBChKa TMOMITEXHIKA») AMCEpTalii 3a CHemiaJbHICTI0 «TBEepAOTIIbHA EIEKTPOHIKAY. Horo
HAYKOBUMH KEpiBHUKaMH OynM JOKTOp TEXHIYHMX HayK, mpodecop, 3aBigyBad Kadenpu
HaIIBIIPOBIIHUKOBOT ~ eNeKTpoHiKM Boponin B.O. Ta [I0OKTOp TEXHIYHUX HayK, Mmpodecop
Hpyxunia A.O., HAyKOBHUM KOHCYJbTAaHTOM JOKTOPCBbKOi amcepTarii OyB 3aBimyBad kadenpu
HaIiBIPOBITHUKOBOI eslekTpoHiku HY «JIbpBiBCchKa momitexHika» nmpodecop Apyxunia A.O.

Y 1975-2000 pp. mpamioBaB B €ICKTPOHHIA MPOMHUCIOBOCTI — y  CIHEHiaIbHOMY
KOHCTPYKTOPChKO-TeXHONOoTiuHOMY Otopo «Opizon» mpu BAT «POIOH» (m.IBano-®paHKIBCHK),
Kyau OyB CKepoBaHUH Hicis 3akiHYeHHs JIbBIBCHKOIO MOJITEXHIYHOrO iHCTUTYTY. OOiiiMaB mocaiu
1HXKeHepa-KOHCTPYKTOopa, HauanbHuka Kb, HauanbHUK BiAALTy MIKPOETIEKTPOHIKH, KOHCYJIbTaHTa
mupektopa CKTB. VYV  1995-1997 pp. 3a CyMICHHUITBOM TIpaIfoBaB JOIIEHTOM Kadeapu
HaMiBIPOBIIHUKOBOI eeKTpoHIKKM HY «JIbBIBChKA MONIITEXHIKA»

HeonnopasoBo ©OyB rojoBuuM koHcTpykTpom HJIJIKP 31 cTBOpeHHs HOBUX BHpOOIB
iHTerpasibHOi enekTpoHiku. I1ig fioro kepiBHuTBOM B CKTBH «OPI3OH» (BAT «POAOH», M. IBaHoO-
@paHkiBcbK) Oynu po3poOieHi creniani3oBaHi 00YMCIIOBAIbHI MIKPOCXEMM JUISl KaJlbKYJIATOPIB,
creniaiizoBaHi ofHoKkpucTtaabHi EOM ynpaBiiHHS TeneBi3iMHUMHU NpuilMayamMH, MiKpOIpPOLECOpPHI
BIC, HBIC cratn4ynoi mam’sTi Ta iHII, SKI BUIIYCKQJINUCh Y CEpifHOMY BUPOOHUITBI YNPOJOBXK
Oaratbox pokiB. byB HaropokeHuit Meamuno BucraBka gocsirieHs HapoHoro rocrnoaapctsa CPCP
(1988 p.).

3 2000 poky mparmtoe y Ilpukapnarcekomy yHiBepcuteri. B 2010 pori craB mpodecopom
kadenpu paaiodpizuku Ta eNeKTPOHIKH, a 3 1 xoBTHs 2012 poKy M0 CHOTOJIHI € 3aBigyBaueM Kadenpu
KOMIT IOTEpHO1 1H)XeHepil Ta enexkTpoHiku. Kadenpa € BuIyckoBOw 3a 2-Ma CHEUIabHOCTAMHU —
«Komm’rorepna imxenepisi» Ta «Enextponika». Y 2023p. HaropomxeHui Mmeaamuno «3a 3aciiyrd
nepea YHiBepcUTETOM». € 4JI€HOM eKclepTHOi paau 3 HaykoBux mnpoekTiB MOHY cekuis Ne5
«EnekTpoHika, pagioTexHika Ta TeIEKOMYHIKaIli», YIEHOM CIIeliajli30BaHOl BUYCHOI paaM 13 3aXHCTy
JOKTOPCBKUX AMcepraniii 3a coemianmbHicTio 05.27.01 «TBepmoTinbHa enekTpoHikay y HY
«JIpBiBCHKA TOTITEXHIKAY.

Cdepa HayKoBUX IHTEpPECIB — PO3POOJICHHS 1 JOCITIIKEHHS TIEPCIIEKTUBHOI €JIEeMEHTHOI 0a3u
JUIS. MIKPOCUCTEM-Ha-KPHUCTaJll HA OCHOBI CTPYKTYP «KpeMHii-Ha-1301sTopi». [1ia ioro kepiBHULITBOM
3aXUIeHO 3 KaHIWJATChKI aucepraiii, mae Ounpme 200 HaykoBHX IMyOJiKalliid, 3 HuX 43 BXOIITH B
MDKHApOJHY HAyKOBO-METpHUUHY 0a3y aHuX SCOPUS Ta € aBTOPOM OisbIie 45 maTeHTiB.
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