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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
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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
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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.
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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.
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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)
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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
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The experimental value of the band gap obtained by Tauc’s method is E*® = 2.01 ¢V, EJ" =2.17 eV. Full and
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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
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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


mailto:myronchuk.halyna@vnu.edu.ua

M.Ya. Rudysh, O.V. Smitiukh, G.L. Myronchuk, S.M. Ponedelnyk, O.V. Marchuk

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].
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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
matrix (x=1-10% composite) leads to an increase in the degree of crystallization by 1.3-1.4 times. The obtained
results are explained by the change of the upper molecular structure of the polymer.

Keywords: high density polyethylene, GaAs, GaAs<Te>, composites, X-ray diffractometry method.

Received 16 November 2022; Accepted 27 January 2023.

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.
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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].
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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.

Keywords: Shell Vibration, Silica Nano, Silica Shell Vibration, Composite Shell, and Nano Composite.
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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
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Fig. 8. Comparison between Experimental and
Numerical Natural Frequency Results.
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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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AHaJIi3 BUIbHUX KOJIMBAHb KOMIIO3UTHOI UWJIIHAPUYHOI 000JI0HKH,
APMOBAaHOI KPEMHIEBUMH HAHOYACTUHKAMM:
a”HajiTuuHe Ta FEM nadamxenns
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2Minicmepcmeo npomuciogocmi ma Kopuchux Konanun, Jlepacasna KomMnanis 2ymoseoi ma wiunnoi npomuciosocni, Ipax,
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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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BB oprodochopHOI KHCJI0TH HA €eHEPTOEMHI MapaMeTpH
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VY poborti 1ocHimKeHO BILIMB KOHIEHTpalii opTodochOpHOi KHCIOTH SK aKTUBYIOUOTO areHTa Ha MOPUCTY
CTPYKTYpy BYIJICIIEBUX MAaTepialiB, OTPHUMaHHWX 13 KICTOUOK aOpHKOoca, Ta CHEPrOEMHI IMapaMeTpu
CJIEKTPOXIMIYHUX KOHAEHCATOpiB, COPMOBAHMX Ha IX OCHOBi. BCTaHOBIEHO, IO B KHCIOTHOAKTHBOBAHHMX
MOPHUCTHUX ByTJeneBnx Matepianax (IIBM), 3MiHIOIOYH BiTHOLICHHS MAaCH aKTUBYIOUOTO areHTy 10 Macu BHXI1ITHOL
CHPOBHHH, MOKHAa KOHTPOJIIOBATH PO3IOJILT TIOP 3a po3Mipamu B Mexkax 0,5-20 HM Ta MUTOMY IIONLY MTOBEPXHi B
nianazoni 775-1830 m?/r. BUKOpHCTaHHS METOAIB LIMKJIIYHOI BOILTAMIIEPOMETPI, IMIEIAHCHOT CIEKTPOCKOIIii Ta
XPOHOIIOTEHIIIOMETPii a0 MOXKIIMBICTh BCTAHOBHUTH EMHICHHH XapakTep MNpOIECiB HAKONWYEHHS 3apsny B
KUCJIOTHOAKTHBOBaHUX [IBM, a TakoX BH3HAYMTH BKJIAQJ MOpP MEBHOTO PO3MIPY B MHUTOMY EJIEKTPOEMHICTDH

cucremu [IBM/enextpouit.

KurouoBi ciioBa: mopucrtuii ByrieneBuii Matepiaj, akTHBYIOUHI areHT, IMTOMa TIOBEPXHsI, PO3IMOILI MOp 3a
po3MipaMu, TUTOMA EMHICTb, €IEKTPOXIMIYHUN KOHIEHCATOP.

Hooano 0o pedaxyiil6.01.2023; nputinamo do peoaxyii 25.01.2023.

Beryn

[Topucti Byryenesi matepianu (IIBM), Bomoxiroun
psioM YHIKQJIbHUX BJIACTUBOCTEH, IIPOKO
BUKOPHCTOBYIOTbCS Ul OYMILCHHS MHTHOI BOAM Bif
opraHiyHMX xomimok [1, 2], po3mineHHs Ta 30epiraHHA
rasiB [3, 4], BUTOTOBJIEHHS €JIEKTPOIIB €ICKTPOXIMIYHUX
konaeHcaropiB (EK) [5-8] Ta mitieBux mkepen crpymy
[9, 10]. ¥V nam yac [IBM BUrOTOBISIOTH i3 CHPOBHHH
NPUPOJTHOTO Ta INTyYHOro TmoxojpkeHHs. [lepeBara
HaJla€ThCsl TEpIINM, OCKUIBKM BOHM € JICNIEBUMH Ta
€KOJIOTIYHO YHUCTHMH. B OCTaHHI POKHM NPOBOIATHCS
JIOCITIPKEHHS 3 OTPUMaHHS [IBM i3
CITbCHKOTOCTIOAPCHKUX BiXOJIB, TaKWUX SIK KiCTOYKH
BHIIHI Ta abpukociB [11], mkapanmyma KOKOCOBUX TOPiXiB
[12], xykypyn3siHi kadanu [13], BOJIOKHA THOHY 1 KOHOTUTI
[14] Ta in. Tlmoau abpukoca € BaXKINBOIO CHPOBHHOIO B
Xap4oBiit TTPOMHUCIIOBOCTI, roro HaCiHHS
BUKOPHCTOBYIOTh y  MEOULIMHI Ta  KOCMETOJOTI.

34

Bigxomamu 1aHoTO BUPOOHMIITBA € A0OPUKOCOBI KiCTOUYKH,
sSIKI MOJKHA BUKOPHCTOBYBATH SIK BUXIJHY CUPOBHHY JJIS
OTPUMaHHSI BHCOKOIOPUCTOTO BYIJIEII0, IO BHPIIIye
TaKkoX mpoOieMy yTwimizamii BifgXomiB  Xap4oBoi
MPOMUCIIOBOCTI, SIKI TIPU3BOAATH JIO 3a0pyTHEHHS
HaBKOJIMIIHHOTO CEPEIOBHINIA.

Haii6inpmr  mommpeHUMH METOAaMH  OTPUMAaHHS
I1BM € ¢i3nuna abo ximMiuHa aKTHBAIlisl BYTJIEIEBMiCHOI
cupoBuHu [15-17], a TakoX METOAM TEMIUIATHOTO
cuntesy [18, 19].

XiMi4Ha aKTWBallis 3a3BUYail BiAOYBAa€ThCS IPH
temreparypax  (400-800°C) i CympoOBOIKYETHCS
BUKOPHCTAHHSM 3HEBOJHIOIOYMX areHTiB (¢ochopHa
KHCJIOTa, XJIOPUCTHIA UHK, TIAPOOKCH] Kalito). XiMidHy
AKTUBAIIID PO3MIAIAIOTE SIK PEAKII0 MDK TBEPAHM
NPEKypcoOpoM Ta XIMIiYHUM peareHToM. Maca KiHLIeBOTrO
NPOJYKTY Ta OTO CTPYKTypa 3aleXaTh BiJl KOHLIEHTpALi]
1 CHIBBITHOILICHHSI BUXIJJTHUX KOMIIOHEHTIB, TeMIIEpaTypu
Ta yacy aktuBauii. HeoOXiqHOIO yMOBOIO IpW XiMi4HiH
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aKkTHBalil € BHJAJCHHS 3QJUIIKOBUX aKTHBALIHHHUX
peareHTiB Ta HEOPTaHIYHOTO 3AIHIIKY, SKI MICTATHCA Y
BHXiTHOMY KapOoHi3oBaHOMY Mmarepiani. [Ipm Ximiunil
aKTHBAIlil POCIMHHOI CHPOBHHH  OpPTO(POCHOPHOIO
KHCJIOTOI, OCTaHHSI BUCTYNA€ B POJi 3HEBOIHIOIOYOTO
areHTa, SIKUH 1Hri0ye yTBOPEHHSI CMOJIH, IO MPHU3BOANUTH
JI0 301JIBIIEHHS] MAaCOBOTO BHXOJly TIOPUCTOTO BYTJIELIO 1
3HW)KEHHS TEMIIEpATypH Ta Yacy aKTUBalii B MOPIBHAHHI
3 Merogamu (izuunoi akrtuBaiii [20]. 3MimryBaHHS
oprodocdopuoi KHCJIOTH 3 oIpiOHCHUMU
aOpPHKOCOBMMH KiCTOUKaMH IIPU3BOANTH 110 pparmMeHTarii
LIEJTIOJIO3H, TEMIIIEITION03HU Ta JirHiHy. Kuciora Bimniise
BOJIOKHA  [ENIOJNIO3M 1  COPUYUHSE  YAaCTKOBY
NETIOMIMEPH3aIif0  TEeMIIeN0ON03d Ta JICHIHY, IO
MPU3BOANTE 10 3MEHIICHHS MEXaHidHOi MIIHOCTI
JyacTHHKM Ta i HaOyxaHHi. Ha ganmomy ertami
opTodochopHa KHCIOTA, NPHU3BOAUTH [0 TMEPBUHHOT
kapOonizamii BuximHoi cupoBuau (BC) [20]. Ilpm
OTPMMaHHI aKTUBOBAaHOTO BYIJIEIIO WIISIXOM XIMi4HOT
akThBalil  BUXiAHOI  cupoBHHH  oprodochopHOIO
KHCJIOTOI0 BXXJIUBUM € CITIBBIIHOIICHHS MIX KUTbKIiCTIO
KUCJIOTH Ta TPEKypcopy MJisl PO3BUTKY IOPUCTOI
CTPYKTYpPH OTPHUMAHOTO HPOAyKTy. ToMy MeToro IaHoi

podoTH €  JOCTiIKeHHS  BIUIMBY  KOHIICHTpAIii
oprodochoproi kucmotm Ha cTpykrypy I[IBM Ta
EHEepPrOEMHICHI mapameTpu SIIEKTPOXiIMITHIX

KOHJICHCATOPIB, CPOPMOBAHHUX HA HOTO OCHOBI.

I. Marepiagu Ta MeTOAM JTOCTiKEHHS

BuxiZHOIO CHPOBHHOIO JUI OTPHMAHHS IMOPHCTOTO
Byriemo Oymu KicToukm aOpwKoca, BHUCYIICHI Ta
monpibHeHi o ¢paxmii 0,25-1 mm. OTpuMaHmii MaTepian
It Ha Topmii Macoro 8T 1 3mimyBamu 3 50T
oprodochoproi kucmorn. KoHmeHTpamiss KuCIOTH
3MiHIoBajacs Big 4 10 32 % 3 kpokom 4 %. BigHomenHns
MacH aKTHBYKOYOTO areHTa JI0 MacH BHXIiJHOI CUPOBHHHU
Y = m(HsPO4)/m(BC) cranoBumo Biamosigno 0,25:1;
0,5:1; 0,75:1; 1:1; 1,25:1; 1,5:1; 1,75:1 ta 2:1. Otpumany
CyMIIll PETeNIbHO IepeMilllyBajd MPOTAroM 1-2 TOIuH,
micng yoro BucynryBanu npu 100°C BnpomoBx 24 roaux
II0 NOCSATHEHHS cranoi Macu. [loTiM cyMimn momimany y
BEePTUKAJIbHY LITIHAPUYHY T4 Ta HarpiBamm ao 550°C
npu mBuakocti 10°C/xB. B aproHoBiii armocdepi npu
mBHAKOCTI NOTOKY razy 30 mu/xB. Ilpu nocsrHeHHI
3a1aHOi TEMIIepaTypHy MPOBOIMIN 130TEPMIUHY BUTPUMKY
nporsirom 60 xB. Iliciast OXOJIOJUKEHHS OTPUMAaHOTO
Marepialy 10 KIMHATHOI TeMIEpaTypu MPOBOIHUIN
BIIMUBaHHSl Tapsiuol0 JIUCTWIBOBAHOK BOJAOK  JIO
HedtpampHOoro pH Ta BucymyBamm mpu 80°C 1o
JIOCATHEHHS TOCTiiHOI Macu. OtTpuMaHi Marepiaiu
MTO3HAYEHO BiAMIOBIHO 0 BiTHOIICHHS MacH KHUCJIOTH 10
MacH BUXiTHOT cupoBuHH (Tabi. 1).

TepmiuHi THepeTBOPEHHS] BHXIJHOTO MaTepiaty Ta
MaTepiais, MOaU(IKOBAaHUX oprodochopHOIO
KHCJIOTOI0, BHMBYAJIM 3 BHKOPUCTAHHSM CHHXPOHHOTO

tepmoananizaropa STA 449 F3 Jupiter (dpipmu
NETZSCH) B pexumi JiHiifHOrOo HarpiBaHHs 3i
mBuakictio 10°C/xB B aproHoBiii artmocdepi mpu

MIBUAKOCTI TIOTOKY Tazy 30 MII/XB Ta TeMIepaTypHOMY
inTepBaii 20-600°C. 3MiHa Macu TOCITIKYBaHUX 3Pa3KiB
y pe3yibTaTi HarpiBaHHsA TMpelncTaBieHa KpuBoro TI°
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(TounicTe BuMiproBanHs 106 xr), mBUAKiCTE 3MiHKM MacH
kpuBoto  JITI'. Sk  TOpIBHANBHUI  eTAIOH
BUKOPUCTOBYBAIM ~ MOpOXHiH  turemp i3 AlOs.
JocmimkyBaHuid 3pa30K HarpiBald pa3oM 3 €TaJOHHHM
3pa3koM 1  PEECTpYBalM  IOTOYHY  TEMIIEpaTypy
JIOCTIKYBAHOTO 3pa3Ka Ta PI3HHUIMI0 TeMIepaTyp 3pa3ka
Ta €TaJoHYy, IO JO03BOJSIO (IKCyBaTd IIPOLECH,
MOB’s13aHi 3 TIOTJIMHAHHAM YU BUIIIJICHHSAM CHEpTil.

CrpykTypHO-ancopOuiiini - xapakrepuctuku [IBM
BU3HAYAIM 3a i30TepMamu ajacopOiii / mecopOuii azory.
BumiproBanus BenuuuHM ancopOiii / mecopOuii  a3ory,
3aJIe)KHO BiJl THCKY ajcopbary, NpOBOIWIIOCS 32
TeMIepaTypy KUIiHHA 3pimkeHoro aszory (7= 77 K) na
aBTOMaTtnuHOMy copGromerpi Quantachrome Autosorb
(Nova 2200e). Ilepen BHUMIprOBaHHAMH IOCTIIHI
MaTepialy IpOKaproBaICS y BaKyyMi 3a TemIieparypi
180°C BrpooBx 24 roguH. 3arajbHy MUTOMY IOBEPXHIO
mop (S,) Bm3Havamu MetogoM BET, muromy moBepXHIO
(Suikpo) T2 06°€M (Vikpo) MIKpOTIOp t-METOOM, MOBEPXHIO
(Sieso) Ta 00°eM (Vi) ME3OMOP PO3PaxXOBYBaIM SIK
PI3HUIIO MK 3arajibHOI0 MOBEPXHEIO (00’eMoM) TOp Ta
Mikporop. 3araneHuii 06’eM mop (V) Bu3HAYaTH 3a
KUTBKICTIO aIcOPOOBAHOT0 a30Ty PH THCKY plpo = 1 (ne p
i po — THCK MapH a30Ty 1 THCK HOro HACHYEHOI Iapu 3a
temneparypu 77 K BigmoBigao). Po3paxyHok po3momimy
mop 3a po3mipamu (PIIP) 3niticaroBamu meromqom NLDFT
(nonlocal density functional theory) y HabnmxeHHi
IIUTHHONOAIOHUX TOP.

EmextpoxiMivni OCIIDKEHHS CUCTEMU
[IBM/enexTponiT NpOBOAMIM B TPHOXEIEKTPOIHHX
koMipkax (puc. 1). Pobouwnii exexkrpon (1) dopmysainu i3
I[1BM, crpymonpoBigHoi 100aBKH 1 3B’ S3yHOUYOTO
Mmarepiany y BigHomeHHi 75:20:5 mac.%, BinnosiaHO.
JIOTIOMDKHMM CIYXKHMB IUIATHHOBHN enekTpon (3), a
€JIEKTPOJIOM TIOpiBHSHHS (2) — xyop-cpioHuii (Ag/AgCl),
skuid momimanyd B 3,5 M Bommmit po3umH KCl (6) i
00’eqHYBaIN 3 POOOYOI0 KAMEPOIO Yepe3 arap-arapoBHi
compoBuit  Mmictok  (5). Ak emektpomit  (4)
BukopuctoByBamu 30 % BoxHuil po3zumH KOH. 3a
KIMHATHOI TeMIIEpaTypH NOTEHLIA POOOYOTO eIEKTPOAY
BiTHOCHO €JIEKTPOJy TMOpiBHAHHA cTaHoBHB -0,33 — -
0,28 B.
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Puc. 1. CxeMa  TpPHOXENEKTPOAHOI  KOMIpKM  JuIs

CJIEKTPOXIMIYHUX JOCIIIKEHb.
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Taoauus 1.
Ilo3HayeHHs KMCI0THOAKTUBOBaHUX [IBM
Y 0,25 0,50 0,75 1,00 1,25 1,50 1,75 2,00
3pazok C025 C050 C075 C100 C125 C150 C175 C200
ExcryaraniiiHi  XapakTepUCTHKH  J1aDOpaTOPHHUX mexxax Big 10 mo 50 MA 3 kpoxkom 10 MA. Tlutomy

3pa3KiB €JIEKTPOXIMIYHMX KOHICHCATOPiB BU3HAUANIHA B
JTBOXENIEKTPOIHIN KoMipIti (puc. 2).

Puc. 2. Cxema xomipku ans BumiptoBanHs emHOcTi EK:
1 — enextpomm; 2 — cemaparop; 3 — CTPYMOBIIBOIY;
4 — i30msAIIiifHA KPHIIIKA.

Enextponn EK “ryasukoBoro” tumy roTyBajgucs
HUIIXOM 3allpecOBYBaHHS cymini I1BM,
CTPYMOIPOBITHOT 00aBKH 1 3B’3yHOYOr0 Marepiany y
cmiBBigHomeHHi  75:20:5 Mac.% y HIKENECBY CITKY.
CdopMoBaHi eNEKTPOAM PO3AULUIA CEMapaTopoM Ta
MOMIIIATd B JIBOXCJICKTPOIHY KOMIPKY, SKy MICIs
3aJIMBKHU €JIEKTPOJIITOM IepPMETHYHO 3aKPHBAJIH.

Jiis mocmimpKeHHs eJIeKTPOXIMIYHUX BIACTUBOCTEH
EK 3 emexTpomamMu Ha OCHOBI AocmigHuX 3pas3kiB [IBM
3aCTOCOBYBAJIM METOAM IMKIIIYHOI BOJBTAMICPOMETPIi,
IMIIETaHCHOT CHEKTPOCKOIT Ta XPOHOIIOTEHIIOMETPil.
BumMiproBanHs TIPOBOTMITA 3 BHKOPUCTAHHSM
cnektpomerpa Autolab(“ECO CHEMIE”, Hinepnanmn),
ykomiuiekToBanoro nporpamamu GPES Ta FRA-2.

[uxitiuHi BOJMBTAMIIEPOTPaMU OTPUMAHO B 00JACTi
noreHuianiB Big -1 mo 0,2 B 1ns TphoxelekTpomHUxX
koMipok 1 Bim 0 1o 1 B mis 1BOXENIEKTPOAHUX KOMIPOK
Ipy WBUAKOCTI ckanyBaHHs S1 + 50 mB/c. 3a noromororo
BOJIETAMIIEPOMETPii BU3HAYAIOTH 3AJICXKHICTh CTPYMY BiX
MPUKIIAJICHOTO TOTEHIialy, SKHHA TMEepioANIHO JiHIHHO
3MIHIOETBCS TIPOTSATOM IIEBHOTO 4Yacy i3 IIBHIKICTIO

au . . .

s = iE' BimnmoBigHwii cTpyM  KOHAEHcaTopa 3
. au

enekrpoemHicTio C momaeTbes sk [ = C i C-s. Ilpu

HHU3bKHUX HIBHIKOCTAX CKaHyBaHHs eMHicTh EK 3anaeTbcs
pieaictio C = [ /s [21]. IloBHu# 3apsiz, HAKOIIMYECHHUI Ha

TIOBEPXHI eJIEKTPO/JIa, 004YNCITIOIOTH HITIAXOM
inrerpyBanas  ¢ynkuii  C(U,t) 3a wacom ¢q =
f;zl c Z—lt] dt = f;zl C(U)dU. €muicth 00YHCIIOBATH

SIK BITHOIICHHS CYMapHOTO 3apsay JO BEITMYUHH BiKHA
MOTEHINANiB, B SKOMY MPOBOJIWINCH JOCIIKCHHS
C=q/U. Jlnma omiakun edpexkruBHocti poborn EK

BU3HAYAIM 3aJ€XHICTh €MHOCTI BiJ IIBUAKOCTI 3MIHHA
MIPUKIIAICHOTO MOTCHIIATY.

Imnenancui romorpadu (abo miarpamu Haiikicra)
7"=1(Z"), ne Z' ta Z" nificHa Ta ysSBHa YacCTUHU
KOMILUIEKCHOTO ONOPY CHCTEMU BiJIIIOBiTHO, OTPUMYBAIA
y  miamasomi wactor 102-10°Th.  Ammmityza
CHUHYCOITaIbHOT HanpyTu cTanoBmiaa 10 MB.

XPOHOTIOTEHITIOMETPUYHI JTOCIIHKSHHS TTPOBOIMIIN
B Jiana3oHi Hampyr 0+1B, CTPpyM
3apsHKAHHS/PO3PSKAHHSA KOHJEHCATOpa 3MIHIOBABCS B
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eMHIiCTh enekTpogHoro marepiary EK po3paxoBysanm 3a
hopmymoro

2It
C=—"7-—,
(Umax—AU)M
ne I — ctpym 3apsmy/pospsany, t, — gac pospsany, Umax —
MakcHMaibHa Hampyra, AU Cmaj Hampyra Ipu
3aMHKaHHI pO3pAIHOTO Koja, M — maca [IBM.

Il. Pe3yabTaTn T2 00rOoBOpeHHs

Ha puc. 3 npexncrasneni TT Ta ATT kpuBi, oTpumani
JUTSL BUX1THOT POCIIMHHOT CHPOBHHH BHACIIIIOK HAarpiBy 10
temneparypu 600°C. B iarepsani 50-200°C 3MeHIICHAS
Macu JIOCHipKyBaHMX 3paskiB Ha 8-10 % moB’si3aHo 3
BUJAJICHHSAM COpPOOBaHOI BOAM, SKa MICTHTBCI B
marepiaini. [Ipu remnepatypi 250°C nounHaeThCs mpouec
KapOoHi3alii Ta po3KIaJaHHs reMilesI0NI03H 1 IEI0JI03H,
skuit TpuBae 10 450°C, TyT BTpaTa Macu ckiamgae 55 %.
Hacrynuuii  intepBanm  temmepatyp  (450-600°C)
NOB’SI3aHUIl 13 YTBOPECHHSM HAIiBKOKCY 3 HEBEIHKOO
BTpaToro Macu ~ 5 %.

1004
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Puc. 3. Tepmorpama BuxigHoi cupounu (1-TT, 2-JITT).

0 100 200

Ha puc. 4 MIpeCTaBICHI pe3ynsTaTu
TEpPMOTPaBIMETPUYHHUX JIOCII/DKEHb JUI MaTepiais,
IMIperHOBaHUX  OpTO(OC(HOpPHOI0  KHCIOTOIO  HpHU

BesimanHi Y = 0,25 Ta 0,50 (3paszku C025, C050).

Ha nanux tepMorpamax npakTHYHO BiJICYTHS HepIia
JIITHKA BTPAaTH MacH 3a PaxyHOK cOpOOBaHMX (opMm
Bozm. MIMOBipHO, opTodochOpHa KHCIOTA TIPH HU3BKHX
KoHIeHTpamisx  (puc. 4,a) Halimepmie pearye 3
TeMIIIEeITI0NI030F0 Ta JIITHIHOM, [0 TTPU3BOIUTE JI0 Pi3KOTO
cnany macu, nounHatoun 3 100°C. Ilicas 450°C Brpara
MacH IpH 301IbIIEHH] TeMIepaTypH CIIOBUTBHIOETHCS J0
0,5 %/xB. Ha pmaHomy erari NpOXOJHUTh 3aBeplIaibHE
OKHCJICHHS BYTJICLIEBOTO MaTepialy Icis peakiii 3
KUCJIOTOI0. 3arajibHa BTpaTta Macy BUXIJHOI CUPDOBHUHH B
JAaHOMY iHTepBalli Temneparyp craHoButb 45 %. Ilpu
Oinbmomy BMicTi opTodocdopHoi KuciaoTH (puc. 4, 0),
TeMIepaTypa KapOoHi3alii Le0I031 3MEHIIYEThCS, 110
BUIUIMBAE 3 HASBHOCTI TiNbKU onHOro miky Ha JTT-
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kpuBii. B iHrepBami  temmeparyp  150-500°C
YTBOPIOIOTHCS MIKPO- 1 ME30TOpH, IO € HACHTiIKOM
B3aeMonii opTtodochoprHoi KHcAOTH 3 OiomomiMepamu
(mirHiH, reminenroiio3a Ta Ienoio3a).  Ilomambiie
3pOCTaHHA KOHIEHTpamii opTtodochopHOi KUCIOTH HE
npu3BoauTh 10 BimminHocted TT i JITT kpusux (puc. 5).
Jlyst BCixX 3pasKiB 3arajnbHa BTpaTta Macu CTaHOBUTH 40-
50 %, 1m0 MeHIe B MOPIBHAHHI 3 BUXIJHOIO POCINHHOIO
CHUPOBUHOIO.

OprodochopHa  KHCIIOTa  BHCTYNMae B PO
aKTHBYIOUOTO areHTa i CIpusi€ 3HEBOJHEHHIO IEPBUHHOTO
Marepiaiy, 0 MPU3BOJUTD 110 3MEHIIEHHS TEMIIEpaTypu
nmerpanmarii Matepiamy, 30UTBIIEHHS Macd OTPHUMAaHOTO
KapOOHI30BaHOTO BYTJICIIEBOTO MaTepialy Ta CIpHsE
YTBOPEHHIO HOT0 MOPUCTOI CTPYKTYpH.

3a [maHMMH HU3BKOTEMIEpPaTypHOI TOpoMeTpil
(tabm. 2) TIBM xapakTepu3yeTbcs MIKpPOIIOPHUCTOIO
CTPYKTYpOIO (BHECOK MIKpOIOp CTaHOBUTH 95 %) Ta
PO3BMHEHOIO  IUIOIICI0  TOBEPXHI  NPH  HU3BKHUX
KOHLEeHTpauisx oprodocdopHoi kucnotu (3pazku C025,
C050, C075). 3pa3ku C100 Ta C125 Mar0Th MaKCHUMaJIbHI
3HaYeHHAM NUTOMOI Twiomti nosepxHi (1600-1850 M%),
sika, B OCHOBHOMY, 3a0e3rmedyeThesi Mikpomopamu (90-
95 %). MakcumanbHuii cymapruii 06’em nop 1,231 em¥/r,

(6mm3pKo 57 %), xapakTepHuii 1 Matepiamy C150. IIpn
MOJANTBIIOMY 301TBIICHH] Y CIIOCTEPIraeThCs 3MEHIIICHHS
SIK 3aTaJIFHOI TUTOIII TIOBEPXHi BYTJIEIIO, TaK 1 00’ €My TIOp
(3pazku C175 1 C200). TakuM 4UYHHOM, 3MIHIOIOYH
BigHomeHHs Y Bim 0,25 go 1,25, otpumyemo
MIKPOIIOPUCTUI  BYTJIENIEBHI ~ Marepian, a  1pu
Y =1,25+ 2,00 popMyIoTbCSI ME30IIOPH, SIKI CTAHOBIISATH

omm3pko 50% Bim 3aranbHOl Immomi Ta 75 % Big
3araJpHOTO 00’ €My TOp.
Taoaunsa 2.
CrpykTypHO-ancopOuiiini xapakrepuctuku [IBM
SBET, Smicro, Smeso, V, Vmicro, Vmeso,
3pasox M | M¥r | MYT | eMiT | eMir | eMT
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

3a maHUMH IUKITIYHOT BOJbTaMIEpoMeTpii (puc. 6 i

SIKAH 33663HC‘IY€TBCH B OCHOBHOMY  MC30IIOpaMHn
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Puc. 4. Tepmorpamu 3paskis C025 (a) i C050 (6) (1-TT, 2-ATT).).
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Puc. 5. Tepmorpamu 3paskis C075 (a), C100 (6), C125 (8), C150 (r), C175 (1) i C200 (¢) (1-TT, 2-ITT).
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. o . . AV
puc. 7) cuigye, mo JUIs KUCIOTHOaKkTHBOBaHUX IIBM B marepiany; K™ — katioHu enextpouiity; || — monsiitHuit

JIOCITIPKYBaHOMY JTiara3oHi OTEHITiaTiB BiICYTHI PEIOKC
iKY, 1[0 BKa3y€e Ha EJICKTPOCTATHYHY B3a€MOJiI0 HOHIB
EJIEKTPOJITY 3 PO3BUHYTOI IIOBEPXHEI0 EJIEKTPO.Y.
3aJIe)HO Bij MBHIKOCTI CKAHYBAaHHS S CIIOCTEPITaETHCS
BUpaQ)XKEHa HECHMETPHYHICTh  BIJHOCHO  HYJIBHOBOTO
CTpYMY, @ TaKOX BiIMIHHICTb B KUIBKOCTI HPOITYIIIEHOTO
3apsiay NPpY aHOIHIN 1 KaTOIHIN moJsipu3anii npu Manux
3HayeHHsax S (1 +5wmB/c). HecumerpuuHicTs JgaHUX
KPHUBHX BIJIHOCHO IOTEHIIaTy HYJIHOBOTO 3apsy BKasye
Ha BIAMIHHICTH MK BEJIMUYMHOIO HAaKOIMHMYEHOTO 3apsiiy
viomamu K* i OH rpymamu. Benmuwna crpymy y
Bi’eéMHIN 00NacTi TMOTEHINANB TEPEBUIYE 3HAYCHHS
BINIOBITHUX CTPYMIB y AoAaTHiH obmacti B 1,5 - 2 pasy,
IO BKa3dye Ha JOMIHYBaHHS HaKOIMYEHHs 3apsay 3a
paxynok #onis K*, BinnosigHo o peaxirii:

Co+ K +e o Cy| K,

ne Cyx — moBepxHS HOPUCTOi CTPYKTYpU BYTJIELEBOTO

enextpryunmi map ([TEIII), B skoMy akyMyTIO€TBCS 3apsi
3a MexaHi3MoM ¢izngHO1 agcopouii [21].

3a  ymoBum 0,25<Y<1,25  cmocrepiraerscs
30UTBIIEHAST MWATOMOI IUTONII MOBepxHi Big 770 1o
1800 M1 (puc. 6, 6, T, €), NPOTE YITKOi KOPEJAIii Mixk
CTpyMaMu Ha BoJIbTammeporpamax (puc. 6, a, B, 1) i
IUIOIEI0 MUTOMOI INMOBEpXHI He crocTepiraetses. Ilpu
HU3bKHMX IIBUJKOCTSIX CKaHyBaHHS BOJbTAMIIEPOTpPaMH
IIBM npu 0,25 <Y < 1,00 npakTHIHO HE BiAPI3HAIOTHCS,
X04a MOBEpXHA 3pocTae y aABa pasu. Marepianu C100 ta
C125 BosomifoTh OINBIIOI0 TUTOMOIO TOBEPXHEIO
MOPIBHAHO 3 IHIIUMH 3pa3KaMH, IMPOTe CTPYMH MpH
[UKITIOBaHHI € N0 HUKYMMU HiK Ut 3paskiB 3 Y < 1.
OpHi€l0 3 NPUYHMH € BEIUKa KUIBKICTH MOP PO3MipoM
MeHImuM 3a 1 HM (puc. 6, €), ki poOIATh 3HAYHUN BKJIA1
y BEJIMYHMHY IUIONII TTOBEPXHi, ajie € BaXKOJOCTYITHUMH
JUTS HOHIB €NIEKTPOJIITY IMiJ] 9aC MUKITIOBAHHSA. 3POCTaHHS
IIBUJIKOCTI CKaHyBaHHs monan 10 MB/c nmpusBoauth 10
CIOTBOPEHHSI ()OPM BOJIBTAMIIEPOrpaMm, 110 € HACITiIKOM
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30UTBIIICHHS  BHYTPIINIHBOTO  OMOpPY d9epe3  HU3BKY
€JICKTPONPOBITHICTh JaHUX MaTepiaiiB, OCKIIBKH BOHHU
oTpuMaHi Ipu Temmepatypax 550°C.

BonsTamneporpaMu it ME30MOPUCTUX BYTICHEBUX
MaTepialiB B TOJATHIA 00JIaCTi HOTEHIIaMIB TPH HI3BKUX
IMIBUAKOCTAX CKaHYBaHHS MaiOTh HAOMIDKEHYy 0
NpsAMOKYTHOI Qopmy (puc. 7). Y npaHid obnacti 3apsn
HaKOIMUYYETHCS 3aBIAKU (opMyBaHHIO IEII
TiIPOKCHIIBHUMU I'pyIIaMy Ha OBepXHi Byruero. Huspka
pyximuBicte OH™ rpyn mposiBasieTbcs y 3MiHI XOdy
BOJIbTAMIIEPOTPaM  TIPH  HE3HaYHOMY  3pOCTaHHI
LIBUAKOCTI CKaHyBaHHS.

3Ha4YeHHSI MUTOMO{ €MHOCTI BYIJICIEBUX MaTepiatiB
3aJIeKHO Bifl IIBUIKOCTI CKaHYBaHHS IT0/1aHi B Ta0I. 3.

I3 anamizy manmx Tabiu. 3 ciimye, o0 MakCHMallbHA
emuicte cuctemn [IBM/KOH  pmocsraetbess  mipu
BukopucTanHi [IBM 3 posmoxinom mop y Mexax 1-3 HM,
TOOTO U1 MIKPOMOPHCTHUX MaTepialiB i3 HE3HaYHOIO
YaCTKOIO TPAHCIIOPTHUX ME30IIOP.

Ha ocHOBIi 3pa3kiB, sIKi BOJOIIIOTh MaKCHMaJTbHOIO
nutomoro emHicTio (C075, C100 ta C125), BUrOTOBICHO

nabopaTopHi MaKeTH EK. Ha UK THIX
BonbTamrieporpamax EK BuaHO, 1o mnpu HHU3BKHUX
MBHUIKOCTAX ckaHyBaHHA (1-5mB/c) ix ¢opma Ta
BEIMYNHA AHOMHUX 1 KATOOHHUX CTPYMIB € OJHAKOBOIO
(puc. 8). 36umpmenHs S moHan 5 MB/c mpu3BOIUTH 1O
MOSIBH Ha BOJBTAMIIEpPOTpaMax MaKCUMyMy B Iiama3oHi
nmoteHmianie  0,2-0,6 B.  OcobOnuBo manmii  edekr
NPOSIBISIETbCS  JUIL  cepii BYIJIELEBMX MarepialiB 3
MIKPOIIOPUCTOI0 CTPYKTYPOIO Ta BEJIHUKOI IHUTOMOIO
IUIOIIEIO TIOBepxHi (puc. 8, B).

3MiHy (opMH BOJbTaMIEPOrpaM IOB’S3YIOTh i3
MIBUAKUM 3POCTaHHSIM KOHLICHTpAIlil HOHIB Ha TOBEPXHIi
€JIEeKTPOIIiB MpPHW HE3HAYHOMY ITiJBUIICHHI MOTECHINaTy
EK, mo npu3BoguTh 0 3pOCTaHHS BEIUYMHU CTPyMY
[22]. Haiibinmpmre 3HA4YeHHS CTPYMY BiOmoOBigae
moreHmiamry 0,2B  (puc.8,B), B oOKom  SKOTO
KOHIIGHTpalis HoHIB € MakcuMmanbHOW0. [lopanbine
HaKONMYCHHS  HOHIB HAa  TIOBEpXHI  EJCKTPOIiB
YCKJIATHIOEThCS T CIIOBUILHIOETHCS, 11O MPOSIBIISIETHCS Y
3MEHILICHH] BEIMYMHH CTPYMY IPH 3pOCTAaHHI MOTEHI ATy
EK.
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Puc. 7. ukiaiuHi BOIBTaMIIEPOTrpaMHu Ta PO3MOILT O 38 PO3MIPOM JJIsl ME30TIOPUCTHX BYTJICLIEBUX MaTepialiB
C175 (a, 6) 1 C200 (8, 1).

Taéauns 3.

3anexxHicTh muTOMOi eMHOCTI (D/r) KkucnoTHOaKTHBOBaHMX [IBM Bix IIBHAKOCTI CKAaHYBaHHS
mpu noreHmiani -0,4 B

3pazok 1 mB/c 2 MB/c 3 MB/c 4 mMB/c 5MB/c 10 mB/c
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
C125 99,1 71,3 52,8 39,6 32,0 15,7
CI150 61,4 25,9 16,6 11,5 8,8 4,0
Cl175 76,4 45,3 31,4 22,2 12,4 8,7
C200 68,6 45,8 26,3 18,5 9,3 7,0
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Puc. 8. [ukmiuni Boasrammneporpamu st EK, Burorosienux Ha ocuosi [IBM C075 (a), C100 (6) Ta C125 (B).

[pu s>20mB/c  BigOyBaeThcst  3pOCTaHHS
BHyTpimHboro omnopy EK, mio mnposBiserbcs y 3MiHi
(hopMH BOJIETAMIIEPOTpaMHU ITPH NEPEXO/I1 Bl EMHICHOT 10
pe3ucTrBHOI, muToMa eMHicTh [IBM npu upomy cnianae y
JIeKiTbKa pasis (puc. 9).

90
80 3
8\
70 4 \
60 - Q
= 50+ \
e. O, A\
L 40 A
iy y \O\D\ A\
. A
\O\D\
20 N — o o
s
104
0,00 0,01 0,02 0,03 0,04 0,05
s, B/c
Puc. 9. 3Bamexuicte mmrTomoi emHocti IIBM  Bixg

MIBUIKOCTI CKaHyBaHHA st MatepiamiB CO75 (-o-),
C100 (-o-) i C125 (-A-).

BnactuBocri €JIeKTPOXiMIuHOT CUCTEMU
I[IBM/enektpodit 3aJI€KHO BI MPUKJIIAJIEHOTO
€JIEKTPOIHOTO MTOTEHITiary BHUBYCHO METOIIOM
iMIeaancHoi  cnekTpockomii.  OTpuMmani  giarpamu

Hatiikgicta (puc. 10) naroTh MOKJIHMBICTh OIIHUTH BILIHB
MOPUCTOI CTPYKTYpH BYTJICLEBOTO Marepialy Ta HOro
CICKTPUYHUX XAPAKTCPUCTHK HA MApaMETPH CHCTCMH

40

3aJIe)KHO BiJi HOHIB BHKOPHCTOBYBAHOTO EJEKTPOJITY.
3HaueHHs MUTOMOI €éMHOCTI Ta enekTpoornopy [IBM npu
PI3HMX BEJIMYMHAX EJIEKTPOIHOTO IOTEHIIaNny JaloTh
BaXJMBY iH(popMmanito 1po  epeKTHBHICTH  HOro
BUKOPHUCTAHHS Y SIKOCTI MaTepiany enexkrpoaa EK.

B nianmasoni morenmianiz -1 -+-0,4 B giarpamu
Hatiksicra (puc. 10) marots Burisz, xapakrepanit st EK
3 JIOMIHYIOYMM €MHICHMM TIPOIIECOM HaKONMHMYCHHS
3apsgy Ha Mexi posnury [IBM/enextpomnmit, mIo
BUPQKAETBCSI MaiXke BEPTHKAIBbHOIO JIISHKOI Ha
nmiarpaMmi TpH  HU3BKHX dYacTroTaX. [Ipm 3pocTaHHi
eleKkTpogHoro moTeHmiany Big -0,4 mo 0,2 B Ha Bcix
rojorpadax y BHCOKOYACTOTHINA 007acTi 3’SIBISETHCS
MIBKOJIO, sSIKE TOB’S3YIOTh i3 mepebirom (apaseiBCbkux
mporeciB Ha esiektpoi [23]. B mocmimxyBaHoMy BUTIAAKY
penokc peakuii BimOyBaroThcsi 3a ydactio OH™ Tpym.
Hiarpamn HaiikBicTa B [iama3oHi cepenHiX Ta HU3BKHX
YacTOT TNPEJCTABIICHI MPSAMOIO JIHIEIO 3 Pi3HAM KyTOM
Haxwily, SIKM{ 3aJISKUTh Bijl MPUKIAJICHOTO MOTEHIaly,
Ta XapaKTepu3ye pi3Hi MexaHi3MN HAaKOITMUYECHHS 3apsy B
cucremi [IBM/enextpomit. 3pocTaHHS €JIEKTPOIHOTO
NOTEeHLialy B JOJaTHY o00JacTb NPHU3BOIAMTH 1O
3MEHIICHHS KyTa Haxwily roporpadga B  Mexax
40° < ¢ < 50°, mo Bkasye Ha qudy3iiHi mpoiecu B AaHii
€JIeKTPOXIMIUHIN CUCTEMI.

Jns  BCTaHOBIIEHHS ~ B3a€MO3B’SI3Ky  MOPHUCTOI
CTPYKTypH Ta muToMoi eMHOCTI IIBM y BogHOMY po34nHi
KOH niarpamu HalikBicTa MOJETIOIOTHCS €KBiBAJICHTHOKO
€JIEKTPUYHOIO CXEMOIO 200 BH3HAYAIOTh MUTOMY EMHICTB,
BUKOPHCTOBYIOUM PO3PaxyHKOBI (QOpMyJH, sKi He
BUMararloTb MoJeNbHUX mnpumnyiieHb [24]. [loBHuit
KOMIUICKCHUI OMip y KOJi 3MIHHOTO CTPyMY 3TiJHO
3akoHy OMa piBHUIA:
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. erjan'

_ U
T pel@Tre) T g

ne Uo, lo — ammutiTyqu Hampyr i cTpymy, @ — KyToBa
4acToTa, ¢ — KyT 3CyBy (a3, j — ysABHa OJUHHIL
G =v-1).

OCHOBHHM €JIEMEHTOM B IMIIEIAHCHHX MOJEIAX €
enektpoorrip R. B wacrotHiit obmacri Zr(jw) = R Momemoe
MIPONIOPIiOHATBHY 3aJISKHICTh MIXK TapaMeTpaMH CTaHy —
CTpyMY 1 HaIlpyTH Ta BigoOpa)ae BiICYTHICTH 3CYBY (a3
MDK JaHUMH TapameTpaMi. IMmenaHc IbOro elieMeHTa
BiJJ0Opakae YaCTOTHO HE3aJICIKHY CKIIAQJIOBY PEUYOBUHH,
100TO0 Re ZR =R, aIm Zg = 0.

[Mapametp 1/C € KoehillieHTOM MPOMOPIIIHHOCTI MiXkK
Hanpyroro Uc 1 iHTerpasoM Bij (yHKIIT 3a1eXHOCTI
CTPyMY Bl 4Yacy, SKAW MPOTIKae depe3 JaHui CJICMEHT 1

XapaKTePU3Y€EThCS criBigHomeHuaMU, (t) =
1t N .
z ft i(t)dt + U:(ty). Y wacroTHiii o6macti mane
0
. e s 1
CITiBBiIHOIICHHS 3aMUCY€EThCs Yy BUNIIANIZ . (Jw) = =

jwC -
—LC. EnemeHT Zc MICTHUTH JMILE PEAKTHBHY CKJIaJOBY,
w

sgKka g pomatHuX 3HadeHb C € B €MHOIO, TOOTO

s

Qe~J% =Zcosp —jZsing =Z"—jZ",
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M)

BigoOpaxae 3aTpumky mo ¢asi Ha 7/2. Ilpu upomy i3
30UIBIIEHHSAM  YacTOTH  IMIEJAHC  IPONOPLIHHO
3MeHnryeTscs. Hampyra Ha eneMeHTI mporopiiiiHa
3apsny, SIKHH HAKOIIMYUBCS HA HBOMY.

Y  [ocmimKyBaHMX — EIEKTPOXIMIYHHX —CHCTEMax
rogorpadu imnenancy (puc. 10) BKa3yroTs Ha Te, 0 KPiM
emuocTi ITEII, mMae miciie nceBIOEMHICHE HAKOITMYEHHS
e”eprii. Otpumani romorpadu MOKHa NPOMOJEITIOBATH
€KBIBAJICHTHMH CXeMaMH, 300paKeHUMH Ha puc. 11.

TeopeTnyHO nHaHI CXEMH OMMCYIOTHCS HACTYHHHUM
qyuHOM [25]:

1 1 1 jwCp

I_ =j —F 2
Z  1/jwCqy +RF+1/ja)Cp Jola +ijpc,,+1’ &)
ne Ca — ewmnicts IIEI, C,— nceBmoemHicTs, RF —

(apaneiBcbkHit omip.
I[Ipu ngyxe wHu3pkux dYacrtorax (w — 0) i/abo

HCBCJIIMKUX 3HAYCHHAX RF OoTpUMaEMO

r)
Puc. 10. diarpamu Haiixsicta muist cucrem [IBM/KOH na ocnoBi matepianis C025 (a), C075 (6), C125 (B)
ta C200 (T) npu pi3HUX NPUKIAZICHUX ITOTEHIIaNaxX.
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1,
> =Jjw(Ca+Cp), €= Ca + Gy
IIpu m0CTaTHLO BUCOKUX YacToTax (JwRpC, >> 1)

OTpUMaeEMo

— RF
- 1+]'(/JRFCdl.
3araneHy €MHICTB CHUCTEMHU o0umcIieHo,
BUKOPHCTOBYIOYHM DiBHsSHHA (2) 3a ymoBH, mo « — 0
(puc. 12).

IIuroma emuicte [IBM 3anexuTh BiJ BEIUYNHHU
€JIeKTPOIHOTO TOTeHmianxy (puc. 12), BHACTIIOK 3MiHH
BUTRHOTO 3apsAIy MOBEPXHI NpH 11 HOIApHU3aIli y JoAaTHY
9 Bim’eMHy cTOpoHy. [IpoBoasdYM eJIeKTPOXiMidHI
OCHIIDKEHHS B TPHOXEICKTPOIHIH KOMipIIi,
BCTaHOBJICHO, IO MOTEHINAad BYIJICLEBOr0 Marepiany
BiZITHOCHO ENIEKTPOY MOPIBHSIHHS CTaHOBUB
-0,33--0,28 B. B niana3oHi gaHuX MOTEHIiajiB Ha
BOJbT-(hapaJHUX 3aJCKHOCTAX € MIHIMYM, SIKHH Yy
BiZicyTHOCTI ~ cneundiuHux edekTiB Ha TOBEpXHI
eJIEKTPOJa BIJMOBIA€ TOTEHIady HYJIHOBOTO 3apsay
[26]. Ha BombpT-(hapamumx 3a1eKHOCTIX HaHUH MiHIMyM
3MIlIEHUH y JOJATHY CTOPOHY, [IO TOB’s3aHO i3
ancopOiieto Ha moBepxHi [IBM MONEKyISIpHOTO KHCHIO B
KOH emekrpomiti [27]. Ilpm noTeHmiami HYIHOBOTO
3apsiay mutoma emHicTs [IBM cranoButh 15-45 @/, mo
BKa3ye Ha 3JIaTHICTb JJO CAMOBUIBHOTO 3apsiy HOPUCTOL
CTPYKTYpH, SKUIl BiIOYBA€ThCSA 3a EJICKTPOCTATUIHHUM
MEXaHI3MOM.

IMpu Bix’emHil moJsipu3aiii MakCHMMalbHa MHTOMA
emHuicTb [IBM cranoButh 150 ®@/r i 3MeHuIyeThCs: IpU
3pOCTaHHI  EJIEKTPOJHOrO TMOTeHmiany. B obmacti
nmonatHux roreHmianis (0,1-0,2 B) emHicTs 3MEHITYEThCS
Ha 25-40%. CramioHapHi TOTEHI[iad BYTJICIEBUX
MaTepiaiB 3HaxoaATkcs B miamasoHi -0,25-0,05B, y

W =0

'
'
1

skomy IIEII cdopmoBaHWiA TimpaToBaHUMH HOHAMH
enektpomity [21]. Jlama o00JiacTh XapaKTePU3YETHCS
3pOCTaHHSAM €MHOCTI TpH Bif’€MHIM mosApu3amii Ta
3MCHIICHHSAM TpH A0AaTHil nmomsapu3amnii. Bukopucranas
BoxHoro po3unHy KOH sk enexTpomiTy mpu3BOIUTE 10
3MIHM XIMIYHMX IIOTE€HIIaJiB HOHIB, BHACIIZOK YOro
pO3LIMPIOEThCST BIKHO ToTeHwianiB 3apsay IIELT 3a
eJIeKTPOCTaTUYHUM MexaHizmoM (3 -0,01 +-0,25 B [21]
no -0,01 +-0,49 B [27]) 1 3cyBy po0ounx moTeHmiamiB 3i
BKJIaJIOM eJekTpocop6uii BogHo (3 -0,25 +-0,65 B no -
0,49 +-0,9B). [lomarHa monsipu3anis B Jiana3oHi -
0,01+-0,1B MIPUBOIUTH 1o eJIeKTpoCcopOIIit
rizpokcuapHUX Tpym [27]. Ilpm BHCOKHX IONATHUX
noreHmianax (moxax 0,2 B) mporiec enexrpocopOmii Mmoxe
MIPHU3BECTH 10 30iIbIICHHS HEOOOPOTHHUX PeakIiif, TAKIX
SIK yTBOPEHHS MOJIEKYJI BOJIH.

J11s1 BCTaHOBJIEHHS KOPEJALIT MK TUTOMOIO TUIOMICIO
MOBEPXHI MOp PIi3HOTO IiaMeTpy Ta €MHICTIO CHCTEMHU
[IBM/enextponit, BH3HaueHO mUTOMy eMHicTh [IBM
XPOHONOTEHI[IOMETPUYHUM ~ METOJIOM  IpU  PI3HHUX
pobounx crpymax (puc. 13).

BpaxoByroun Te, 110 HOH Kalil0 MOXE MaTH JIBi
rigpaTHi obGononku pagiycom 0,266 1 0,36 um [28],
MIPUITYCKAOTH IO TIOPH 3 AiaMmeTpoM OimbmmM Bix 0,5 HM
€ eJeKTPOXIMIYHO HmocTymHHMH i 3apsgy B KOH
enektpoiti [29]. Po3mip fioHA eNeKTPOITiTy Ta BEINIHHA
mop Oynme BIUIMBaTH Ha MakcuUMainbHy emHicTh [IEIIIL.
Hafieuma enepris ancopOmiitnoi B3aemonii [IBM 3
MOJIEKYJIaMH €JIEKTPOJITY CIOCTEPIraeThcsl y BY3BKHX
nopax po3mipom 0,5-1 um. [Topu posmipom Oinble 2 HM
CIIy)KaTh TPAHCIOPTHUMH KaHAllaMU JUI TOTPAIUISTHHS
EJIEKTPOJIITY B poOOYi MOPH.

[MpociinkoByeTbCs B3a€EMO3B 30K MUTOMOI IUIONI
noBepxHi [IBM (tabn. 4) Ta BeIMYMHU TATOMOI EMHOCTI
(puc. 13).

Puc. 11. Haiinpocrimti exBiBaneHTHI cxemu EK ta ix romorpadwu [25].
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Puc. 12. 3anexuicts muromMoi eMHocTi [IBM Bif €J€KTPOAHOTO TOTEHITIATY.
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Puc. 13. 3anexHicTh MUTOMOT EMHOCTI BiJl pO3PSITHOTO CTPYMY JUIS MiKPOIIOPHCTHX (@) Ta Me30TOpUCTHX (0)
BYTJICLIEBUX MaTepiaiB.

Taonauus 4.
3asexkHicTh TMTOMOi TwIonti nosepxHi [IBM (M%/1) Bix po3mipy nop
Po3mip mop, 3pazok
HM C025 | C050 | CO75 | 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
I3 Tabm 4 cnigye, 1o 3pOCTaHHsS IUIOLII IOP BCTaHOBJIEHO, 10 JnoxaBanHs 4-8 % oprodochopHoi
po3mipom 1,25-1,65 HM m[pU3BOIUTH O 3POCTAHHS KHCJIOTH JI0 BUXIJHOI CHPOBHMHHU NPHU3BOIUTH 10 OiNbII

mutomoi emHocti [IBM. [lnsa marepianie CO75 i C100,
KpiM 3aJaHOro Jiala3oHy IIOp, 3HAaYHUH BHECOK Y
3aralipHy IUTOITY POOIIATH mopu po3MmipoM 2,05-2,65 Hw,
SIKi CIIy’KaTh TPAHCIIOPTHUMH KaHAJIaMH JJISI €JICKTPOJITY.
Bxiag TpaHCIOPTHHX TTOP MPOSIBISIETHCS Y MiHIMAJIBHOMY
3MEHIIEHH] TMTOMOI €MHOCTI IIPH 3pOCTaHHI PO3PSITHOTO
ctpymy. Byrmenesi matepiamu C125 + C175, B sikux
nepeBaxaroTh mopu posmipom 1,05-1,25 Hm, MaroTh
nutoMy emHicTh Ha 35 - 50 % HWKYy, HDK monepenHi
3pa3KH, 0 HIMOBIPHO CTIPHYMHEHO HASBHICTIO MOP JIMIIIE
y By3bKOMY niama3oHi. HasBHicTe mop posmipom 1,25-
1,45 um 3maunoi mwiomi (554 m%r) mma 3paska C200
copusie 3poctaHH0 emHOcTi [IBM. Ilpore He3Hauyna
KUTBKICTh TOp y amiana3oHi 1,65-1,85 uM npussonuts 10
pi3Koro cmaay WOro MUTOMOI €MHOCTI NPH HE3HAYHOMY
3pOCTaHHI  PO3PSITHOTO  CTpyMy. TakuM  YHHOM,
3MIHIOIOYM BIJHOIIEHHS MacH aKTHBYIOUOTO areHra
(oprodocdopHa KuCIOTA) 0 MacH BHXiAHOI POCIUHHOI
CHUPOBMHM, MOXXHAa BIUIMBATH Ha pO3MOJLI 1Op 3a
po3mipamu IIBM, mo B CBOWO uepry J03BOJISIE
KOHTPOJIIOBATH HOTO TUTOMY €IIEKTPOEMHICTb.

Bucunoskn

3a [aHUMH TEPMOTPaBIMETPUYHUX JOCIIKEHB

pi3KOTO cChagy Mach TIpU 3POCTaHHI TeMIepaTypH
MOPIBHAHO 13 BHUXITHAM MaTepialioM, IO 3yMOBIICHO
OTHOYACHOIO B33aEMOJIEI0 KHUCIOTH 13 COpOOBaHOIO
BOJIOIO, TEMIIEN0I0300 Ta JirHiHoM. Optodocdopra
KHCJIOTa CIpHUs€ 3HEBOAHECHHIO BUXITHOTO MaTepiany, o
MPHU3BOANTE IO 3MEHIICHHS TEMIIEpaTypH Aerpamarii
MaTepiany, 30UIblIeHHS Macu orpuMaHoro IIBM ta
CIIpHUsi€ YTBOPEHHIO HOT0 MOPUCTOI CTPYKTYPH.

IMpu 3pocranni Y Bim 0,25 mo 1,25 dopmyerses
BYTJICIIEBUH MaTepian 3 MiKpOTIOPUCTOIO CTPYKTYpPOIO Ta
cymapauMm o6’emom mnop g0 0,86 cm’r, a mpm
nojajgbuIoMy 30UIbIIeHHI Bix 1,25 1no 2 yTBOPIOIOTHCS
Me3omopu po3MmipoM 5-50 HM, mo craHOBIATE 75 %
3arajbHOTr0 00’eMy HOp.

3’sicoBaHo, 10 HakonuueHHss emHOCTI B EK
BinOyBaeThcs 3a paxyHok (opmyBanns IIEII na mexi
PO3ILTY  EJCKTPOJ/CNICKTPONIT ~ Ta  IICEBJOEMHOCTI.
Maxkcumansaa emHicTh cucteMu IIBM/KOH gocsraerscs
IpH  BUKOPHUCTAHHI  MIKPONOPHCTHX  BYTJIELEBUX
MmatepianiB  C075-C125 i3 HE3HAYyHOIO YacCTKOIO
TPAHCHOPTHUX ME30MOp, SIKi BOJIOIIIOTH PO3MNOIIIOM IIOP
y Mexax 1-3 Hm.
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The effect of orthophosphoric acid on energy-intensive parameters of porous
carbon electrode materials

Wasyl Stefanyk Precarpathian National University, lvano-Frankivsk, Ukraine, volodymyr.mandzyuk@pnu.edu.ua
2V.1. Vernadskii Institute of General and Inorganic Chemistry of the NAS of Ukraine, Kyiv, Ukraine

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.

Keywords: porous carbon material, activating agent, specific surface area, pore size distribution, specific
capacity, electrochemical capacitor.
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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
0
H Hi

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
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Fig. 5. FTIR spectrum of PPTSA crystal.

1240
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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],
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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
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] I 1
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Fig. 6. Absorption spectrum of PPTSA crystal.
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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.

T
540 550

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.

51



K. Balakrishnan, S. Sakthy Priya, A. Lakshmanan, P. Surendran, Karthik Kannan, P. Geetha, G. Vinitha, etc.

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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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;
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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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Mertonamu Teopii (YHKIIOHATY €eNeKTpOHHOI TrycTuHd Ta ab initio mcesmomnoreHmiany po3paxoBaHO
IIPOCTOPOBI PO3IIOIIIM I'YCTUHH BaJEHTHHUX €JICKTPOHIB, PO3NOAIIN I'YCTHHH €IeKTPOHHMX cTaHiB Ta KylnoHiBChKi
MOTCHINIAIM B3[IOBX BU3HAYCHUX HATPSAMKIB y MEXax MacuBiB HaHOAPOTIB [-Gaz0s3 pizHux Gopm mepepizy Ta
pO3TalllyBaHHS OJMH BiJHOCHO OJHOTO. BCTaHOBIICHI CHHEPreTHYHI BJIACTHBOCTI MACHBIB JPOTiB, BU3HAUCHA
CTYITiHb BIUIMBY IPOTIB OJMH HA OHOTO B 3aJIC)KHOCTI BiJl FCOMETPHYHUX MApaMETPiB IX B3aEMHOTO PO3TAIIyBaHHS
B MAcHBi Ta eNEKTPOHHI XapaKTEPUCTHKH MACHUBY APOTIB SIK €HMHOTO I[iJIOTO.

KmrouoBi caoBa: [-Ga:Os, MacuBM HAHOAPOTIB, (YHKI[OHAT eNeKTpoHHOI rycTuHH, ab initio
[ICEBIOMOTEHIIAN, PO3MOAIT TYCTHHH BAJCHTHHUX €JCKTPOHIB, PO3IMOIUT TYCTHHH EJIEKTPOHHHX CTaHiB,

KynoHiBchKkuii MOTEHIIAN, CHHEPT€THYHI BIACTHBOCTI.

Iooano oo peoaxyii 10.10.2022; npuisinamo do opyxy 17.02. 2023.

Beryn i nocranoBka 3axavi

HanoTpyOKHM Ta HaHOIPOTH HA CHOTOMHI YCIIIIHO
BHPOIIYIOThCA 3 pi3HOMaHITHHX MatepiamiB [1-16] i
NIPUBEPTAIOTh YBAary 3aBISKH CBOIM ME30CKOIYHAM
¢dazam, sAKi 3a0e3MeUyrOTh X HOBi ()i3WYHI BIACTHUBOCTI
IUTA 3acTOCYBaHHsS y mpuctposix [17]. Bymm 3pobnewi
3yCWIISl sl BUTOTOBJIEHHS HaHOTPYOOK Ha OCHOBI -
Ga 03, ane HaHOTPYOKH, Tpo siKi moBimomsssuiocs [18],
OyJu TepeBa)KHO HEBIOPSAKOBAaHUMH a00 HAXHMJICHUMHU.

BupouryBaHHs BEJIMKOMACIITAOHUX MaTpulb
IIIHAPUYHUX ~ CTPYKTYp Ha ocHOBi [-Ga0z 3
OJTHOPIZIHOI0 MOP(QOJIOTIEI0 BCE MIe € BEIHYE3HOIO
npobaemoro. Ha 1ieit MOMEHT € HebaraTo MOBiJOMIICHB
PO BUTOTOBJICHHS MacuBiB HaHOAPOTIB B-GayOs nuisixom
TPaBICHHs IHAYKTHBHO 3B’s3aHOI0 mmiasmoro [19-27];
CHHTE30BaHi 3 BUKOPHCTAHHJIM TEXHIKM XIMIYHOTO
OCaDKEHHS 3 MapoBoi (a3u 3a JOmoMororw BogHio [28];
MOHOKJIIHHI, BEPTHUKaJbHO OpIEHTOBaHI HAHOAPOTH [3-
Ga;03, mo oTpuMaHi TiIPOTEPMAIBHUM IILIIXOM 1
Bignanei [29] (puc. 1).

s { /

Puc. 1. 300paxeHHs CKaHYBJIFHUM €JIEKTPOHHUM MiKPOCKOIIOM IIPH BETUKOMY 301bIICHHI BEPTUKAIHHO
BUPIBHSHHUX MacuBiB HAHOAPOTIB B-Ga O3, BUpOIIEHUX Ha MiAKIAIII CKJIA 3 TIOKPUTTSAM OKCHIY OJIOBa 3
Jominkamu Gropy (371iBa - BUIIIS 3BEPXY), Ta MONEPEYHUI epepi3 MackBY HaHOAPOTIB (cripasa) [29].
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Jxkoncorn Tta iHmi [30] yZOCKOHAUIMIH METO
BUPOIIYBaHHA «Iap-piluHA-TBEPAE TLIO» Ui CHHTE3Y
HaHOAPOTIB 3 OKCHAY iHII0, OKCHIY Tallif0 Ta OKCHIY
OJIOBa MUISXOM BHKOPHCTAHHA XIMIYHOTO TPaHCIIOPTY
napiB i3 HAHOYACTUHKAMM 30J10Ta K KaTaTi3aTopaMu. Im
BIAJIOCS CHHTE3YBaTH MOHOKPHCTANIIYHI HAHOJPOTH
nmiamerpoM 40-100 HM Ta gosxuHOM moHax 10-100
MIKpPOH.

Auxanaini Ta i [31] mpoanaitizyBaiu XapakTepHy
CTPYKTYpYy Ta Mopdoutoriro HaHoapoTiB B-Ga.03 moxo ix
3actocyBaHHs s Y®-doromerekropiB. Hanongporu
MaloTh BEJHMKY IUIONLYy IIOBepXHI, MaJllii Jaiamerp,
BHYTpPIIIHE pO3CIIOBaHHA Ta BHCOKHH KOeQillieHT
¢orompoBigHOCTI, MmO  MOXe  go3BomuTH @ YD-
¢doromeTekTopaM Ha iX OCHOBI JOCSATTH BHCOKOI
9yTIMBOCTI. TakoX HAHOAPOTH MiHIMI3YIOTh BIUINB
eeKTiB PEeIIiTKA Ta TEIUIOBOI HEBiAIMOBIMHOCTI ITi Yac
Ipouecy  pocry, IO  CIpPOILye  BHUPOOHHIITBO
BHCOKOITPOYKTUBHUX NPHUCTPoiB. KpiM TOTO, OJHIEIO 13
mepeBar BUKOPUCTAHHS  HAHOAPOTIB €  3/aTHICTh
MOCHITIOBATHU MOTJIMHAHHS CBIT/Ja Ta 0OMEXYBaTH CBITIO
JUTS T ABUIIICHHS CBITIOYYTIMBOCTI.

3aBIsSIKM  CBOIM  CTPYKTYPHHUM OCOOJNHMBOCTSM 1
MOTEHIIIMHAM  e(peKTaM KBAHTOBOTO OOMEXKEHHS Y
HaMiBIPOBITHUKOBUX HAHOAPOTaX Ta HAHOTPYOKax
peanmizyroThcs  yHIKaNbHI  €NEeKTPUYHI Ta ONTHYHI
BinactuBocti. Mett Jloy Ta inmi [32], Xao LI3en Ta iHmmi
[33] BBa)KAIOTh, 11 (0} mi HAITiBIIPOBITHIKOBI
HAHOCTPYKTYPH € BaKJIMBUMH €IEMEHTAMH B IIHPOKOMY
Jiana3oHi HEepPCHEKTUBHUX 3aCTOCYBaHb JUIs
HAHOPO3MIPHUX IIPUCTPOIB 3aBASKU IXHHOMY LIMPOKOMY
Jiarna3oHy KOMIIO3MIIM 1 30HHUX CTPYKTYyp. IloTouHi

JOOCIIDKEHHS ~ 30CEepeMXKeHI  Ha  paliOHAJIbHOMY
CUHTETUYHOMY KOHTPOJII OJIHOBUMIPHHX HaHOPO3MIpHHUX
OyniBeTBHIX 0JI0KIB, HOBIH XapaKTepUCTHII

BJIACTUBOCTEH 1 BHUTOTOBIICHHI IPHCTPOiB Ha OCHOBI
HAaHOAPOTSHUX OyHiBeNbHHUX OJOKIB, a TAKOX IHTErparii
HAaHOAPOTSHUX EJEMEHTIB y CKIAaIHIH (QYHKIIOHATBHIH
apXITEeKTypi.

HeoOxigHe BceOiuHE pPO3YMIHHA CHHEPTETUYHOTO
3BS'3Ky CTPYKTYpHOI MOPQOIIOTii MaCHBIB HAHOIPOTIB [3-
Ga;03 3 eNeKTPOHHMMH BJIACTHBOCTSIMH MacuBy B
mitomy. Hama pobora mnpHCBSUeHA  YHCENbHOMY
BU3HAYCHHIO XapaKTEPUCTHUK EJEKTPOHHOI IiJICHCTEMHU
MOJIeNIbHUX MacuBiB HaHOIpoTiB B-Ga,0Os; pizHOro
mepepizy Ta TeoMmeTpii ymakyBaHHS. OCHOBHUMH
METOJaMH  JIOCHTI/DKEHHsT Oynu  Teopii  QyHKuIioHAITy
€JIEKTPOHHOI TycTUHHM Ta ab initio nceBgonoreniiany. 3a
JIOTIOMOT0I0  aBTOpPChKOi mporpaMu [34] po3paxoBaHO
IIPOCTOPOBI PO3MOAUIN T'YCTUHH BaJIEHTHUX EJIEKTPOHIB,
PO3IIOIITN T'YCTHHY €JIEKTPOHHUX CTaHiB Ta KyJloHIBChKI
MOTEHIIaJIM B3/I0BK BU3HAYCHUX HAINPSIMKIB Yy MeXax
MacHBY HaHOJPOTIB.

I. Metoau Ta Moae i 00UHCICHHSA

Po3paxyHKoBHIi KOMIT'IOTEpHHH €KCHEPHUMEHT i3
MEPIINX MPHUHIUIIEB OYJI0 BUKOHAHO 33 aJITOPUTMOM, IO
onucano y pob6orax [35-37]. OckibkH aJTOPUTM
pPO3paxyHKy TiependadyaB TPaHCHAMIMHY CHUMETPII0 B
JIOCHI/DKYBaHIH aTOMHIM CHCTeMi, CIOYaTKy Oyna
CTBOpPEHA INTyYHA CyIeprpaTka OpTOPOMOIYHOTO THIY.
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CuMetpisi cymeprpaTkd 03BOJsIa CTaBUTH JlekapToBy
CHUCTEMY Y BIIMTOBIAHICTH 10 KpucTanorpadigaoi. O0'ekTH
JOCIIIKEHHS] BU3HAYAIIN MTapaMETPH OAUHUIHOT KOMipKH
cymeprpatku Ta  aroMHOTO  Oasmcy. OO'exTamm
po3paxyHKy Oynn HECKiHYCHHI MAacHBH HAHOIPOTIB [3-
GayO3 pizHOrO miaMeTpy, OJHAKOBOI BHCOTH, DPi3HHX
¢dopm mepepizy: IMIIHAPUYHOI Ta TNapajernorpaMmHoi.
Po3ramoByBanucss IpoTH OAWMH BiJHOCHO OJHOTO 3
JIOTPUMAaHHSM NPSIMOKYTHOT CUMETPIi.

Bu3zHauanucst OCHOBHI CTaHM MiJICUCTEMHU BaJICHTHUX
CJIEKTPOHIB ~ MOJIEIbHUX  MAacHBIB  HAaHOJPOTIB  3a
JIOTIOMOT'0I0 CaMOY3T'0JI’KEHOTO PO3B'si3Ky piBHsIHb KoHa-
[llema y mokampHOMY HaOMKeHHI TpH (piKcoBaHMX
aTOMHUX OCTOBaX. Po3paxyHKH TPOBOIMINCH 3a
HACTYIIHAX YMOB: IHTeTpyBaHHS IO 30HI bpmiroena
IITYYHOI cymeprpaTku 0yJo 3aMiHEeHO po3paxyHKoM y I'-
TOYMi; iTepamii caMOy3TOKEHHS MPUIMHSUIUCS, SKIIO
pe3yIbTaTH PO3PAaXyHKY IOTOYHOI iTepamii 30irammcs 3
MOMEPEIHBOI0 13 Hamepel 3aJaHol0 MOXHUOKO, IX
KiNBKICTE 3MiHIOBajacs B 3alIEXKHOCTI Bij 00'exTa, IO
obunciioBaBcs, aje, 3a3BUYald, Halll pe3yJbTaTh
30iramucs micis 3-6 itepairiii; XxBuiboBi QyHkiii Kona-
lema Oyrtu 3anmcani y Qopmi ¢yHkuii brioxa,
PO3KIageHnX 10 0a3ucy IUIOCKMX XBHIb; KUIBKICTh
IUTIOCKUX XBWJIb Y PO3KJIAAI XBHIHOBOI (DYHKIIi ypi3amn
IUITXOM TPOOHHUX PO3PaxyHKIB Ta OIHKH (Pi3UIHOCTI
OTPUMAaHUX  pPe3yibTaTiB  (TIPOCTOPOBHH  PO3MOILI
CJIEKTPOHHOI ~ TYCTMHM, BEJWYMHA  PO3PHBY B
EHEPreTUYHOMY EJICKTPOHHOMY CIIEKTpi MiX OCTaHHIM
3alHSATAM CTAaHOM 1 MEpIIMM He3alHATUM, 3arajibHi
YSIBJICHHSI [IPO MOJIEJIbOBaHY HAHOCTPYKTYPY abo OliHKa
OTPUMAaHUX pe3yJbTaTiB y TOPIBHSIHHI 3 Pe3yJIbTaTaMHy,
OTPUMAaHUMH IHIIUMH aBTOPaMH), KUIBKICTb IUIOCKHX
XBWJIb BHOMpaiy npubin3Ho 20-25 XBUIIb HA OJJUH aTOM
0aszucy; aroMHHH 0a3Wc HE ONTHUMI3yBaBCs; B3aEMOJIis
BAICHTHUX  €JIEKTPOHIB 3  10HHUMH  OCTOBaMH
00poOIsIIACS 3 BUKOPHCTAHHSIM TICEBIONOTEHIIANY 13
nepmmx npuHOUMiB bedenera-Xemenna-1llnerepa.

JocmimkyBanucs CHHEPTeTUYHI BIIACTHUBOCTI
€IIeKTPOHHOI  MIACHCTEMH MAacHBY MApOTIB, TOOTO
BU3HAYaBCs CTYIiHb BIUIMBY JAPOTIB OJMH Ha OJHOTO B
3aJIeXHOCTI BiJI FEOMETPUYHHUX MapaMeTpiB IX B3aEMHOTO
poO3TalIyBaHHS B MacHUBi Ta €JIEKTPOHHI XapaKTepUCTUKH
MacCHBY JPOTIB SIK €IMHOTO IUIOr0. BIUIMB MOXIMBOT
POCTOBOT MiKIAIKH MACUBY IPOTIB HE BPaXOBYBABCH.

BigmoBigHi  3HaYeHHS ~ MapaMmeTpiB  OJUHHYHOI
KOMIPKH CYyTepIpaTKH Ta KOOpAWHATH aToOMiB B 0a3nci
JIO3BOJIMJIO HAaM 3MOJICNIIOBAaTH HECKIHUYEHHI MacHBHU
npotiB B-Ga;0z. Ha Puc. 2 HaBonsThCsl 300paskeHHS Y
PI3HMX paKypcax YHCEIbHO BiJTBOPEHHMX IEPiOJUIHO
posramoBaHuX B momuHI XY  IMIHIPUYHUX
HaHOJPOTIB 3 BUCOTOIO h = 1,57 HM, pi3HUMU JiameTpaMu
2*R (0,61 abo 0,95 HM, TOHKI ab0 TOBCTi), PO3MIiJcHI
BaKyyMOM 1 pO3TalioBaHi OJWH BiAHOCHO OJHOTO 3TiJTHO
KBaJIpaTHOI CHUMETpii Ha 3MIHHHUX BiJICTaHSAX T (BiACTaHi
MIDX IIEHTPaM¥ [IWITIHAPIB HAa PICYHKY IMTO3HAUEHO 5K «@»).
JpoTn y BUIIIAII DHITIHAPA MaJIl CAMETPUIHHAN TIepepi3 —
KOJIO, IHINI THWIH JAPOTiB — MPU3MONOAIOHI — MajH
MPOCTOPOBI KYTH MDK OOMEXKYIOYMMH TpaHSIMH Ta
po3Mipu TpaHed, IO BIAMOBINAIOTH MOHOKIIHHIN
cuHroii $-Gaz0s.

[Mapamerp «c» (HampsMOK Z) OAMHUYHOI KOMIPKH
CYIeprpaTKH MigdMpanocs Tak, o0 YHUKHYTH B3a€MOJIT
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Puc. 2. ®parmMenTy HecKiHYeHHOTO MacuBY NpoTiB B-Ga;03. [TokazaHi TOBCTI HAHOIPOTHU B PI3HUX
pakypcax: 31iBa — B turonuHi ZY, cupasa — B miommuHi XY. Cipi chepu — atomu Ga, 6ii cepn — aromu O.

MDX aTOMaMH MacHBY HAHOJPOTIB, IO TPAHCIIOIOTECS Y
HampsMKY Z, TOHAI SIK B3aeMofis y HampsMmkax X, Y
BusiBIsuiacs. KinmpkicTh atomiB y 0as3uci ckiamama uis
TOHKHX JPOTiB IIJIIHAPAYHOI Ta MPU3MONOIOHOT hopM —
60 arowmiB, U1 TOBCTHX IUIiHApHYHOI (opmu — 120
aTOMIB.

Il. Pe3yabTaTH Ta ix 00roBopeHHs

JUis  BU3HAYEHHS  KUIBKICHHX  XapaKTEepUCTHK
B3a€EMOJIi MK HaHOAPOTAMH B MAacHBI 3a PaxyHOK
JABHOMIMHMX ~ENIEKTPUYHUX CWJI OyJaM po3paxoBaHi
KynoHiBCbKI ~ mOTeHLianu, 1HAYKOBaHI BaJICHTHUMH
€JIEKTPOHAMHM, B3JIOBX PI3HHX HAaNpsSMKIBYB MacHBax
HaHOAPOTIB (puc. 3). O3HAKOIO TOTO, 10 B3AEMOJIS MiX
€JIEKTPOHHOIO  MIJICHCTEMOI0 IIPOBOJIB 3HUKAE, MU
BBa)KaJIM PIBHICTh HyJeBi KyJOHIBCBKOro moreHmiany B
00JacTi Mix IpOTaMH.

BcranoBneHo, 1m0  B3aeMOJist  MDK  JIpOTaMH
LITHAPUYHOT  (OPMH  IIPOSIBISIETHCS, HOYMHAIOYH 3

—

BifgcTaHi Mi>k HUMH Bix 0,71 HM A7 TOHKHX IPOTIB, Bif
0,37 um i ToBCTHX (pHC. 4-5).

CrocTepiramocss O4YEBHIHE 3pOCTaHHS 3HAYCHb
KynoHIBCHKUX MOTEHIialiB, IHIYKOBAaHUX €IEKTPOHHOIO
MiICUCTEMOI0, KOJIM JPOTH B MAcHBi HAaOJIKaIUCS OANH
m0 omHoro. Ilpu 1bOMY 1€ 3pPOCTaHHS IHTCHCHBHIIIE
BiIOyBasIOCsS JUIsl TOHKUX JApOTiB. CXOXKICTh XapakTepy
3MiHd KyJoHIBCBKMX NOTEHIadiB, IO pO3paxoBaHi y
pI3HMX HampsMKax MacHMBY IWIIHAPHYHHUX JPOTIB, Ta
OMM3BKICTh 1X YHCENBHHUX 3HAYEHb CBIQYUTH MPO
I30TPONHICT E€JNEeKTPUYHUX BJIACTUBOCTEH MacuBy, a
Jiesika BIIMIHHICTb TIOB'S3aHa 3 HENPaBHJIBHUM KOJOM Y
mepepizi JpoTy Ta 3 Pi3HUMH 3a TUIIOM aTOMaMH, SKHMH
BUKJIaieHa OOKOBa HOTO MOBEPXHs. 301IbIICHHS 3HAYEeHb
KyJ1oHIBCHKHX TOTEHILIANIB, iHIYKOBAHUX EJIEKTPOHHOIO
MiICKCTEMOIO Ta TpomopuiHuX ii rycTuHi 3apsgy, B
o0jacTi MiX JpOTAMH KOPENOE 31 3MCHIICHHSIM
IHTEHCHBHOCTI ~ NPOCTOPOBUX  PO3MOAUIIB  T'yCTHHHU
BaJICHTHHUX CJICKTPOHIB BCEPEAMHI APOTIB, OCOOIMBO, I1€
MMOMITHO B MaCHBI TOHKHX APOTiB (puc. 6).

o
D

oy

OX

Puc. 3. HanpsimMku B310BX MacUBiB TOHKHMX (3J1iBa) Ta TOBCTUX (CIpaBa) HAHOAPOTIB JUISl pO3PaXyHKY
KynoniBcpkux notennianis Ta ix noznaueHHs: OX, OY. Hapenena onnHNYHA KOMipKa 3 €JIEKTPOHHOIO TYCTHHOIO
MaKCHMAaJIHOTO 130-3HaYCHHS, 1[0 MICTHTh OJHH APIT; ONepallis TPAHCIISMIA, 0 3aiTHa B AITOPHTMI PO3PaXyHKy
peatizye HecKiHUeHM MacuB ApoTiB y mwiomuHi XY. HaBeneHi npuximaam OTpIMaHNX NOTEHIIaTbHUX PO3IIOIITIB.
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I. HM

Puc. 4. 3nauenns KynoHIBCRKHX MMOTEHINIAIIB, pO3PaXx0BaHUX MOCEPEANHI MK APOTAMH Ha BKa3aHUX Ha pHC.2
HanpsMKaxX y MacHBi TOHKHX JIPOTIB, B 3aJI€’KHOCTI BiJ BiICTaHI Mi>K HMH.
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—e—Bich OX 3,195 2,783 2.359 1.977 1.645 1.323 1.001
=--=Bics OY 2.181 1.825 1.475 1.141 0.842 0.554 0.291

I, HM

Puc. 5. 3nauenns KynoHiBCbKHX NMOTEHIIANIB, PO3PaXOBaHUX IOCEPEIMHI MIXK IPOTaMH Ha BKa3aHHUX Ha pHC. 2
HanpsMKaxX y MacuBi TOBCTHX JPOTIB, B 3JIE)KHOCTI BiJl BIICTaHI MK HUMH.

0,21 am 0,31 am 0,37 am 0,47 am 0,58 am 0,68 HM

Puc. 6. [IpocTopoBi po3mnoiyiv T'yCTHHH BaJICHTHUX €JIEKTPOHIB B iHTepBai i30-3Hauenb 0.8-0.7 Bix
MAaKCUMAaJIbLHOI'O B MacHBl TOHKUX ApOTiB B-GayO3 npu 3miHi Biacrani mixk Humu Bixg 0,21 am 10 0,68 HM.
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CBig4eHHAM HasIBHOCTI CHHEPTETUIHOTO
(KOIIeKTUBHOTO) €(pEeKTy B EJIIEKTPOHHHUX BIIACTUBOCTSIX
MacHBY OJIM3BKO PO3TAIIOBAaHUX TOBCTHX IpOTiB -Gax0s
€ 3MEHIIICHHS MUPHHHA eJIeKTPOHHOI 3a00pOHEHOT 30HH. A
caMme, JaleKO pO3TAallOBaHI OAWH BiJ OJHOTO IPOTH
JIEMOHCTPYIOTh BJIACTUBOCTI TOOIMHOKOTO KIiacTepa i
MaloTh 3HA4yHy WUpUHY 3abopoHeHoi 3oHuM (HOMO-
LUMO) — 61u3bko 180 eB. Toxi sik 6:113bK0 pO3TalIOBaHi
JIPOTH  JIEMOHCTPYIOTh  BIJIACTUBOCTI  BIIOPSIIKOBAHOI
B33a€EMO/III0Y0T METACTPYKTYPH 1 3HAUHO MEHIIUI po3mip
3abopoHeHoi 30Hu — 61m3bK0 40 eB (puc. 7). [Ipu upomy,
XapakTep 3MiHM BEIMYMHH 3a00pOHEHOi 30HM NpHU
3MEHIIICH] BiZICTaHI MiX IPOTAMH € MOHOTOHHHM.

IIlo crocyeThcs MacuBY TOHKHX IPOTIB, TO XapakTep
3MiHA BEJMYMHHU EJIEKTPOHHOI 3a00pOHEHOI 30HH B
3aJISKHOCTI BiJl BIICTaHI MiX IPOTaMH € HEMOHOTOHHHM,
i mpu Bimcrami Mk HmMH Oimg 0,50 BHM BenuumHa
3a00pOHEHO1 30HM Oyna HalOIbIIo. Pemra oTprManux
3HAa4YCHb OyMu Maibke Ha MOPSAAOK MCHIIMMHU HIXK IS
MacHBY TOBCTHX JPOTIB (puc. 8).
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MacuBaM NPU3MOMOIIOHUX IPOTIB, MO OOMEXeHi
rpaHsAMH, XapaKTEPHUMH MOHOKTiHHIN cuHToHil B-Ga,03,
MIPUTaMaHHI aHI30TPOIHI E€JEKTPUYHI BIACTUBOCTI, TaK
K, TO-TIepIIe, IUIOIIA MOBEPXHI B3aEMOMIIOYUX TpaHeH
IpOTiB-TIpu3M y HanpssMKy OY B 4OTHpH pasu OibIna HixK
y HanpssMKy OX Ta, mo-apyre, po3TalioBaHi IPOTH OIIH
BIZTHOCHO OJTHOTO 3Ti/JHO NPSIMOKYTHOT, ajie He KBapaTHOI
cumerpii (puc. 9). Leit ¢pakT BigOMBaeThCS Ha po3NOAIIax
KynoniBcbkux notenmianiB (puc. 10-11). A came, Bci
PO3MOITH Pi3Hi 32 POPMOIO Ta PI3HATHCS 32 BETHMYHHOIO.
[Tpu npomy, ouikyBaHa Oinbla iHTEHCHBHICTD B3a€MOJIT
MDK TpaHsMH JpOTiB, IO MalOTh OWNbIIY IUIOILy, HE
cnpasmiacs. Hapmaku, MiXk IUME TpaHSIMH (QiKCyBaIHCs
HOTEHLIaJI MEHIIO] BEIUYUHH, 110,

MaOyTh, BH3HA4aJoCsi HE3aBEPLICHUMH ATOMHHMHU
3B'SI3KaMU, KOTpi OyJIM aKTUBHINIAMH Ha TPaHIX MEHIIO1

0.29
I, HM

Puc. 7. 3ayiexxHiCTh IIMPUHU €JIEKTPOHHOI 3200POHEHOT 30HU BIOPSAKOBAHOT METACTPYKTYPU — MACHUB TOBCTHX
npotiB B-GaO3 mumiHaAprIHOT OopME — BiJ BiICTaHI MiX TPOTaMH.
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Puc. 8. 3anexHICTh IIMPUHA SICKTPOHHOT 3a00POHEHOT 30HH BIIOPSAAKOBAHOI METACTPYKTYPH -MAaCHB TOHKHX
1npotiB B-Ga,O3 nuninapuaHoi hopMHU — Bia BiIcTaHl MK IDOTAMH.
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CHHepreTHYHI BIACTUBOCTI MacHBiB HAaHOAPOTIB B-Ga,03

Puc. 9. HanpsimMku B3710BXX MacuBiB MPU3MOIIOJIOHMX HAHOAPOTIB, 110 OOMEXEHI TPaHsIMH, XapaKTEePHUMH
MOHOKJIHHIH cuHroHii $-Ga 03, 11 oduncnenns KynoHiBchkux noteHnianis Ta ix nozHayenHs: OX, OY.
CumBosamu «a», «b» mo3Ha4yeHi BiICTaHi MK IPOTaMH.

V, ar.ox

B e
-

0.5

1.81 1.84 1.87 1.89 1.92 1.95 1.97 2.00 2,02 2,05 2.08 2.10 2,13 2.16
—e—Bich OX 3.691 3,352 3.067 2,734 2461 2,259 2.024 1.783 1.56 1.384 1.175 0.995 0.82 0.618
=--=Bic OY 0.699 0.78 0.865 0.95 1.033 1.077 1.12 1,225 1.301 1.369 1.428 1.502 1.556 1.647
a,. HM

Puc. 10. 3nauenns KynoHiBCbKUX MOTEHIIANIB, pO3paX0BaHKUX MMOCEPEANHI MK IPU3MOIIOIIOHUMH JPOTaMH Ha
BKa3aHMX Ha PHC. 9 HaNpsIMKax y MacuBi, B 3aJIe)KHOCTI BiJl BiZICTaHi Mk HUMH. BificTaHp «a» Mix ApoTamMu
3MiHIOBaJacs, BiIcTaHb «D» Oyna 3adikcoBaHa Ha Benu4uuHi 1,8 HM.

V. aron

-1

-2
0.89 0.92 0.95 0.97 1.00 1.03 1.05 1.08 111 1.13 1.16 1.18 1.21 1.24

——BicE OX 3,691 3.807 3.948 4.033 4.078 4,189 4301 4.401 4.505 4.683 4.804 4.891 4.983 5.108
--==-BicbOY 0,699 0.561 0.366 0.219 0,082 -0.073 -0.192 -0322 -0453 -0.575 -0.708 -0.809 -0.903 -1.014
b. BM

Puc. 11. 3nauenns KynoHiBCbKUX MOTEHLIaNIB, pO3paXx0BaHKUX MMOCEPEANHI MIX ITPU3MOIIOAIOHUMY JPOTaMH Ha
BKa3aHUX Ha pHC. 9 HANpsIMKaX y MacuBi, B 3aJIe)KHOCTI BiJl BiACTaHI Mixk HUMU. Binctaup «b» Mix mporamu
3MiHIOBaJAacs, BigcTanp «a» Oyna 3adikcoBana Ha BeiaudyuHi 0,9 HM.
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mwionii, Tobto y Hampsamky OX. Illogo BemmauH CTYITHb BIIMBY APOTiB OJMH Ha OJHOTO B 3AJIEXKHOCTI Bi]
€JICKTPOHHOI 3200POHEHOT 30HNU MaCHUBY IIPU3MOIIOAIOHNX TEOMETPUYHHUX MMapaMeTPiB iX B3a€EMHOTO PO3TAITyBaHHSI
IpoTiB, TO iX B 3aJEXKHOCTI BiA BIICTaHI MiX € B MACHBI Ta €JIEKTPOHHI XapaKTePUCTUKHA MACHUBY JPOTIiB
HEMOHOTOHHOIO. AK egmHOro  mimoro. Macuu gpotiB  [-Gax0s

MUTIHAPUYHOT GOpPMH Ta GLNBIIOTO JiaMeTpy BUSBISIOTH
OiMBII KOHTPONMBOBaHI Ta (I3UYHO apTyMEHTOBaHI

BucHoBkHu CHHEPIreTUYHI eJIEKTPOHHI XapaKTePUCTHKU HIXK MacuBU
JPOTIB LWIHAPUYHOI (GOPMH MEHIIOro JiaMeTpy Ta
MetomamMu  Teopil  (QyHKIiOHAYy  €NEKTPOHHOI PU3MOIIOAIGHOT (POPMH.

ryctuau Ta ab initio mceBnomMOTeHITIATY PO3paXOBaHO
MIPOCTOPOBI PO3MIONUIA TYCTHHH BAaJICHTHUX EJICKTPOHIB,

PO3MOALIN TYCTUHH €NIEKTPOHHUX CTaHiB Ta KynoHIBCHKi Banabain P.M. — noxtopka (i3.-Mar. Hayk, mpodecopka
MOTEHITiaT B3[I0BXX BHU3HAYCHHUX HAIPSIMKIB y MeXaxX Kadenpu Qi3uKK Ta METOAWKH ii HABYAHHS;

macuBiB HaHOApOTiB B-Ga;03 pisnux dopm mepepisy Ta  Haymenko M.B. — cryaentka PhD, kadenpa dizuku ta
pO3TallyBaHHS OJWH BIMHOCHO OJHOTrO. BcraHOBICHI METOIWKH ii HABUAHHSL..
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R.M. Balabai, M.V. Naumenko
Synergistic Properties of p-Ga.Os Nanowire Arrays

Kryvyi Rih State Pedagogical University, Kryvyi Rih, Ukraine, nikemar13@gmail.com

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
other is determined depending on the geometric parameters of their mutual location in the array The electronic
characteristics of the array of wires as a whole are determined.

Keywords: B-Ga203, nanowire arrays, electron density functional, ab initio pseudopotential, valence electron
density distribution, electron state density distribution, Coulomb potential, synergistic properties.
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Beryn
OnrtuyHi ras3oBi ceHcopu Ha OCHOBI
PIAKOKPHCTAITHIX Yy TJINBUX CJIEMCHTIB €

MEPCIICKTHBHUM ~ HAMPSMKOM JOCITIDKEHHS B Traiysi
eneKTpoHiku Ha choroaHi [1-3]. Taki ceHcopH MOXYTH
BHSBIISITH PEUYOBHMHH B Ta30MOJIOHOMY CTaHi, 30Kpema
ra3su-MapKepH IMaTOJOTIYHUX CTaHIB, a TAKOX IUTy HU3KY
OpPraHiYHHUX PEYOBHH, MEPEBUIICHHS KOHIICHTPAIl KX
Ha BUPOOHHUIITBAX € HEJOMYCTHMHUMH.

CnupTtH, 30KpeMa METaHOJI, €TaHOJ Ta 130IPOTaHoII,
sIKi OyJI0 TOCIIIKEHO, € JIETKO3aMUCTHMU, Oe30apBHUME
Ta JIErKOPO3YMHHHMHU y BOJi PEUOBHHAMH. IX OCHOBHE
3aCTOCYBaHHsI MPUITAJa€ HA MEIUYHY Ta XIMIYHY Taiysi,
TaKO)XK MOJKJIMBE BUKODUCTAHHS B SKOCTI manmBa. Yci
Ha3BaHI PEYOBHMHH € PI3HOK MIPOK TOKCHYHUMH JUIS
JFOJICBKOT0 opraHizmy[4, 5].

Tak eranon mMoxe OyTH NpHCYTHiN y cymimm rasis
BHIUXY  JIIOAWHA Ta  CIyryBaTH  OioMapkepom
MMaTOJIOTIYHUX CTaHIB, HAWOUIBII SBHUM 3 SKHX €
aJKoToNIbHE  CIT sHiHHA.  KpiM  Toro  BHMiproBaHHS
KOHIIEHTpAIlil €TaHOJTy MOXe OyTH HEOOXiTHUM i1 B IHIIIHX
rajgys3six, Hanpukial, Ha XIMIYHUX BHPOOHMLTBAX,
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CIIUPT3aBOJAX, TOILIO.

MeTtaHOT B CBOIO uepry € OUIbII TOKCHYHHM 3a
€TaHOJI, TOMY TIPEJICTABIISIE COO00 OlNbIy HeOe3neKy st
mrofed  [5]. BumiproBaHHs #0oro KOHIEHTpamii Ha
BUPOOHHUITBAX TAKOXK € BAXKIIMBUM, KPIM TOTO 32 PAXyHOK
PIAKOKPHCTANIYHOTO  YYTJIMBOIO  E€JIEMEHTY, MOJKHa
OTpUMaTd  MOXJIMBICTH  DPO3PI3HATH 32  BUJIOM
XapaKTepUCTUYHHUX TpadikiB METaHOJ Ta eTaHoid. Taka
MOXIIMBICTH MOXE CTaTH B HaroAi JUisl BHSBJICHHS
HESIKICHOTO aJIKOTOJIIO, JIe JIOPOXXYMH €TaHOJI MOXKe OyTH
3aMiHEHO METaHOJIOM.

Jliist IpoBeJICHHsI BUIlle3a3HAaYEHUX BUMIPIOBaHb, Ha
CBOTOJIHI B OCHOBHOMY BHKOPHCTOBYIOTH METOJU
xpomarorpadii Ta Mac-criekrpomerpito [6, 7]. Lli Mmetoau
MOTPeOYIOTh IMPHUCYTHICTH KBaJli(PiKOBAHOTO IEPCOHAITY
JUIA TIPOBEACHHS BUMIpIOBaHb, 3aTPaTHI B IJIaHI Hacy, a
TaKO)X  THOTPeOYIOTH  CHELialTi30BaHOTO  JOPOTOro
oOnasHaHHs. BIipoBayKeHHS! HOBHX TEXHOJIOTIH aHaii3y
cymimn ra3iB BUAMXY U TPOBEAEHHS J1arHOCTHKU
XBOpOO OOMEXyeTbCsl Ha ChOTOJHI HH3KOIO (haKTOPiB,
30KpeMa YyTJIMBICTIO /10 NEBHUX PEYOBUH Ta BiIHOCHOIO
YHIBEpCaJIbHICTIO CEHCOPIB.


mailto:yurii.m.kahcurak@lpnu.ua
mailto:samoilovisma@gmail.com
mailto:igor.kohut@pnu.edu.ua

HeniniiiHi 0co6aMBOCTI Epexoty piAKOKPHCTAIIYHOT CyMillli B i30TPOIHUK CTaH ITijl Ai€l0 MapiB CIUPTIB

I. YyrauBuii ejieMeHT

B mpoBeneHoMy JOCHiKEHHI YYTJIMBUI €JIEMEHT
ONITHYHOTO ceHcopa NIPE/ICTABIISE coboro
PIAKOKpHUCTAIIYHY XOJIECTEPUKO-HEMATHYHY CYMIII, IO
CKJIQJIa€ThCsl 3 HEMAaTHYHOro pigkoro kpucramy E7 Tta
aktuBHOl momimku CB15 [8]. KingbkicHO, MpUCYTHICTH
ONTHUYHO aKTHBHOI JOMIIIKH B cymimti ckianae 37%. Taka
KUTBKICTh XOJIECTEPUTHOI TOMIIITKH JO3BOJISE CYMillli Oy TH
cTabinbHOIO Ta 1o0pe pearyBaTé Ha 3MiHY KOHIIEHTpAIii
PEYOBHHHU-aHANITY B HABKOJIUIIHEOMY CEPEIOBHIII.

BusHaueHHs HasBHOCTI Ta KOHLEHTpamii mapiB
CHHPTIB B JOCIIKYBaHOMY 00’€Mi IPYHTYETbCS Ha 3MiH1
ONTHYHMX BJIACTHBOCTEH PIAKOKPUCTAIIYHOI CyMimIi mix
JIEI0 aHAIITY.

AmHai3z B3aeMOJIil CITUPTIB, K BEJIMKHX Ta MOJIOHUX
MDK CO0OI0 CTPYKTYpHO OpraHiyHMX MOJEKyd 31
PIAKOKPHCTANIYHOID CYMIIIIIIO YYTIHMBOTO EIIEMEHTA
OMM3pKUI 0 B3aeMomii MOAIOHOTO CeHcopa 3 TapaMu

aneTony[9].
CupTH € TOX1THAUMH BYTIICBO/IHIB, B MOJICKYJIaX SKHX
omMH abo  gJexiIpKa  aToOMiB  BOJHIO  3aMiHEHO

rigpoxcmisaIMHA Tpynamu -OH. KnacudikyBatu crimpta
MOYKHA 32 KiJIBKICTIO HAasBHUX TiJIPOKCHIBHHUX TPy — Ha
OJTHOATOMHI, 1BoaTOMHI Ta Garatoatomsi [10, 11]. Tak, B
JnaHii  poOOTI B  SKOCTI JIOCHIPKYBaHUX PEYOBUH
NpPE/ACTAaBICHI ONHOATOMHI CHUPTH —  METHJIOBHMH
(CH30H), etunoruit (C2HSOH) Ta i30mpormniioBuii
(CH3CH(OH)CH3).

CrupTH BUSIBIITIOTH CITAOKi KHCJIOTHI BIIACTHBOCTI,
Taki BJIACTHBOCTI OOYMOBIICHI BHCOKOIO IOJISIPHICTIO
3B’SI3KY B TiIPOKCHIBHIA Tpymi. [loNspHICTE MOJEKYI
CHOMPTIB  MOXXHa  OXapaKTepH3yBaTH  TUIOJIbHUMH
MOMEHTaMH, TaK ETHJIOBHH CITUPT MA€E TUTTOIbHAI MOMEHT
1,68 1, metuioBuii ciupt — 1,69 J1, i3onpormninosuii ciupt
— 1,66 1] [12, 13].

Tak, po3risinaroun pinkokpucraniuny cymim E7, sika
CKJIQJIa€ThCSl 3 HYOTUPHOX PI3HUX, IPOTE MOAIOHHX 3a
CTPYKTYPOIO PIIKOKPHUCTAIIYHUX PEUYOBHH — MOXITHUX
mianoGideninis  (4-ankin-4-nianoGideninm), MoxeMo
BBaXATW ii ONHOPITHOIO, TaK SK Oynob-ska crenugidHa
B3a€EMOJIiI MDK pI3HUMH KOMIIOHCHTAMH BiICYTHS.
3araipHa CTPYKTypa Ta BIICOTKOBHH cKian cymimi E7
NIpUBENICHO Ha pHcC. 1.

CHﬁCHﬁ;@—C%CEN

51% 5CB
25% 7CB CHa{-CHz)b—@—Qca\l
16% 8OCB CHﬁCHz}T—CEN

8% 5CT (:Hsfc:H24 O O C=N

Puc. 1. PigxokpucraniyHi pEYOBHHH, IO MICTATHCA B
cymimrni E7 Ta iX BiZICOTKOBE CITiBBiTHOIICHHS.

OnTUYHO-aKTUBHA JIOMiIIKa X0JIECTEpPUYHOTO
pinkoro kpuctamy CB15 wMae 3arambHy CTPyKTypy
noxiony a0 ckmanosux cymimn E7 [14]. A came, CB15
Binpi3HseThcst Big SCB 3amiHOI0 pajuKkaia MEHTWI Ha
pO3TaNyXeHUIH 2-METWIOYTHII 3 aCHMETPUIHUM aTOMOM
BYTJICLIO, 3aBISKA 4YOMY, BOHA IHIYKye CIHipaibHe
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3aKpydyBaHHS B CHUCTEMi, MpPOTE ICTOTHI 3MiHHU B
Opi€eHTAIIIHTHOMY BIOPSAKYBaHHI HE CIOCTEpiraroThes. B
IIOMY BHKOPHUCTOBYBaHA PiIKOKpHUCTadiuHa cymim E7
ta CB15 Moxe BBaXaTucs SIKICHO OHOPigHOI0. ToOTO

OTPUMYEMO  XOJICCTEpPHMYHY MATpULIO, IO  MOXKe
B3a€EMOJIISITH 3 MOJICKYJIaMH CITHPTIB.
IMpouec 3MiHH ONTHYHUX XapaKTepUCTHK

PLIAKOKPHCTAIIYHOT CYMILIi HiJl JI€0 CHUPTIB IPYHTYETHCS
Ha 3MiHi KPOKY X0JIECTEpHYHOI CIipaji IpH B3aEMOIi, 10
omnucyetbes BupazoM (1). [lanuii Bupa3 BinoOpaxae 3MiHy
KPOKY XOJIECTEPHYHOI CITipaii B IEPIIOMY HAOIKESHHI.
pt=py (1 —w) +kw(l—w) +pg'w €y
[Momampmuiéi  OPUHIMIT — B3a€EMOMIi  COUPTIB 3
PLIKOKPHCTAIIYHOIO CYMIIIIIIO aHAJIOTIYHUH, B3aeMOIIT 3
arieroHoM[ 15]. Taxk, mpu miBHUIIEHHI KOHLEHTpALii mapiB
CIHPTY Ta JOCSATHEHHI TMEBHOI KPUTHYHOI KOHIICHTPAIII,
napaMeTp OpIEHTAIIHOTO TMOPSAKY PiAKOKPUCTAIIIYHOT
CyMIIlI 3HUXKYETHCS IO IIOPOTOBOTO 3HAYECHHS, MICIIsl YOTO
BiZIOyBa€eThes mepexij cyMilr B i3otponHy (da3sy [16-18].
3BopoTHIK (hazoBHI Tepexin BiAOyBaeThCS aHAIOTIYHO
NpY 3MEHIICHHI KOHIEHTpALil MapiB CIUPTY, B TaKOMY
BUIIQAKy CIHOCTEPIraéMO  BIHOBIECHHS MOYaTKOBOTO
KONBOpPY  piakokpucramigaoi cymimi. Ili  mpomecn
BiJOOpaXkaroTh 0a3mc, KU MOKIAJACHO B OCHOBY POOOTH
MOJAHOTO PiIKOKPUCTATIYHOTO OITUYHOTO CEHCOPA.
Takox Ha OCHOBI IOMEPEIHIX JOCIIIIB aHAJOTTYHUX
CEHCOPIB, MOXKHA 3pOOUTH BHCHOBOK IIPO T€, LIO 3MiHHU 3
4acoM B Tporeci abcopOii BUNapyBaHUX PEYOBHH SKiCHO
OJTHAKOBI JUISl BCIX TPhOX KPUBHX KOJBOPY Ta IEBHOIO

MIpOI0  BiJIOOpaXarTh 3MIiHH CTYIEHIO ONTHYHOTO

nponyckarHs [19-21]. Ili 3MmiHEM npuiiMaemo 3a

AHATITHYHAN KPUTEPiH Mil CIUPTIB.

Il. ®oronioanmii npuMay IS
BU3HAYCHHSA Hepexizumx
XapPaKTePUCTHK YyTJIHBOIO

PIAKOKPHCTAJIYHOIO eJIeMEeHTY

Bu3HaueHHS IHTEHCHBHOCTEH TpPHOX CHEKTPAIBHIX
CKJIa[IOBHX Ta TOAaiblIa 1moOymoBa TpadikiB mepexomry
P1IKOKPHCTANIIYHOTO YYTIMBOTO €JIEMEHTY B i30TPOITHHMA
CTaH MPOBOMUTHCS 32 JONOMOIOI0 IPUHMAIBHOTO
¢doromiognoro moxyns TCS3490([22].

OCHOBOIO TpHAiMaya € CErMEHTOBaHMH KpPYTOBHH
dboTogiomHUI MOAYNb, MO CKIAMAETBC 3 16 OKpeMHxX
toromioniB. ITo 4 ¢doromiomn Ha KOXHY CHEKTPaIbHY
CKJIaJIOBY, - YEPBOHI, 3eJieHi, CHHi Ta iH(ppadepBoHi (puc.
2).

KokHa crekTpanbHa CKJIaJ0Ba IOCITYyTrOBYETHCS
OKpEMHUM aHaJIoroBO IM(POBUM KOHBEpTEpOM. Bucokmit
IUHAMIYHMK miamas3od, 1mo ckmagae 1 mo 1000000 Ta
MIBUAKO/ISL JO3BOJISIIOTh BHKOPHUCTOBYBAaTH MOJYJIb IS
BUMIPIOBaHHS DIBHIO HAaBKOJIMINHBOTO  OCBITJICHHS,
BU3HAYEHHS  KOJIPHOI  TemIiepaTypH,  KOHTpOIIO
MIPOMUCIIOBUX MPOIECIB Ta MEAWIHOI JIarHOCTHKH.
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Puc. 2. Burmsag Ta 3aragpHa CTpyKTypa (HDOTOUYTIHBOTO
enementa TCS34903.

CrekTpanbHi  XapaKTEPUCTHKH MOIYJIA  IILJIKOM
3aOBUTHHI [UII OTPUMaHHS TEPEXiTHUX XapaKTePUCTHK
PIAKOKPUCTATIYHOTO YYTIMBOTO EJIEMEHTY. 3arajbHi
CHEKTpaJbHI XapakTEpPUCTHKHU NPUHMAIbHOTO MOMIYJIS
IIPUBEJICHO Ha pHUC. 3.
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Puc3.  CrexrpambHi  XapaKTepPUCTHKU
¢dortomiomnroro Moy TCS34903 [22].

NIPUHMAIIBHOTO

B naHoMmy BHINIagKy AJIs MPOBENCHHS JOCIIJOKCHHS
3HIMAEMO TPH CIEKTPANBHI CKIAHOBi. [H(ppadepBoHMIA
CIIEKTP HE BHUKOPUCTOBYEThCS, Yepe3 3HAYHO MEHIIY,
ONMM3BKO CTa pa3iB, OTPHMaHy IHTEHCHBHICTb, MPOTE B
LiJIOMY [TOBTOPIOE THIIOBHN BHIJIA Ta XapaKTePUCTHYHI
TOYKM IHIIMX TPhOX CKJIAJOBUX. IHINI CKIagoBi Ta
3arajbHy CTPYKTypYy amapaTHOi YacTHHHM CEHCopa
npuBeeHo B poboTi [9].

1. ExcnepuMeHTAIbHA YaCTHHA

[IpoBeneHi BHUMIprOBaHHS 3MiHH 1HTCHCHBHOCTEH
MPOIYCKaHHSI ONTHYHOTO PiJKOKPHUCTAIIYHOTO CEHCOpa
A Ti€f0 Pi3HUX CIHUPTIB, TAKOXK ITOKA3aJ CXOXICTH 3
aHAJIOTIYHUMH OCTIHKEHHSIMU B3aeMoIil
PIAKOKPHCTAIIYHOTO CEHCOPa 3 alleTOHOM.

Tak, mocmia 3 eTaHOIOM, PE3YJIbTATH SIKOTO MPUBEACHI
Ha puc 4, 5 4iTKO Bi3yani3yloTh HEpeXiJHi MpoLecH, 10
BiZIOYBAIOTHCS B UyTJIIMBOMY €JIEMEHTI.

B 3aranpHOMYy MOXXEMO CHOCTEpiraTH JeKijbKa
TUIIOBHUX JAUISHOK TP TEPEXoJli YyTJIMBOTO EIEMEHTY B
i30TponHuii ctaH. Tak nepia qistHKa npeicTaBisie co00k0
TIOB1IbHE HAPOCTAHHS IHTEHCUBHOCTEH IPOITYCKaHHS BCiX
TPBOX CKIJIQJIOBHUX CIIeKTpy. Jlpyra AiisHKa HpeacTaBiisie
c00010 MK TpUrep, 10 BKa3ye Ha MOYATOK iIHTEHCHBHOTO
Mepexoay CyMimi B i30TPONHUHM CTaH, NpPH IHOMY
IHTEeHCHUBHOCTI IIPOITyCKaHHS CIIOYaTKy JIE110
3HIKYIOTBCSA, OCOOJIMBO JJIi YEpBOHOI  CKJIAIIOBOI.
Hactymaa ninsHka BimoOpakae CTpIMKHH mepexin Ta
30UIBILEHHS] IHTEHCHBHOCTEH IPOITyCKaHHS, OCOOJIMBO
JuIsl 3e1eHOi Ta OnakuTHOi ckiagoBux. HacTymHuid mik
BiZoOpa)ka€ MOMEHT I0YaTKy 3BOPOTHBOT'O HpOLECy Ta,

BIJIMOBIIHO,  TIEpPEXO0Iy
MMOYATKOBUM CTaH.

YyTJIMBOTO  EIEMEHTY B
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Puc. 4. KpuBa 3MiHM iHTCHCHBHOCTI NPOIYCKAaHHS YYTIIHBOTO
PIIKOKPUCTAIIYHOTO  €JIEMEHTY IiI Ji€l0  eTaHoly 3
KoHIIeHTpattieto 0,5 mi1.

Jns BimoOpaxeHOTO Ha PHUC. 5 TOCITITY 3 TiABUIICHOO
J0 1 MIJI KOHIEHTpAI[€ ETHJIOBOrO CIHPTY MOXKHA
CIOCTEpIraTH HEBEJIHKE 3MCHIICHHS Yacy MPOXOKCHHS
Mepexoay. Kpim LBEOT0 MIPUCYTHS ocobauBa
XapaKTepUCTUYHA TOYKA, MO 3’SBJLIACH B JOCTIIaX 3
aI[eTOHOM, a caMe IMEePECiueHHs IHTCHCUBHOCTEH 3€IeHOT
Ta OJIAKUTHOI CKJIAIOBUX CIEKTPY.

80000

55000

50000 —

45000 o

40000 o

35000 -

IHTEHCHBHICTL NpOMNYCKaHHA

30000

o] 5(‘)0 10‘00 15‘00

Yac BUMipHOBaHHA, C
Puc. 5. KpuBa 3MiHM IHTEHCHBHOCTEH TMIPOITyCKaHHS IS
YYTJIMBOTO PiJKOKPUCTAIIYHOTO EIEeMEHTY MiJ| i€l eTaHOIy 3
KOHIIEHTpaIli€ero 1 ML

B3aemoisi 3 METHIIOBHUM CITUPTOM, SIK BUIHO Ha pUC.0,
€ 3HayHO CHalIIol0 — HE3BAKAIUM Ha OuIbIIy
KOHLEHTpailo (2 M), peecTpOBaHi 3MiHM IHTEHCUBHOCTI
MPOIYCKaHHSA 1CTOTHO MEHIII, i O3HAaK 3MiHH (a30BOro
CTaHy HE CIIOCTEePIraeThCA.
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Puc. 6. I'padix 3MiHM IHTEHCHUBHOCTEH IPOITyCKaHHS
PIIKOKPHUCTANIYHOTO YYTJIMBOIO EIEeMEHTY IMpH B3aeMOAii 3
HapaMy METHIIOBOTO CIUPTY, KOHLEHTPALIE0 2 MIL.

HacrymnHoto B 06°eM ceHcopa 0yI1o MOMIIIEHO CyMill



HeniniiiHi 0co6aMBOCTI Epexoty piAKOKPHCTAIIYHOT CyMillli B i30TPOIHUK CTaH ITijl Ai€l0 MapiB CIUPTIB

METHJIOBOTO Ha 130TPOTHIIIOBOTO CITUPTY B MPOTIOPIIisX SO BHCHOBKH
Ha 50. Peakmis maHoi cymimii Onu3pka 10 B3aEMOJil
YYTIMBOTO  EIEeMEHTy 3  CTHUJIOBUM  CITHPTOM.
KonmenTparis cymimi B mochimkeHHAX ckiagama 0,5
(puc. 7) Ta 1 mx (puc. 8).

B pesynbTaTi MpoOBENCHOTO JOCTIKCHHS B3a€MOJIIT
TPbOX TMPEJCTaBHUKIB CIHPTIB 3 PIAKOKPUCTATIYHUM
YYTJIMBAM €JIEMEHTOM OTPUMaHO Pe3yJbTaTH, L0 100pe
KOPEJIOIOTh 3 IOIIePEeIHIMH JOCHIPKEHHAMU. BinHocHO
HHM3bKa B33a€MOJIS METHJIOBOTO CIHPTY 3 YYTJIHBUM
SJIEMEHTOM CEHCOpa MOXKe KOMIICHCYBATHCS HarpiBom
CIHPTY TIepe] MOMIIICHHSAM B BHMIPIOBAIBHUN 00°eM
ceHcopa. 3arajoM TpH B3aEMOAii 31 CHHPTaMHU
piAKOKpHCTamiyHa CyMiml Ha OCHOBI Hematnka E7 Tta
xonecrepuka CB15 noka3sye nemio ripury 4yTiauBiCTb, HIX
NP B3a€MOZIT 3 alleTOHOM.

[HIIMM BaroMuM pe3yJIbTaTOM € ITiATBEPKESHHS
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40004 3 HepexiZl piIKOKPUCTANIYHOI CyMillli B i30TPONMHUIN CTaH.

: o oo P Ha BigMiHy BiJi IPOTHO30BaHOTO JIHIKHOTO NEPEXony, 3

Uac, ¢ IIBUJIKOI0  CTPHUOKOMOIIOHOI0  pEakIi€el0o  YyTIMBOTO

Puc. 7. Tpadik mnepexomy B i30TPONHMH CTaH YyTJIMBOIO CJACMCHTY LIpH JIOCATHEHHI KPI’.IFEHIIH@ KOHHeHTpaH.ﬁ

piﬂKOKpHCTaJTi‘IHOFO €JIEMEHTY i miero CyMlI_Hl METHJIOBOI'O Ta PCHOBHHHU aHAIITY, MH BKEC B IPYI'1A CEP11 CKCIICPUMCHTIB

i30MPOITHIIOBOTO CIIMPTIB 3 KOHIEHTpaLiero 0.5 ML OTpUMAlll YiTKy pEakIifo pO3TATHYTYy B dHaci, 3
XapaKTePHUMHU TOUYKAMH.

9000 - OTpuMaHi pe3ynbTaTH IyXe CXOXKi Ha TPOSB TaK

3BaHOi, «OIaKUTHOT bazm» BUKOPHUCTAHO{

5000 ] pimkokpucramiuoi  cymimi  [23-25].  Tlomepennso

BCTAHOBJICHO, M0 «OmakuTHA (hasay i1 JCSIKHX
PIIKOKpUCTANIIYHUX CyMillleil B INepeBaXkHid OLIbIIOCTI
MPOSIBISIETHCS MiJ] AI€I0 TEMIIEPATYPH, @ HE TP B3aEMOIIT
3  OTOYYIOUHUMH pPEYOBHHAMHM, MPOTE JOCIIIKCHHS
npooBxkyI0ThCs [26]. Tlomanbini JAOCHiKeHHS OyayTh
COpsSMOBaHI Ha BCTAHOBICHHS BIATIOBIAHOCTI MiX
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° 500 1000 «OmakutHy  Gdaszy» WA Ji€l0  TeMmIeparypu, Ta
ke OTPUMaHNUMHM NEPEXOJaMH MPH B3AEMOJII 3 pEUOBUHAMHU

Puc. 8. I'padix mepexomy B i30TPONHHI CTaH YyTIHBOTO
PIAKOKPUCTAIIYHOTO ENIEMEHTY IIiJ II€I0 CyMillli METHIIOBOTO Ta
130IPOITMIIOBOTO CITUPTIB 3 KOHIEHTpALi€ro 1 MII.

aHAIITAMH.

Mukumwoxk 3. — npod., TOKTOp (I3UKO-MaTEMaTHIHUX
HayK;

Bapuno I'. — npod., TOKTOp TEXHIYHUX HAYK;

Kpemep I. — no1ieHT, KaHAUIAT TEXHIYHUX HAYK;
Kauypax FO. — actipaHT;

Camoiinog 0. — [OCHIHUK, KaHAWAAT (i3UKO-
MaTeMaTHYHHX HAYK;

Kozym I. — ipo@., TOKTOp TEXHIYHUX HAYK.

PesynbraTu BUMIpIOBaHb CITIBITAJAIOTh 3
OYiKyBaHHSIMU Ta BIiITOBIIAXOTH AHAJIOTIYHUM
pe3ysbTaram, 10 MPOBOAMIKCS 3 IHUIMMH OpraHiYHHUMHU
PO3YMHHHUKAMHU, 30KPEMA, - AIIETOHOM.
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Nonlinear features of the transition of a liquid crystalline mixture into an
isotropic state under the action of alcohol vapors
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The work of an optical sensor for determining the concentration of alcohols, in particular methanol, ethanol and
isopropanol, based on a liquid crystal sensitive element, was studied. The sensitive element is a mixture of cholesteric
liquid crystal CB15 and nematic impurity E7. The detection and reaction of the sensitive element to the presence of
alcohol vapors is investigated.
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CJIeKTPOKIHETHYHI,

JocmimkeHo — CTPYKTYpHI,

eHepreTHYH1

Ta MAar”iTHI  BIACTUBOCTI  HOBOT'O

HaIiBIPOBiTHUKOBOTO TBepaoro po3unty LuixVxNiSh, x=0-0.10. [Toka3ano, mo atoMi V MOKYTh OZHOYACHO ¥

pI3HHMX CIIBBIIHOIIGHHSAX 3aiiMaTé pi3HI KpucTanorpadiyHi MO3MLil,

TeHEepPYIOUH CTPYKTYpHi IedeKTH

aKIenTopHOi Ta JoHOpHOT nmpupoau. Ile mopomkye y 3a60poHeHii 30Hi &g LU1-xVxNiSb BiIMOBiIHI aKIIENTOPHI Ta
JOHOpPHI 30HH. BcTaHOBIEHO MexaHi3M (OpMYBaHHS [BOX aKLECMTOPHUX 30H 3 PI3HO TIMOWHOK 3aisTaHHs:
NpibHA AKLENTOPHA 30HA &A%, yTBOpeHa AedeKTaMy MpH 3aMilieHHi y nosuwii 4c atomiB Ni Ha V, Ta 30Ha eal,
mopoikeHa Bakaucissmu y crpykrypi LUNiISD. CriBBigHomieHnHs KoHIeHTpanii reHepoBaHuX Ie(eKTiB BH3HAYA€e
nonokeHHst piBHA @DepMi ¢F Ta MexaHismMu mposimHocTi. Jocmimkenuit TBepauit po3unH LuixVxNiSb e

MIEPCIICKTUBHAM TEPMOEIEKTPHIHNM MaTepiaIoM.

Ki1r04o0Bi ci0Ba: HamiBIPOBITHHUK, €IEKTPOIPOBIIHICTh, KOS(DILlIEHT TEpMO-epc, piBeHb Depmi.

Tooano oo peoaxyii 09.08.2022; npuiinamo oo opyky 16.02.2023.

Beryn

[IpencraBnena poboTa NPOJOBXKYe Hporpamy
MIOLIYKY HOBHX TEPMOCJICKTPUYHHUX MaTepialiB Ha OCHOBI
da3 nis-T'eiicnepa (ctp. Tum MgAgAs, mip. rpyna F43m
[1]). Binomo, 1o TepMOeNeKTpHYHI MaTepiany Ha OCHOBI
¢a3 miB-I'eiiciepa BONOMIIOTH BUCOKOIO €(EKTUBHICTIO
NIEPEeTBOPEHHSI  TEIUIOBOI  €Heprii B CJICKTPUUHY.
TepmoenexrpudHa J0OPOTHICTD Z JUIsi OKpEMHUX 3pa3KiB
TBEpAMX PpO3YMHIB Jocsirae 3HaueHb ZT ~1,4 3a
temnepatypu 7=800 K [2], mo Bigmosimae kpammm
MTOKa3HUKAM TEPMOCIEKTPHYHUX MaTepiajiB Ha OCHOBI
TeNypMIB, KIATPaTiB, CKYTTEPYAUTiB Tomo (Z=a? olx, ne
0 — TIUTOMA EJICKTPOTPOBITHICTh, ¢ Ta kK — KOe(DillieHTH
TEPMO-EPC Ta TerIonpoBigaocti) [3].

JocmimxeHHs CTPYKTYpPHHUX, KiHeTHYHUX,
€HEepPreTHYHNX Ta MAarHiTHUX BJIACTHBOCTEH
HATIBIPOBITHUKOBUX TBEPIMX PO3YHMHIB 3aMIIICHHS Ha
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ocHOBI (ha3 miB-I'eiiciepa, 30kpemMa, Ha OCHOBI CIIOJIYK
RNiSb (R — Y, Gd-Lu) [4-11], no3Bojsie 3pO3yMiTH
MPUPOAY TPOIECIB TepeHocy. AJDKE ONTUMI3allist
KIHETUYHUX XapaKTEePUCTUK TEPMOEIEKTPUIHUX
MaTepialiB s MIIBUIIEHHS e(heKTHUBHOCTI
MEPEeTBOPEHHS  TEMJOBOI  €HEeprii B  ENEeKTPHYHY
3MIHCHIOETBCS  BIANOBITHUM JIeTyBaHHAM a3 IiB-
Ieiicnepa moHOpHUMHU 1/a00 aKIENTOPHUMHU TOMIIIKAMH
[12].

Y poborax [4-11] moka3aHO, IO KpHUCTaTiyHA
crpykrypa a3 miB-I'eiiciepa RNiSb e nedpekrHoro. ¥V
KpucTanorpadidyHnx no3uuisx 4a aromiB R ta 4c aromis
Ni npucyTHi BakaHcii, SKi BUCTYNAIOTh CTPYKTYPHHMH
nedexramu aknentopHoi npupoan. HasBHIicTh BakaHciit
MOpOKye vy 3aboponeniit 30Hi &g RNiSh Bimmosimay
aKIENTOPHY 30HY &al, IO TIPOSBIAECTHCS TONATHUMH
3HaueHHAMHU Koedimienra Tepmo-epc a(7). Posyminns
0COOJIMBOCTEH TIPOCTOPOBOTO PO3TAIIyBaHHS aTOMIB Yy
By3Jlax eJeMeHTapHoi komipku ¢a3 mi-I'eiiciepa RNiSh,
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30KpeMa, CTYICHIO 3alHATOCTI KpHcTanorpadigHux
MO3UIIIH, JO3BOJISIE 3pO3YMITH Tporiecu Tpanchopmariii
KPUCTATIYHOI 1 EJIEKTPOHHOI CTPYKTYp Ta MEXaHI3MH
€JIEKTPOIPOBIAHOCTI IPH YTBOPEHHI TBEPANX PO3UHHIB.
Tak, yBeneHHs O CTpyKTypH ¢a3u miB-Ieiicimepa
LuNiSb atomis Sc (3d*4s?) nuisxom 3aMilleHHs y O3
4a atomiB Lu (5d'6s?) opHouwacHO TeHepye Y
Lu;xScyNiSb, x=0-0.10, pi3ui ctpykrypHi aedekru [9].
Ockinbku atomu Lu Ta Sc posramoBani B oxHiil rpymi
[epioguynoi cucTeMH  XIMIYHHX  CJIEMEHTIB, TO
3aMillleHHs y mo3uii 4a atoMiB Lu Ha atomu Sc reHepye
CTPYKTYpHi Ae(eKTH HEUTpasbHOI NMpUPOAU. Y BHIAIKY

3aiHATTS aroMaMH SC BakaHCIH y mo3umii 4a
JMKBIAYIOTBCS ~ CTPYKTYPHI  Je(eKTH  aKIenTOPHOL
MPUPOAX, TIOPOKeHI BaKaHCISIMH, Ta TEHEPYIOTHCS

nedeKTH JTOHOPHOI MPHUPOAM 1 3 SBISETHCS BiATIOBiIHA
JIOHOpHA 30Ha ep’. IIpuuoMy, 3a KoHueHTpauiil x > 0.07
KiJbKicTh JOHOPIB ¥ LU1xSCxNiSb 3pocrtae y ~2 pasu
mBuanie, Hix Ha nustHOl x = 0-0.07. Opnak 3a ycix
KOHLEHTpaliil piBeHp DepMi &r exuTh y 3a00pOHEHIM
30HI &g OISl BaJICHTHOI 30HU &y, a AIPKH € OCHOBHHMH
HOCIIMH CTpyMy. 3alHATTS aroMaMud SC BakKaHCIii
CYNPOBOJ/IKYETBCSI TaKOK HE3HAYHUM pPOCTOM Mepioay
eneMeHTapHol komipku a(x) LuixScyNiSb.

VY BUmDAmKy YBENCHHS OO CTPYKTypH (asu IiB-
Ieiicnepa  LuNiSb  maiimeHnmoi B  eKkcrmepuMeHTI
KOHIeHTpawii atomis Zr (4d?5s?), x =0.01, moseninka
KIHETUYHUX XapaKTEPUCTHK IPUHIMIIOBO BiAMiHHA, HIX
npu yBenmeHHi atomiB Sc [10, 11]. Meramiuamii (He
aKTHBAalIIiHUIT) XapakTep IOBEOIHKH TeMIEpaTypHHUX
sanexxkHocreir muromoro omopy p(T,x) Ta Bim'emHi
sHaueHHs koedimienta repmo-epc a(T,x) LuixZrkNiSh 3a
yCiX KOHIIEHTpaliil aToMiB ZI cBig4arh, 110 piBeHb Depmi
&F TIEPETHYB PIBEHb IMPOTIKAHHS 30HU MPOBIIHOCTI &c.
Taka ToOBeniHKa KIHETHYHMX Ta  CHEPreTHYHHX
BJIACTUBOCTEH 3YMOBJICHA HACTYITHUMH 3MiHaMH Yy
KPHUCTaTiIYHiH Ta eNEKTPOHHIN CTPYKTypax:

— 3aMimeHHs y no3unii 4a aromiB Lu Ha atomu Zr
reHepye CTPYKTYpHi Ie(eKTH NOHOPHOI MPUPOIHM, LIO
noB’si3aH0 3 OutbiiuM uucioM d-enektpoHiB Zr. [pu
bOMY Y 3a00pOHEHIN 30HI &g 3’ ABIAETHCS JOHOPHA 30HA
eot;

— 3alHATTA atroMamu Zr BakaHcid y mo3umii 4a
OJTHOYACHO JIKBIAYE CTPYKTYpHi Je(eKTH akluenTopHol
MIPUPON, TIOPOKEHI BaKaHCisIMH, Ta TeHepye AedexTn
JIOHOPHOi TMPUPOAM Ta JOHOPHY 30HY &p’. 3aiHATTS
aTomMaMu  ZI  BakaHCii  CYIPOBOJUKYETbCS — TaKOXK
HE3HAaYHUM  30UIBIICHHSAM  Mepiofy  eJeMEeHTapHOI
KOMIpKH a(x) 3pa3kiB LuiZrNiSb.

Y  naHOMy KOHTEKCTI IIKaBUMHM  BHJIAIOTHCS
JIOCIIIIPKEHHS, KOJM 10 CTPYKTypH (as3u mis-Ieiciepa
LUNiSb Gyme yeemeno aromu V (3d%4s?) msxom
samimennss y mosumii 4a atomie Lu. A priori mu
ouikyBanm, sk i y Bumaaky LuiZrNiSh [10, 11], ua
reHepyBanHs y ctpyktypi LuixVxNiSh, x=0-0.10, murre
neheKTiB TOHOPHOI MPUPOAH, OCKUIEKH aToM V BOJIOJIE
GinbiuM wnciiom d-enexTpoHis, Hixk Lu. 3 iHrmoro 60Ky,
atomuuii pagiyc V (rv=0.134 um) € Habarato MEHILHIA,
HiK LU (r=0.173 HM) i O1M3bKHI 10 aTOMHOTO pamiycy
Ni (rni=0.125 um). Le Moxe OyTH NepeayMOBOKO OilbII
CKJIaJIHUX CTPYKTYPHHX 3MiH y LU1xVxNiSb, noB’s3annx
3 MOXJIMBUM YaCTKOBUM 3aHHATTSIM aTroMaMu V HO3UIIT
4¢ nUIIXOM 3ailHATTS BakaHCiM 1/a00 3aMilleHHs aTOMIB
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Ni. OctaHHE MOXKE TIPUBECTU JIO0 TeHEpYBaHHS Je(PEKTiB
aKIEeNTOpPHOI ~ NPHPOAM, MO B  CKCIIEPUMEHTI
BiOOpa3WUThCS MONATHUMH 3HAYCHHSAMH KoedilieHTa
tepmo-epc  a(T,x). VYV BHUNAAKax TBEPANX pPO3UHHIB
LuixScxNiSb  ta LuixZrNiSb 3aifHaTTs aromamu
gomimok SC (rsc=0.164 um) Ta Zr (rzz=0.160 HM)
KkpucTanorpadiqaoi nmo3uuii 4¢ 0yJI0 HEMOXKJIMBUM 4Yepe3
3HAYHY Pi3HUIIIO 3 ATOMHHUM pajaiycoM Ni.

HaBeneni  HmwKue  pe3yiabTaTH  JOCIIKSHHS
CTPYKTYPHHUX, KIHETUYHHX, CHEPreTUYHUX Ta MAarHITHUX
BJIACTHBOCTEH HAIIBIPOBIHUKOBOTO TBEPAOTO PO3UUHY
Lu;«VxNiSb, x=0-0.10, 1o3BosisATh BCTaHOBUTH (HaKTOPH,
SKi MalOTh BHU3HAYAIBHUI BIUIMB Ha KPHUCTAIIYHY Ta
CJIEKTPOHHY CTPYKTYpH. OcraHHE JI03BOJIUTH
MOJICTIOBAaTH  Ta  OTPUMYBaTH  TEPMOEIEKTPUYHI
MaTepiali 3 BHCOKOIO €(EeKTHBHICTIO MEPEeTBOPEHHS
TEIUTOBOI CHEpPTii B CNICKTPUIHY.

|. MeToauku T0CTiKeHHSA

3pasku TBepaoro pos3uuny Lui..VxNiSb, x =0.01-
0.10, roryBalmM NUIAXOM  CIUIABICHHSAM  MINXTH
KOMITOHEHTIB, 3BakeHHX 3 TouHicTIo +0,001T, B
CIeKTPOAYTOBIH Tedi 3 BONB(OPAMOBHM E€JICKTPOJIOM
(xarom) B aTMocdepi OYMIIEHOTO aproHy il TUCKOM
0,1 xITa Ha MiTHOMY BOIOOXOJIOIXKYBAHOMY TIO/1 (AaHOJ).
s roMmoreHizamii OTpUMaHi CIUIaBH 3alaloBald Yy
BakyymoBaHi (mo 1,0 Ila) xBapueBi ammynu Ta
BiimamoBaIM Yy  MyQeJIbHHUX  eJNeKTpomeyax 3
peryioBaHHAM TemrepaTypu 3 TounicTio +10 K 3a
temneparypu 1073 K Brnpogosx 720 roj 3 nogajbUIuM
rapTyBaHHSIM Y XOJIOJHIH BOII.

Jas peHTreHo(a3oBoro aHaNizy MacHBHU
JudpakmiiHUX JaHUX OTPUMAHO Ha MOPOIIKOBOMY
mudppakromerpi  STOE ~ STADI-P (Cu K-
BUIpOMiHIOBaHHs ). CTPYKTYpPHI XapaKTepUCTHKH 3pa3KiB
Lu1xVxNiSb po3paxoBaHo 3 BHKOPHCTaHHSM IPOTPamMu
Fullprof [13]. Kontpons ximiuHoro ta ha3oBoro ckiamy
3pa3KiB MPOBOJMUIIN 32 JOIIOMOTOI €HEeProJucepciiHol
pentreniBebkoi  cnekrpockonii  (E/IPC) (ckanyroumid
eneKTpoHHMI Mikpockom Tescan Vega 3 LMU).

BumiproBanus TeMIIepaTypPHUX 3aJIeXKHOCTEN
rmuromoro enektpooniopy p(7T,x) LuixVxNiSb npoBogunu
JIBO3OHJIOBUM METOJIOM B TEMIIEpaTypHOMY iHTepBai

80+400 K m©Ha 3paskax y (¢opMi TPSIMOKYTHHX
napa’ernerimne/iB po3Mipom ~1,0%1,0x5 mm3.
BumiproBanHs ~ 3HaueHb ~ KoedillieHTa  TepMo-epc

3MIMCHIOBAIM TIOTEHI[IOMETPUYHUM METOJIOM BiJIHOCHO
Migi. BumiproBaHHsS cmaay Hampyrd Ha  3pas3kax
MPOBOAMIIM TIPU PI3HUX HAMpPSIMKax eJIeKTPUIHOTO
ctpymy [2] nAns 3MEHIIEHHS BIUIMBY «IapasuTHUX»
e(eKTiB y MIiCIIX KOHTAKTiB, & TAKOXK BIUTUBY MO>KITUBOTO
p-n mepexony. IluToMy MarHiTHY CHPUHAHSTIMBICTH )
3paskiB LuixVyxNiSb BumiproBamu BiITHOCHHM METOIOM
Dapages 3a remneparypu 293 K B MarHiTHux moisix 1o
10 xE.

Il. docainxenus CTPYKTYPHHX
BaactuBocteii LuixVxNiSb

PeHTreniBchKuit (hazoBuii aHaJTi3 3pasKiB
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LuixVxNiSb, x =0-0.10, 3acBimuuB BiACYTHICTH CIifiB
nomimkoBux (a3, OKpiM OCHOBHOI (asm, sKa
iHIEeKCYeThCS y CTpyKTypHOMY THTI MgAgAs [1]. 3rimuHo
JTAaHUX MIKPO30HJOBOTO aHANi3y KOHIIEHTPAIlis aTOMIB Ha
moBepxHi 3paskiB LuixVxNiSh, x =0-0.10, simnosigae
BUXITHIM CKJIQJIaM IIUXTH.

PeHTreHOCTpYKTYpHI  JOCIHIIKEHHS TBEPAOTO
po3unny LuixVyNiSbh, x=0-0.10, BcTaHOBWIN CKJIaqHUI
XapaKkTep MOBEAIHKH Mepioy eIeMEHTapHOT KOMIpKH a(x)
3 pocToM KOHHeHTpauii aroMiB V (puc. 1). Buxomsuu 3
TOTO, III0 aTOMHUH paaiyc Lu 3HaYHO nepeBakae Takui y
V, noriyHo OyJI0 O4iKyBaTH 3MEHILECHHS 3Ha4eHb MEePioay
enemenTapHoi kKoMmipkn a(x) LuixVxNiSb mpu 3amimenni
y no3umii 4a atomiB Lu Ha aromu V. OfHaK, sIK BUIHO 3
puc. 1, Ha mingani xkoHmeHtpariit x = 0-0.03 3HaueHHA
a(x) LuixVxNiSb  3pocratoth, mpoxomsTh uepes
MakcuMyM 1 3a x>0.03 crpimko cmamaroth. [lo cioBa,
MOMIOHNH XapakTep MOBENIHKHA Mepioxy eJIeMEHTapHOi
KOMIpKH a(x) MU crocTepirand y TBepomy posunti Lui.
«ZNiSb  [10, 11] (puc. 1, BcraBka). HaspHicTs
excTpeMyMmy Ha 3ajexsocti a(x) LuixVxNiSb (puc. 1)
JIO3BOJISIE PUITYCTUTH, 10 aTOMHU V, YBE/IEH] Y MaTPHILIIO
niB-I'eficnepoBoi dazu LuNiSb, mMoxyTh omHOYacHO y
PI3HUX CITiBBiTHOIICHHAX YAaCTKOBO 3aiiMaTH SK pi3Hi
KpHucTajorpadivHi HO3UIIl, TaK i TETpacAPHYHI IIyCTOTH
CTPYKTYpH, SIKi CKJIanaroTh ~24% 00’eMy eneMeHTapHOI
Komipk [2].
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Puc. 1. 3mina nepiony enemeHTapHOi KOMipku a(x) 3
pocroMm BMmicty nomimkn y LuiVxNiSh ta LuixZryNiSbh
[11] (BepxHst BcTaBKa).

Ockineku aromumii pagiyc Ni (rni=0.124 vm) €
HaMEHIIMM Cepe]] CKJIaJOBUX KOMIIOHEHTIB TBEPJOrO
posunty LuixVxNiSb (rsp=0.159 um), pict mepioxy
eJIEMEHTapHOT KOMIipKHM a(X) Ha IiISHI KOHIIEHTpaLii
x =0-0.03 moxe OyTu CIpUYMHEHHUIl JIHIIE YaCTKOBUM
3alHATTSIM atoMaMu V Kpuctajorpadiunoi nmo3uuii 4c, a
TaKOXX BakaHCId y mo3umii 4a. Y BHUIAAKY 3aMilllcHHS
aromiB Ni (3d®4s?) na atomun V (3d4s?) y LuiVNiSb
TEHEepYIOTbCS ~ CTPYKTYpHI  Je()eKTH  aKLIEeNTOpPHOI
OPUPOAH, OCKUIBKM atoM V  MicTuTh MeHme d-
eneKTpoHiB. OHOYacHO y 3a00poneHii 30Hi LuixVxNiSh
3’BUTHCA JOJATKOBA aKLENTOPHA 30HA &x2. 3 iHIIOrO
00Ky, MOKJIMBE 3aHHATTS aToMaMu V BaKaHCIH y TO3HITI{
4c¢ TakoX TpuBeNe A0 30UTBIIEHHS 3HAYCHb IMEpiomy
enemenTapHoi komipkn a(x) LuixVxNiSb. TIpu 1pomy
3HUKAE CTPYKTYPHHH AePEKT aKIeNTOPHOI NPUPOIH
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(3HMKa€ BaKaHCif) Ta BiANOBIZHA AKIENTOPHA 30HA £al.
Atom V, 3alfHSABIIM BaKaHCIIO y TO3WIlii 4c¢, TeHepye
CTpyKTypHHUHl pmedekr noHopHOi mpupomu. OTKe,
HamiBmpoBigauk  LuisVxNiSbh, x=0-0.03, Gyme
OJHOYAaCHO MICTHTH [OHOPH Ta aKIENTOpH, a iXHE
CHIBBIIHOIIEHHS TIPH 10OHI3aIlii BH3HAYaTHME 3HAK
koedirtienta Tepmo-epc a(x,7) Ta THII OCHOBHUX HOCIIB
CTpyMy.

3MeHIIeHHS 3HaUeHb MePioJy eJIeMEeHTapHOT KOMIPKH
a(x) LuixVNiSb, mo mae wmicue 3a x >0.03 (puc. 1),
MOXE€ CIPHYMHHUTH JIMIIe 3aifHATTI aromMamu V
kpuctanorpadiqnoi nmosuuii 4a. Ilpu npomy y kpucraini
TeHePYBATUMYThCSI  CTPYKTYpHI  Je(eKTH TOHOPHOI
MPUPOAM SK TPU 3aMimieHHi aToMiB Lu, Tak i 3alHATTI
BakaHCiil. OcTaHHE JIKBigye CTPYKTYpHUH nedekt y
BUTIISIAI BakaHCiI Ta BIANOBIAHY aKIENTOPHY 30HY.
Excrpemym Ha 3amexHocti a(x) LuixVyNiSb 3a
koHIeHTparii x=0.03 € pe3ysbTaToM ABOX KOHKYPYIOUHX
NPOLIECIB y CTPYKTYpi HAaIiBIPOBIJHMKA, MOB’s3aHUX 13
OJTHOYACHUM 3aHHATTSM Y PI3HUX CHIBBIJIHOIICHHIX
aToMamu V kpucranorpadiuHux nosuuiit 4c ta 4a.

OTxe, CTPYKTYpHI JIOCIIIPKEHHS
HaITiBIPOBITHUKOBOTO TBepaoro po3uuny LuiVxNiSb,
x = 0-0.10, BKa3yrOTh, [0 aTOMH V MOXYTh OJHOYACHO Y

pizHEX CHIBBiTHOIICHHIX 3aiMaTH pizHI
KpUcTanorpadiuHi IMO3MUIii, TEHEPYIOUYH TPH LHOMY
CTPYKTYpHI JgedeKkTH mIoHOpHOi i/abo0 aKmenTopHOi
TPUPOIH.

Hameneni Bumie MipKyBaHHS CTOCOBHO 3MiH y
cTpyKTypi TBepaoro pozumHy LuixVxNiSb wa ocHOBi
MOBE/IIHKH TIEPiOIy eeMEHTapHOI KOMipKH a(X) HOCSTH
OLIIHOYHUI Xapaxrep, OCKIJIbKH TOYHICTb
PEHTTEHOCTPYKTYPHHX  JOCIHI/DKEHb  HE  JIO3BOJISE
OJTHO3HAYHO iAeHTH(IKYBaTH TPUYUHMA LUX 3MiH.
[MpencraBneni  HWK4Ye  pe3ylbTaTh  JOCIIIKEHHS
KIHeTHYHUX, CHEPreTHYHUX Ta MarHITHUX BIACTUBOCTEH
Lui«VxNiSb,  x=0-0.10, J0mMOBHITE  pe3yJIbTATH
CTPYKTYPHUX JIOCIIJKEHb, IO JO3BOJIHTH MOJETIOBATH
KPUCTAIIIYHY Ta CJCKTPOHHY CTPYKTYPH, MaKCHMAIILHO
HaOJIKEH1 10 peaIbHOI0 CTaHY PEYOBHHHL.

KiHeTHYHHX,
MATrHiTHHX

1. Jocaigxenns
eHepreTUYHHUX Ta
BiaactuBocreii LuixVxNiSb

Ha puc. 2 HaBemeHO TeMIepaTypHi 3aJ€XHOCTI
muromoro  ejtekrpooniopy In(p(1/T,x)) Ta xoedimienra
tepmo-epc  a(1/T,x) TtBepmoro posumHy LuixVxNiSh,
x=0-0.10. 3a ycix xounentpamiii LuixViNiSb Ha
TeMmepatypHux 3anexxsoctsx In(p(1/T,x)) ta a(l/Tx)
NPUCYTHI BHCOKOTEMIIEpAaTypHI aKTHBALiMHI IUISTHKA
(puc. 2). Lle € cBimYeHHAM TOTO, IO AOCHTI/PKEHI 3pa3KH €
JIETOBAaHMMH Ta KOMIIEHCOBAHMMHM HAITiBIIPOBITHUKAMHU
[14]. HasBHicTh BHCOKOTEMIIEpaTypHOi aKkTHBALil Ha
sanexxHocTsix  In(p(1/T,x)) LuixScxNiSb Bkaszye Ha
posranryBaHHa piBHSI Depmi e y 3a00poHEHiH 30HI &g.
Hs 3paskiB 3 koHmentpamismu x = 0-<0.07 piBeHb
depmi &F JIKUTHh TOOIM3Y BaJCHTHOI 30HU &y, MPO IO
CBiT4aTh AOJATHI 3HAYEHHS KoedillieHTa TepMo-epc o 3a
BHUCOKHX Temrepatyp (puc. 2). 3a konmentparii x > 0.07
piBeHb DepMi &F MEPEMICTHBCS 10 30HH MPOBITHOCTI &c,
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Puc. 2. TemnepatypHi 3anexHocti mutomoro enekrpoonopy In(p(1/T,x))(1) Ta xoeditienTa TepmMo-epc

Ha II0 BKa3YIOTh BiJ €MHI 3HaUeHHA Koe(ilieHTa TepMo-
epc a 3a BCiX TeMIeparyp.

Temmeparypsi 3anexuocti IN(p(1/T,x)) LuixVxNiSb
(puc. 2) MoxHa omucatu BizomuM Bupaszom (1) [14]:

p

)

p~N(T) = p;'exp (— %) +p;lexp (— 1)

e TEepInid BHUCOKOTEMIEPATypHUN JIOAAHOK OIUCYE
aKTHBaLil0 HOCIB cTpymMy é&P(x) 3 piBHa Depmi e y
BAJICHTHY 30HY &v, & JIPYI'Hil, HU3bKOTEMIIEpAaTypHUH, —
CTpUOKOBY TIPOBIAHICTE &P(x) 3 eHeprismu, GIM3bKAMHU
1o piBHSI PepMi er.

TemneparypHi 3anexHOCTI KoeQillieHTa TepMO-epc
a(1/Tx) LuixVxNiSb (puc. 2) onucye popmyna (2) [15]:

(£ - )

Jie Y — mapaMmeTp, 10 3aJICKUTh B/l IPUPOAN MEXaHi3My
poscitoBanHsi. Ha ocnHoBi ¢opmynu (2) 3 BHCOKO- Ta
HU3BKOTEMIIEpATypHHUX AKTHBALIITHUX JUISTHOK

_ ks
e

y+1)

87

sanexuocti o(l/T,x) po3paxoBaHO 3HAYEHHS EHePriit
akTuBarii &*(x) Ta &*(x). Y po6oti [ 12] BcTaHOBIEHO, 1110
3HAUYCHHsI eHEpriil akTuBalii £%(x) Ta &“(x) mpomopuiiiai
aMIDTTYyJl  BeJIMKomacmTaOHOT  QuykTyamii  30H
HeTepepBHUX eHepriil Ta apioHoMacmTabHol (uykTyarii
JIETOBAHOTO Ta KOMIICHCOBAHOT'O HAIliBIPOBIJHMKA. 3a
aMIDTTYJJOI0 MOXYJsLii 30H CYISITh IIpO  CTYIiHB
KOMIICHCAIIi1 HATTiBIPOBITHUKA.

IcuyBanus y 3paskax LUNiSh mexanizmy cTpubkoBoi
£3"-TIPOBITHOCTI 3a HH3BKHX TEMIIEpaTyp BKa3dye Ha
NPUCYTHICTh Yy HANiBIOPOBIAHWKY 3HAYHOTO 4YHCIA
10HI30BaHUX aKIENTOPIB (10aTHI 3HAYEHHS KoedilieHTa
TEPMO-€pC o) Ta KOMIIEHCYIOUMX JOHOPIB HEBiJOMOTO
MOXOJKEHHS, 1110 BJIacHE i 3a0e3medye CTpHOKH HOCIIB IO
JIOKQJIi30BaHUX cTaHax B okoii eHeprii ®epmi er. Ilpn
npoMy piBeHb Pepmi er y LuNiSb 3Haxomurtbcs Ha
Bincrani 10.2 meB Bij piBHS IPOTIKaHHS BaJICHTHOT 30HU
ev (puc. 3). Y Toil %e 4ac 0COONHUBICTIO TEMIIEPATYPHUX
3anexHocTe  muTomoro  enektpoornopy  In(p(1/T,x))
Lui«VxNiSb nmnst ycix neroBanux 3paskiB (x >0) €
BiJICYTHICTB HHU3BKOTEMITEPaTYPHHUX aKTUBAIITHUX
IUITHOK, a 3HA4YWTh 1 MEXaHi3My CTPHOKOBOi &3°-
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mpoBimHOCTI. MoxemMo 0auuTh, 1O Yy 3pa3kax
LuixVxNiSb, x >0, 3a HM3bKHX TeMIIEpPAaTyp 3HAYCHHS
MMUTOMOTO EJIEKTPOONIOPY p 3OINBIIYIOTECS 3 POCTOM
temrneparypu (puc. 2), MmO € XapaKTepHUM JUIs
METAJIITHOTO THUITY IIPOBiTHOCTI.

VY neroBaHMX Ta KOMIICHCOBAHWX HAIliBIIPOBIIHUKAX
MeTanizamis HU3BKOTEMIIEPATyPHOI MPOBITHOCTI
CBiTUMTH Tpo Onu3bKicTh eHeprii depmi & Ta piBHA
NPOTIKaHHS 30H HemepepBHUX eHepriit [14]. ¥V Bumaaky
neroBanux 3paskiB LuixVxNiSb, x =0.01-<0.07, Ttaka
eHepreTuyHa OIU3BKICTD TIOJIETIIIYE 10Hi3aL1if0
aKIENTOpiB Ta MOSBY 3HAYHOTO YHCJA BUIBHHMX IIPOK
BAJICHTHOI 30HH &y, 1IN0 CIPHYMHIE IEPEKPUTTS
XBIJIBOBHX (DYHKIIH JOMIIIKOBHX CTaHIB OOIU3Y €HEPTil
Depmi EF. BukopucToByroun TEePMIiHOJIOTIIO
TPATUIIfHOTO MiAXOXy IJIsi OIKCY HAIliBIPOBITHUKIB,
nepedpasyeMo  CKazaHe:  akKIENTOPHA 30HA &A%
nopomkeHa nedexkramu mpu 3amimieHdi atomiB Ni Ha
aToMu V, NEpPETUHAETHCS 3 BAJICHTHOIO 30HOI0 &y,
YTBOPIOIOYH  «XBICT», 10 BeAe OO0 MeTaizarii
MPOBITHOCTI.

3a BHUIIUX TEMIICPATYP CIOCTEPIra€ThCs AKTHUBAIISL
nipok 3 piBHsg Depmi e, KU Tenep (GiKCoBaHUIT 1HIIOKW
aKIENTOPHOK 30HOK £al, TMOPOIKEHOK BAKAHCIAMHU Y
cTpykTypi ¢a3m miB-Ieficiepa LUNiSb. L{s akuenTopHa
30Ha PO3TAIIOBaHA TIMOOKO Yy 3a0OpOHEHIH 30HI &g i
BUCOKOTeMIIepaTypHi aktuBauiiiai aimstaku In(p(1/T,x))
Lu1.«V,NiSb BinoOpakatoTs ImpoIiec aKTUBAIIi1 IPOK came
3 akuenTopHoi 30HH eal. I sxmo y LuNiSh rmmGuna
3ajaranHs piBHA DepMi & BIIHOCHO PIiBHS NMPOTIKaHHS
BaJICHTHOI 30HU &v CTaHOBUTH ~10.2 MeB, To, HampuKa,
B HamiBIpoBimHUKY LUoogVo02NiSh — Gmuseko 45 meB
(puc. 3a).

3 puc. 3a ciiaye, 10 Ha AUISHIN KOHIIEHTpallii x = 0—
0.03 enepris akTuBaii gipok &1°(x) 3 pisas Pepmi &F Ha
piBeHb TPOTIKAaHHS BaJCHTHOI 30HH &y 30LIBIIYETHCS
NpakTUYHO JIiHiMHOK. Ile  103BONsE  BU3HAYMTH
IIBUIIKICTh PYXY piBHSA DepMi & Bi BaJICHTHOI 30HU &y,
ska ckiagae Aer/Ax=16.4 meB/%V. 3a xoHIEHTparii
x>0.07 mBunkicts pyxy piBHa ®epmi e Tenep H0 piBHA
MPOTIKaHHS 30HH TIPOBITHOCTI &c (BiM’€MHI 3HAYCHHS
KoedirieHTa TEpMO-epC o) CTaHOBHTH
Aer/AX=6.1 MmeB/%V.

Ha temmnepatypHiii 3anexxHocTi koedilieHTa TepMo-
epc a(1/Tx) maniBmposigauka Luo.gsVoo7NiSb (puc. 2)
MIPOSIBIUIACS J1BI aKLENTOPHI 30HM 3 PI3HOI TIHOHHOIO
3aJAraHHs y 3a00pOHEHIH 30Hi &g, @ TAKOK JOHOPHA 30Ha,
ICHYBaHHS SIKMX MU IPHUITyCKaJIX Ha OCHOBI PE3yJIbTATiB
CTPYKTYPHHUX JOCIIIKeHb. PicT 3aexHOCTi KoedinieHTa
tepmo-epc a(1/T,x) y Temnepatypromy nianazoni 7' = 80—
190 K mokasye, mo Be 3a HU3BKUX TeMIIEpaTyp y
HamiBIpoBiTHUKY LUo.93Voo7NiSh renepyrotscs noHopw.
HasBHicTp excTpemyMy (MakCHMyM) Ha 3al€)KHOCTI
a(1/Tx) 3a remmeparypu T=190 K Bkasye, 1110 MBHIKICTH
pOCTy KOHIIEHTpAIlii iOHI30BaHWX JOHOPIB IEpeBa’kae

IIBUJKICTh  30iNBIIEHHS KOHIEHTpAIii 10HI30BaHUX
akmentopiB. OdYeBHIHO, Ma€ MiIClle BHCHaKEHHS
aKIEeNTOPHOI 30HH &al, MOPOJKEHOI BaKaHCIAMH Y

cTpykTypi (asu miB-I'eiicnmepa LUNiSb. Taka nunamika
POCTY KOHIICHTpALlii i0HI30BaHUX TOHOPIB MPUBOIHUTH JI0
3MiHM 3HaKy koedinienra Ttepmo-epc a(l/Tx) 3a
temriepatypu 7=294 K, a pict Bix’eMHHX 3Ha4YEHb
koedimieHTa Tepmo-epc B mianmasoHi 7 =294-316 K
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CBITYMTH MPO 3MiHY THUITY ITPOBITHOCTI HAITIBIPOBiAHHKA,
KOJM OCHOBHHMH HOCISIMH CTalOTh BUJIbHI €JIEKTPOHH.
Minimym Ha 3amexHocti a(l/Tx) 3a Temmeparypu
T=316 K Bkazye Ha TOYATOK i0OHI3aIlil aKIENTOPHUX
CTaHiB &%, TOpOKeHil medekTamu TIpU 3aMilleHHi
aromiB Ni Ha aromu V Ta BUCHAXCHHS TOHOPHHUX CTaHiB.
[loBTOopHa TOBHAa  KOMIIGHCAIis  HAMIBIPOBiIHUKA
LUo.93V0.07NiSb BimOyBaeTbes 3a Temmepatypu 1~ 346 K,
KOJIW Ma€ Miclie 3MiHa 3HAKy KoedillieHTa TepMO-epc 3
Big’emMHOro Ha nojatHui. [Ipm mpomy 3a Temmeparyp
7>346 K nipku 3HOBY CTalOTh OCHOBHHUMH HOCISIMH
oy .

BigcyTHiCTh 32 HM3BKMX TEMIEparyp MeXaHi3my
cTpubkoBoi  &3P-mpoBimHocTi ¥y LuixVxNiSbh, x> 0.07,
BKa3ye Ha po3raunyBaHHs piBHs Depwmi e Ha Bincrani Kg-T
BiJl piBHA NPOTIKaHHA 30HU TPOBITHOCTI &c (Bim emHi
3HaueHHs koedimienta Tepmo-epc  a(l/Tx)). Ile
NOPUBOOUTH 1O IEPEKPUTTS  XBHIBOBHX  (DYHKLIi
JIOMIIIKOBUX CTaHIB mobmm3y eHeprii Pepmi er. Y
HamiBrpoBigHuKy LuixVyNiSb, x> 0.07, 3’sBuserscs
BHCOKAa KOHIICHTpALis BITPHUX CICKTPOHIB dUepes
CIPOLIEHY 10HI3alli}0 TeHEPOBAHKX JIOHOPIB Y Pe3yIbTaTi
BIAMOBITHUX CTPYKTYPHUX IIEPETBOPEHB.

ExcriepumeHTabHI JIOCITI KCHHS MAarHiTHO{
CIPHUHATIMBOCTI y(x) MOKa3aju, 110 3pa3KH K CHOTYKH
LuNiSb, tak i tBepmoro po3uuny LuUixVxNiSb 3a Bcix
KOHIICHTpalliii € mapamarnerukamu [laym (puc. 36). Y
[bOMY BHIAJKy 3PO3yMIJIOI0 € CHHXPOHHICTh ITOBEAIHKH
3anexxHocTeld muromoro omopy p(x,7) (puc. 4a),
koedittienta tepmo-epc a(x,7) (puc. 46) Ta MarHiTHOI
crpuidHITIUBOCTI (x) (puc. 36), MOB’A3aHKUX 3i 3MiHOIO
TYCTHHHM CTaHiB Ha piBHi Depmi g(er).

IlikaBoro Ta iHGOPMAaTHBHOI €  MOBEJiHKa
KOHIICHTPAII THUX 3aJICKHOCTEN IATOMOTO
enekrpooniopy p(x,7) ta koedimienra tepmo-epc a(x,T)
LuixVNiSb 3a pi3aux Ttemmeparyp (puc. 4). Pict
MM TOMOTO eJIeKTpootiopy p(x,T) Ha TiNSHI KOHIIEHTpAIIii
x =0-0.03 y HamiBOpOBITHHKY p-THIy IMPOBIAHOCTI €
MOXKIMBHM JIMIIE 32 YMOBH 3MEHIICHHSIM KOHIEHTpPALil
BUIbHHX MAipoK. Takow NPHYMHOI € TeHepyBaHHS Y
HAIBIPOBITHUKY JOHOPIB, SAKi 3aXOIUTIOIOTH Aipku, Lle
NPUBOAUTH 110 3OLTBIICHHS CTYICHIO KOMIICHCAIT
HAMIBIPOBIIHUKA, HAa IO BKa3ye NOBEIiHKA CHEeprii
akTuBamii £%x), 06YHCIEHOI 3 BHCOKOTEMITCPATYPHHX
ninstHok  3anesxHoctei a(1/T,x) LuixVxNiSb (puc. 3a,
kpuBa 2). UnM BUIIOIO € aMIUTITyJa MOAYJSII 30H
HEMIePEepBHUX CeHeprid &£%(x), THM BHILOK € CTYIiHb
KoMIeHcalii HamiBnpoBigHuka [14]. Moxemo OGauutw,
mo Ha guisHIl KouieHtpamiin x = 0-0.03 3HaueHHS
eHeprii akTuBauii £%X) HApOCTAIOTh, a MPUYHHOK €
MOsIBa JOHOPIB Y HAIIBIIPOBITHUKY.

Pe3ynpTatn €NeKTPOKIHETMYHUX Ta EHEPreTUYHHX
BiactuBoctelt LUixVyNiSb Ha ginsHIi KoHueHTpamii
x=0-0.03 y3romKymThCS Ta YTOYHIOIOTH BHCHOBKH
CTPYKTYPHHUX JOCIiKeHb. Tak, IpH aHai3i CTpyKTypHHUX
xapaktepuctuk LuixVyNiSb 6yno BcranoieHo, mo pict
nepiony eJeMEHTapHOI KOMipku a(x) Ha il
koHueHnrpauii x = 0-0.03 moxe crnpuyMHUTH JHIIE
4acTKOBE 3aiHATTSA atoMamu V mo3uiii 4c. OCKUIBKH Y
HaliBIPOBITHUKY NPU LILOMY T'€HEPYIOThCS JOHOPH, TO
atomu V Ha ainsHIi KoHneHTparii x = 0-0.03 3aiimaroTh
BakaHcii y mo3wutii 4c (3aminieHast atoMmiB Ni reHepye
akmenropu). [Ipu 1bOMy, SK BHUIUIMBAE 3 TOBEIIHKH
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Puc. 3. 3mina 3Havyens eHepriii aktusanii £7°(x) (1) i &1%(x) (2) (a) Ta muroMoi MarHiTHOI
cnpudHITINBOCTI Y(x) (6) LuixVxNiSh.
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Puc. 4. 3mina 3Ha4eHs MUTOMOTO enextpoonopy p(x, T) (a) ta koediuienrta tepmo-epc a(x, T) (6)
Lu;«VxNiSb 3a pizaux temneparyp: 1 — 7=380 K; 2 — 7=300 K; 3 — 7=250 K; 4 — 7=160; 5 — 7=80 K.

koedirienta Tepmo-epc a(x,7), KOHIEHTpAIlis aKIENTOPiB
nepeBaXkae KOHIIEHTPaIlil0 TeHEPOBaHNX JOHOPIB.

3a xonnentpamii x = 0.04 ta remnepatypi 7 =8 0 K Ha
3aJIeKHOCTI MUTOMOTO eeKTpoonopy p(x,T) 3’ aBusieThes
EKCTPEMYM, SIKUH 3 POCTOM TeMIIEpaTypHu 3MILLYEThCS B
obmacTp MeHIIMX KoOHIeHTpauid aromiB V. IlosBa
eKCTpeMyMy Ha 3aJeHOCTI p(x,T) € pe3yabTaTtoM 3MiHH
CHiBBiTHOIICHHS HasiBHUX Y  HamiBIPOBITHHUKY
10HI30BaHUX AaKIEnTOpiB Ta JOHOpiB. Toi ¢akrt, mo 3
pPOCTOM TeMIlepaTypu MakCHMyM Ha 3ajiexHocti p(x,T)
3MIIIy€eThCS B 00J1aCTh MEHIIMX KOHIEHTpauiid atomis V
€ 3pO3YMIJMM, OCKIJIbKHM 301JBLICHHS TeMIlepaTypu
CHPOIIYE i0HI3alliI0 aKIENTOPIB Ta JOHOPIB Ta 3POCTaHHS
KOHLEHTpALI] BUIbHUX HOCIiB. MOKEeMO NMPHITYCTHTH, 10
3a BCiX Temmeparyp y HamiBopoBimHukax Lui.VxNiSb,
x > 0.03, 3’sBsI€THCS TaKa KOHIICHTPAIliSI BUTLHUX HOCITB
000X THUMIB, IO HABITH 3a YMOBH HE3HAYHOTO POCTY
cTymneHro kKommeHcanii o x =~ 0.05 (puc. 3a, xpusa 2)
CyMapHa IPOBiTHICTH HAITIBIIPOBITHUKIB CTPIMKO 3pOCTA€E
i TpuBae 10 koHueHtpauii x = 0.07.

OcKiIbKHA HAITBIPOBIHUK Luo.93Vo.07NiSb
OJTHOYACHO MICTUTh 3HAYHI KOHIEHTpaLii eJIEKTPOHIB Ta
JUPOK 1 € CHJIBHOJETOBAaHMM Ta KOMIICHCOBaHUM, TO 3i

30iMbLICHHAM KOHUeHTpauii artomiB V(x> 0.07)
3MIHIOETBCS THII OCHOBHHX HOCIIB 3 AIPOK Ha €IEKTPOHU
(puc. 36), OmHAK BHUCOKI KOHIIEHTpaAlili BIIBHHUX
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€JIEKTPOHIB 3a0€3MeUyI0Th BUCOKY MIPOBIIHICTB, [0 MaJIO
BIUIMBA€ Ha 3MiHY 3HAa4YeHb IIMTOMOIO EJEKTPOONOpY
p(x,T) 3a BCix Temnepatyp (puc. 3a).

OTxe, JIOCITIJPKEHHS €JIEKTPOKIHETHYHHUX,
EHEepPreTHYHUX Ta MAarHiTHUX BJIACTHBOCTEH TBEPIOTrO
posunny LuixVxNiSb, x=0-0.10, minTBepmKyIOTH
BUCHOBKH CTPYKTYPHHX JOCII/IKEHb I10]10 OJHOYaCHOTO
3afHATTS. atoMd V y PpI3HHUX  CIiBBITHOIICHHAX
KpHucTanorpaiuHux mo3uiii 4a Ta 4c¢, TEHEPYIOUH MIPH
IIbOMY CTPYKTYPHI JleeKTH TOHOPHO] 1/a00 aKkuenTopHOl
npupoau.  Po3yMmiHHS =~ MeXaHI3My — CTPYKTYpHHX
nepetBopeHb ¥ LuixVxNiSb 103BONUTh MOJETIOBATH Ta
OTPUMYBATH TEPMOCJICKTPHYHI MaTepiaau 3 BHCOKOIO

e(EeKTUBHICTIO TEPEeTBOPEHHA TEIUIOBOI eHeprii B
CJIICKTPHYHY.
BucnoBku

3a pe3ymbTaTaMH  KOMIDIEKCHOTO  JIOCIIIKEHHS
CTPYKTYPHUX, €JIEKTPOKIHETUYHUX, CHEPIreTHYHHX Ta
Mar"iTHUX BJIACTUBOCTEH HAIIBIPOBITHUKOBOTO

TBepaoro pozunny LuixVxNiSh, orpumanoro yBegeHHsIM
no crpykrypu croxyku LuNiSb aromie V muisxom
3aMillleHHs y KpucTamorpadidunii mo3utii 4a aromis Lu,
BUSIBIICHO CKJIQJHAH XapakTep CTPYKTYPHHX 3MiH.
[Tokazano, mo aroMu V MOXYTh OJHOYACHO Y Pi3HUX
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Oco0aMBOCTI CTPYKTYPHHUX, SIEKTPOKIHETUYHHUX, €HEPTeTHYHUX Ta MarHiTHUX BJIACTHBOCTEH HAIiBIIPOBIAHUKOBOIO ...

V.A. Romakal, Yu. Stadnyk?, L. Romaka?, P. Demchenko?, A. Horyn?,
O. Poplavskyi?, V. Pashkevych?!, P. Haraniuk*

Peculiarities of structural, electrokinetic, energetic, and magnetic properties
semiconductive solid solution LuixVxNiSb

National University “Lvivska Politechnika”, Lviv, Ukraine, volodymyr.romaka@gmail.com;
2lvan Franko National University of Lviv, Lviv, Ukraine, lyubov.romaka@gmail.com;
3Vasyl Stefanyk Precarpathian National University, lvano-Frankivsk, Ukraine

The structural, electrokinetic, energetic, and magnetic properties of the new semiconductive solid solution Luz-
«VxNiSb, x=0-0.10, were studied. It was shown that V atoms could simultaneously occupy different
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
defects due to the substitution of Ni atoms by V ones in the 4c position, and band ea!, generated by vacancies in
the LuNiSb structure. The ratio of the concentrations of generated defects determines the position of the Fermi
level ¢r and the conduction mechanisms. The investigated solid solution Lu1-xVxNiSb is a promising thermoelectric
material.

Keywords: semiconductor, electrical conductivity, thermopower coefficient, Fermi level.
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Beryn

Maxcenn (MXenes) — KJTac JBOBHMIPHHUX MaTepialis,
ynepure omucanux 2011 p. y pobori [1], gimpHIM
CHiBaBTOPOM sKoI OyB Buxifeup 3 Ykpainu FOpiii ['oroui,
akuii  jgoci 30epirae cratyc mpodecopa CymMChKOTO
JIepKyHiBepcuTeTy.  3araimpbHa  (QopMmyna  MakceHy
Mn+1XnTx BKTIOYae n+l mapiB aToMiB IEpexXiTHOTrO
Mertary M (mo3HaueHUX SAK Mps1), MK  SKUMH
mepe0yBaloTh N MOHOATOMHHMX IIapiB BYIJICIIO YU a30TY
(Xn); 3ropu Ta 3HU3Y TaKa «CEHIBIUEBa» CTPYKTypa MOXKe
3aBepuryBatucs pisaumu tepminauismu (F, O, Cl, OH),
no3HaueHUMH sIK Tx (nuB. puc.1). CroroaHi mia repMiHoM
«OaraTomlapoBuii  MakCeH»  NPHUHUHATO  PO3YMITH
CTPYKTYpY 3 II'ATbMa i Oijbllle IIapamMH HepexiIHOro
MeTaiy.

VYHIKanbHI XapakTePUCTUKH MAaKCEHIB IPUBEPHYIU
JI0 HUX 3araJIbHy yBary. 3a miJipaXyHKaMH, 10 MiCTSAThCS
B [2], cTarTi 1010 MaKCEHiB BMIPOJOBXK JCCSITHIUTTS
micng iX BigKpuTTA Oyno HaapykoBaHo B monax 400
KypHaIax, ix aBropamu ctaiu monax 8300 mociTHUKIB 3
1450 inctuTynii y 62 kpainax cBiry. PisHoMaHiTHa
CTEX10MeTpisl 1 opraHi3ais MOBEPXHi HAUISIOTh MAKCEHU
IIMPOKKM  Jliala3oHoM  (QI3MYHMX  Ta  XIMIYHHX
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BIIACTUBOCTEH, SKUM MOXKHa KepyBaTu. Tak, MakCeHH
MaroTh 3MIHHY IIUPUHY 3a00pPOHEHOT 30HH, SIKa 3aJI€KHUTh
BiZl CIIOCOOyY TepMiHaIll MOBEPXHi, BUCOKY EJIEKTPHUHY
MPOBIJHICTh, BEJIMKUN MOAYIb MPYXKHOCTI, HaJHU3bKE
onthuyHe ocnabneHHs Tomo. Ha ceoromHi MakceHH
3HAWIUIM  3aCTOCYBaHHS B CYYaCHHX IPHCTPOSAX
HaKOIMYEHHS Ta IIEPETBOPEHHsS €Heprii, eJIeKTPOoHiLli,
CEHCOPHIIi, METUIIMHI TOIIO (IUB. Oryisif [3] Ta mocHiIaHHs
B HBOMY).

Puc.1. [Tepmia makceHoBa cTpykTypa MaX, Ty, onrcana B
[1], mio BKIIFOYANIA TP IIAPH ATOMIB MEPEXiTHOTO METAITy
Ti (cBiTii Benmki Kyii), 1aBa mapu atomiB Byriemio C
NOMDK HUMHM (TEMHI MaJeHbKi KyJIbKH), 1 IUIOLIMHU
TepMiHaLii rizpokcunbauMu rpynamu OH (aTomu KuCHIO
pO3TamoBaHi OJIMKYE 10 aTOMIB METally, aTOMH BOJIHIO —
JlaJni) 3rOpH Ta 3HU3Y.
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TeopeTnvHa MOJEIH IS OLIIHKU 3HW)KEHHS pOOOTH BUXOJYy MAKCEHIB 3 TIPOKCHIIEHOK TEPMiHAIIE0

OgHuM 13 TONIB TIOTEHI[IHHOTO BWKOPHUCTAHHS
MaKCEHIB € CTBOPEHHS KaTOJIiB 3 HHU3BKOIO POOOTOIO
BUXOAYy M eMiciiiHoi emekTpoHiku. Ha cporoxHi
TPamUIIfHAM MaTepialoM 3 HHU3BKOIO POOOTOI0 BHXOIY
2.1 eB € me3iif [4], ogHaK HOTO 3aCTOCYBaHHS CHIIBHO
oOMe)keHe  HOTO  BHCOKOI  TOKCHYHICTIO. Tomy
pO3MIISIAIOTh  albTEPHATHBHI  HUISIXM  CTBOPEHHS
Cy4acHMX KaTOJAIB Ha OCHOBI aacopOuil JyXHUX Ta
PiAKICHO3EMETbHUX metanis (Ce, Gd, Eu)
Ta KoaacopOuii KucHI0 Ha moBepxHsx Si, Ge, Ta Mo, B
T.4. B HAHOCTPYKTypOBAaHOMY CTaHi, Ji¢ MOXYTb
YTBOPIOBATUCS MOJBIHHI 3aps/pKeHi IIapH, M0 CYTTEBO
3HIXKYIOTh po0OOTy BHXOAY [5, 6].

VY pobori [7], BUXOASMYN 3 HEPIIONPUHIIAIIB, OYIIO
pO3paxoBaHO poboty BUXOZY MaKCEHiB,
¢yskmionanizoBaanx nosepxHamu O, F, OH. Bymo
MOKa3aHo, MO (YHKIIOHANI3aliss KHCHEM 9 (TOpOM
MIPU3BOJNTH JI0 HEBEJHMKOTO 3HIDKEHHHS ab0 3pOCTaHHS
pobOTH BHXOJYy, HATOMICTh MAaKCEHH, TEPMiHOBaHI
TIPOKCHIBHUMU TPYyNaMH, MOXYTh BUSIBISITH HHU3BKY
poboty Buxoay B miana3oHi Big 1,6 1o 2,8 eB. Ilpu mibomy
TOJIOBHUM UYMHHUKOM 3HIDKEHHST POOOTH BUXOJIY CTae
BJIACHUH MTUIIONBHUNA MOMEHT TipOoKCHIbHOI rpynu OH.

Po3paxynku B [7] mnpoBoawincs 3 BUKOPUCTAHHSIM
TPOMI3KHX OOYHCITIOBAIIbHUX ITAKETiB, a TOMY M030aBJeHi
HEoOXigHOT HAo4YHOCTi. Tomy Oa)XaHMM € CTBOPCHHS
MPOCTOi TEOPETUYHOI MOJENi, sfKa O IO3BOJHIA JIETKO
nepeadaYnTH MOYKITBHH Tiala30H 3MiHH POOOTH BUXOIY
mig BIUIUBOM  (PyHKI[iOHAmi3amii IMOBEpXHI MaKCEHY
TIPOKCUIIBHUMU TPYIIaMHU.

Teoperuuna moaesb

VY 3aranbHOMY BHIIQJKY 3MiHA POOOTH BHXOIY IIif
BIUIMBOM HAaHECEHMX Ha TMOBEpXHIO  abcopbariB
3YMOBJICHa TpPhOMAa YHWHHHKAMH: @) MEePEepO3MNOIiIOM
€JIEKTPOHHOTO 3apsily MiXK MOBEPXHEIO Ta ajcopbaramu;
0) peakcalliero MOBEPXHi, 3yMOBJICHOIO aicopdaTamu; B)
MOJISIPHICTEO ancopOaTis [8]. Hamaii Mu po3risgaTuMemMo

HaHOUTBII TEPCIIEKTUBHI 3 TIOTJISIAY OJIeP>KaHHS HU3BKOI
poOOTH BUXOJYy MAaKCEHH Ha OCHOBI IIapiB THUTaHy M
BYTJICIIO, THITY BIlepiie qociikeHnux y [1] (mus. puc. 1).

VY 3aragpHOMY BHUIAIKy HETEpMiHOBaHI MAaKCEHH
31e0UTPIIOT0 €  MeTaJaMH YU HaIiBMETaJIaMHu
(HamiBIIPOBITHUKAMH 3 HYJIHOBOIO 3200pOHEHOIO 30HOI0);
nobnu3y piBH Depmi BHCOKE 3HA4YEHHS TyCTHHHU
CJIEKTPOHHHUX CTaHIB 3yMOBJICHE 30BHIIIHIMU IIapaMu
nepexigaux Metanis (muB. [3]). OmHak yxe B po6oTi [1]
OyJI0 eKCIepHMMEHTAJIFHO II0Ka3aHo, IO TepMiHaIlisg
noBepxHi Ti3Co TIAPOKCUIBHOIO IPYIIOI0 MPU3BOAUTH 10
MOSIBM 3a00pOHEHO{ 30HM IMPUHOI0 O1m3bko 50 meB, i
TaKWi MaKCeH pOOUTHCS HAIIBIPOBITHUKOM.

TakuM  9YMHOM,  TIOBEpPXHEBAa  KOHLCHTpALLisS
TiIAPOKCHIIBHAX TPYI MEpeBUIIye B IIbOMY MaTepiai
KOHIICHTPAIiI0 HOCIiB IPOBiAHOCTI. AIKe 3 puc. 1 BUIHO,
Mo I TiIPOKCHIBHI Tpymu (OpMyrOTh Ha MOBEPXHI
MOHOIIIAP 3 TaKOK XX KUTBKICTIO JHITOJIB, 5K 1 KUTBKICTH
aTOMIB y miapi mepeximHoro MeTany mig HuM. OCKiTbKU
HIMPHHA 3a00POHEHOT 30HH MEPEBHIIYE SHEpTio 26 MeB,
110 BIJIOBiIa€ KIMHATHII TemMmepaTypi, TO 3a 3BUYalHUX
YMOB KOXXHOMY 3 IIUX aTOMIB METally BiJlIOBiIa€ MEHIIIE,
HDK OJIMH €JIEKTPOH IPOBIJHOCTI, HATOMICTh KOKHOMY 3
TUTONIB BigIOBiJa€ HETATHBHUN EJCKTPOHHUHN 3aps,
JOKAJTi30BaHWH Ol aTOMy KHCHIO, 1 MO3UTHUBHUM,
JOKaJi30BaHWH Oing artomy BoOAHIO. TepMmiHamizarisd,
300pakeHa Ha puc. 1, HE CYNPOBOIKYETHCS TaKOXK
MOMITHOIO PEKOHCTPYKIIi€I0 TTOBEepxHi aToMiB Ti.

Ile o3Hauae, 10 B MEpIIOMY HAOMMKCHHI IS
(yHIIOHAII30BAHOIO MAaKCeHy Ha OCHOBI THTaHy M
BYIJICIIO TEPEPO3NOJIIOM ENEKTPOHHOTO 3apsiay Mik
MOBEPXHEI0 Ta ajicopbaTramMu, Ta PEIaKCaIli€r0 MOBEPXHI,
3yYMOBJICHOIO ajcopOaTaMu, MU MOXKEMO 3HEXTYBaTH, i
3HIKEHHSI pOOOTH BHXONIY Oy/ie 3yMOBJIEHE MEPEBAKHO
JIUIIOJIbHUMH MOMEHTaMU TiIpoKCHIbHUX Tpyn OH.

CTpyKTypy €HEepreTHYHHX piBHIB, SKa BHHHKA€ Ha
MEXi TEpMIHOBAaHHUH T'iIPOKCUIBHUMHM I'PyIIaMH MaKCEH -
BaKyyM 300pakeHO Ha pHc.2. (AHAIOTIYHY MOJENb 0yJI0
pO3IJIIHYTO Hamu B [9] [uisl 3HMKEHHSI €JIEKTPOHHOT
CHOPITHEHOCTI, 3yMOBJICHOI HAsBHICTIO HAa IOBEPXHI

ed,

eAd

BaKyym

MaKCeH

(-)

e,

(+)

Puc.2. 3HmKeHHS poOOTH BUXOY MAaKCEeHY il BIVIMBOM JHUITOJBHOTO MOMEHTY TiAPOKCHIILHOT IPYIU Ha MIOBEPXHI.
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HaIliBIIPOBITHUKA ABOX IIapiB afcop0ariB, HETATUBHO i
IIO3UTHUBHO 3apSHKCHHX, 1110 BIIIIOBIAE
eKCIIepUMEHTATBHIN CUTYAIIil, JoCTiKeHIH y [5, 6]). [Tpn
IFOMY BBa)KaeMo, 10 piBeHb Depmi 30iraeTbes 3 Kpaem
30HH MIPOBITHOCTI B MaKCEHI.

OCKIIBKH BiCTaHb MK aTOMaMH BOIHIO ¥ KHCHIO B
rigpokcuipHii rpymi d = 0,97 A, 1eil 3a30p € TYHEIBHO
MPO30PUM JIJIsl TEIUIOBHX EJICKTPOHIB OIS JHA 30HU
MIPOBITHOCTI B MaKkceHi (JIOBKMHA XBHJII SIKUX Ha MOPSIIOK
OLTBINA), | BOHU BUTBHO TYHEJIOIOTH 3 MAKCEHY Y BAKYyM.
Tomy edexTuBHa poboTa Buxony 3 (yHIIOHATI30BaHOTO
TIIPOKCWIBHUMH ~TpynaMu MakceHy (auB. pwuc.2)
TIOPIBHIOE:

ed, = ed, — eAD. Q

OcranHili momaHok y mpaBiit wactuni (1) merko

OLIIHUTH 3 (POPMyINH IJIOCKOTO KOHJIEHCATOpa!

eNgd

1
&o&

AD = @)

ne Ns — moBepxHeBa ryCTHHA TUIIOMNIB, &, — AICIEKTPHYHA
cTaja BaKyyMy, & — JIEJEKTpUYHA NPOHUKHICTH 3a30py
MIX 3apsKCHUMH TUIONHHAMHU.

Bucnosku

18 -2
Beaxatoun N, ~5-107 u™°, noknanaroun ¢ ~ 10

(xapakTepHe JUTST HAaITiBIIPOBITHHUKIB 3HAYCHHS
JienexTpudHoi mporukHOCTI) i d ~ 1100 M, ongepixyemo
AD 3B. 3maueHHs  pobOTH  BHXOAY Y
HE(QYHKIIOHATI30BAHOMY  TiAPOKCHIBHHMH TpyHaMH
MaKCeHi CTAaHOBHTH ~ 4,5 eB i mpakTH4IHO HE 3a1IeKUTh Bix
kimpKocti TwromuH Ti ta C (y miamasoni Bixg 1 mo 9, mo
JO3BOJISUIM ~ TOpaxyBaTH  BuUKopuctaHi B [7]
o0unCITIoBaNIbHI MaKeTH); micisd (yHKIioHamizanii BOHO
3HUKYETHCS IpUOIN3HO 10 1,6 eB i Tak camMo mpakTHYHO
HE 3aJICKUTH BiJl KITBKOCTI IUIOIIMH y MakceHi [7].

TakuM YHMHOM, 3aIpOIIOHOBaHA IPOCTa MOJENL HE
TUIBKW Jla€ SKiCHE IOSICHEHHS 3HAYHOMY 3HIDKCHHIO
po6otn Buxony y Tin+1Cn 3 TIIPOKCHIBHOIO TEPMiHAIIE0
(1m0 HAOYHO UIIOCTPYETBCA pHUC. 2), a W NEMOHCTpYE
moOpuii drcenbHUH 30Ir 13 pe3ynpTaTaMu CKIATHOTO M
TPOMI3AKOTO HYHCENBHOTO PO3paxyHKy [7] BHXOAIYH 3
MepIIoNpruHINIIB. TOMy BOHa MOXe OyTH BHKOPHCTaHa
TUTS OIIiHOK pe3yIbTaTiB ¢dyHKIioHaI3a1Ii1
TIPOKCWIBHUMH TPYyHaMH pI3HUX THUIIIB MAaKCEHIB,
BUXOJSIYM 3 TIEPCHEKTHB 1X BUKOPHCTaHHS B Cy4acHii
eMICIHHIN eICKTPOHIlII.

Cmpixa M.B. — noktop (i3MKO-MaTeMaTUuHHX HayK,
npodecop, mpodecop kadeapu (i3UIHOT EIEKTPOHIKH
(hakynpTeTy pamiodi3uKy, eIEKTPOHIKH i KOMIT IOTePHUX
cuctreM KHY imeni Tapaca IlleBuenka, TOJOBHHI
HayKOBUH CIIBPOOITHHK IHCcTHTYTY ¢hi3uKH
HamiBIpoBigHUKIB iM.B.€ . Jlamkaprosa HAH Ykpainu.
Aunmontwk /JI.B. — crynmeHT ¢axynpTeTy pamiodi3uKH,
eJIEKTPOHIKH 1 KoMn 'toTepHuXx cucteM KHY imeni Tapaca
I[TeBuenka.
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TeopeTnvHa MOJEIH IS OLIIHKU 3HW)KEHHS pOOOTH BUXOJYy MAKCEHIB 3 TIPOKCHIIEHOK TEPMiHAIIE0

M. V. Strikhal?, D. V. Antoniuk?!

A theoretical model for estimation of work function reduction for MXenes
with hydroxyl termination

Taras Shevchenko National University of Kyiv, Faculty of radiophysics, electronics and computer systems, Akademika
Hlushkova Ave 4g, Kyiv, Ukraine
2V/.E. Lashkaryov Institute of Semiconductor Physics, National Academy of Sciences of Ukraine, Nauky Ave, 41Kyiv, Ukraine,
maksym_strikha@hotmail.com

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 hydroxyl
functionalization of various MXene types, due to prospects of the creation of novice emission electronics devices

Keywords: MXenes, work function, surface termination, hydroxy group.
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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.

Keywords: point defects, nanostructures, PbSnTe.
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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.
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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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3 4
1 2
200 f
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0 L ) L
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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
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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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BruiuB MeToAiB CHHTE3Y Ta NOPIBHAJIBHE JOCJIIIKEHHS
CTPYKTYPHHUX BJIACTUBOCTE MIKPO- Ta HAHO(EPHUTIB

Kagpeopa pizuxu, Inoicenepnuii xonedac Caby Ciodixa, Mymbai, 400008, Indis, asrar.pathan@rediffmail.com,
2Kageopaerexmponixu, Hosutixoneoac, Konxanyp, 416014, Indis,
3Kagpeopa inocenepnoi gizuxu, K.L.E. Texnonoziunuii incmunmym, Xa66ani, 580027 Kapnamaxa, Inois

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.

83


mailto:asrar.pathan@rediffmail.com

PHYSICS AND CHEMISTRY
OF SOLID STATE

V. 24, No. 1 (2023) pp. 92-101

Section: Physics

PACS: 71.15.Mb, 74.20.Pq, 74.25.Gz

Vasyl Stefanyk Precarpathian
National University

®I3UKA I XIMISI TBEPJIOTO TLIA
T. 24, Ne 1 (2023) C. 92-101

Dizuko-mamemamudti HayKu

ISSN 1729-4428

A.l. Kashuba

Influence of metal atom substitution on the electronic and optical
properties of solid-state Cdo.7sXo.25Te (X= Cu, Ag and Au) solutions

Department of General Physics, Lviv Polytechnic National University, Lviv, Ukraine, andrii.i.kashuba@Ipnu.ua

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
substitution on electron conductivity and mobility is discussed. To study the optical properties was use a complex
dielectric function e(hw). The spectral behaviour of the refractive index was calculated based on the dielectric

function.

Keywords: density functional theory, electron band structure, formation energy, effective mass, density of

state, refractive index.

Received 10 December 2022; Accepted 6 March 2023.

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.

95



A.l. Kashuba

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

A L. Kamry6a

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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magnetometer. The temperature dependence of saturation magnetization was measured and the Curie point and
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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
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548.4 °C (52 min)
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14.25 yVs/mg

DTA (1V)

609.1 °C (58 min)
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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

of scattering intensity (b).
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Fig. 4. Diffraction curves of amorphous Cos;NiigFesSii1Bi7 alloy annealed at T=773°K (a), and curve decryption for
T=773°K for 90 minutes (b).
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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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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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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.

Funding
This research did not receive any specific grant

Declaration of competing interest

The authors declare that they have no known
competing financial interests or personal relationships
that could have appeared to influence the work reported
in this paper.

Nykyruy Yu. — PhD, Associate Prof. of Metals physics
department;

Mudry S.— Prof., D.Sc. Head of Metal physics department;
Kulyk Yu. — PhD, Senior engineer of Metal physics
department;

Prunitsa V.— PhD student of Metal physics department
Borysiuk A. — Senior researcher of Department of Applied
Physics and Nanomaterial Science.

[1] A. Kaufler, Y. Luo, K. Samwer, G. Gieres, M. Vieth, J. Wecker, Tunnel-magnetoresistance system with an
amorphous detection layer, Journ. Appl. Phys. 91, 1701 (2002); https://doi.org/10.1063/1.1426236.

[2] R. Hasegawa, Applications of amorphous magnetic alloys, Mater. Sci. Eng., A 375-377,90 (2004);
https://doi.org/10.1016/j.msea.2003.10.258.

[3] K. Ackland, A. Masood, S. Kulkarni, P. Stamenov, Ultra-soft magnetic Co-Fe-B-SiNb amorphous alloys for high
frequency power applications, AIP Adv., 8, 56129(2018);https://doi.org/10.1063/1.5007707.

[4] A.V. Nosenko, V.V. Kyrylchuk, M.P. Semen’ko, M. Nowicki, A. Marusenkov, T. M. Mika, et al., Soft magnetic
cobalt based amorphous alloys with low saturation induction, J. Magn. Magn Mater. 515, 167328
(2020);https://doi.org/10.1016/j. jmmm.2020.167328.

[5] V K Nosenko, V V Maslov, A P Kochkubey and V V Kirilchuk, New soft magnetic amorphous cobalt based alloys
with high hysteresis loop linearity, J. Phys.: Conf. Ser. 98, 072006 (2008);https://doi.org/10.1088/1742-
6596/98/7/072006.

[6] Y. Nykyruy, S. Mudry, Y. Kulyk , A. Borisyuk,Magnetic properties and nanocrystallization process in Co-(Me)-
Si-B amorphous ribbons, Applied Nanoscience, (2022); https://doi.org/10.1007/s13204-022-02746-6.

[7] Konieczny, Jaroslaw & A, Borisjuk & M, Pashechko & Dobrzanski, Leszek, Magnetic properties of Co-based
amorphous ribbon under cyclic heating and cooling, Journal of Achievements in Materials and Manufacturing
Engineering, 42 (1-2), 42 (2010);

[8] Anton V. Nosenko, Vasyl V. Kyrylchuk, Mykhailo P. Semen'ko, Michat Nowicki, Andriy Marusenkov, Taras M.
Mika, Oleksandr M. Semyrga, Galyna M. Zelinska, Viktor K. Nosenko, Soft magnetic cobalt based amorphous
alloys with low saturation induction, Journal of Magnetism and Magnetic Materials, Volume 515, 2020, 167328,
ISSN 0304-8853; https://doi.org/10.1016/j.jmmm.2020.167328.

[9] V K Nosenko et al., New soft magnetic amorphous cobalt based alloys with high hysteresis loop linearity, J. Phys.:
Conf. Ser., 98, 072006 (2008);https://doi.org/10.1088/1742-6596/98/7/072006.

[10] S. Lesz, R. Babilas, M. Nabiatek, M. Szota, M. Do$piat, R. Nowosielski, The characterization of structure,
thermal stability and magnetic properties of Fe—Co—B-Si—Nb bulk amorphous and nanocrystalline alloys, Journal
of Alloys and Compounds, 509, Supplement 1, S197 (2011);https://doi.org/10.1016/j.jallcom.2010.12.146.

[11] V.V.Girzhon, A. V. Smolyakov, N. I.Zakharenko, N. G.Babich, &M. P.Semen’ko, Effect of pulsed laser heating
on the magnetic properties of amorphous alloy 30KSR, The Physics of Metals and Metallography, 111(6), 561
(2011); https://doi.org/10.1134/s0031918x11050061.

[12] A.K.Panda, S. Kumari, I. Chattora, P. Svec, A. Mitra, Effect of Fe addition on the crystallization behaviour and
Curie  temperature of CoCrSiB-based amorphous alloys, Philos. Mag. 85 (17), 1835
(2005);https://doi.org/10.1080/14786430500098934.

[13] N. I. Noskova, Structure and Magnetic Properties of Iron- and Cobalt-Based Amorphous Alloys Versus
Nanocrystallization Conditions. Technical Physics, 50(10), 1311 (2005); https://doi.org/10.1134/1.2103277.

[14] V. I. Lysov, T. L. Tsaregradskaya, A. M. Kurylyuk, O. V. Turkov, G. V. Saenko,Controlled nanostructuring
from an amorphous state in multicomponental alloys based on cobalt, Journal of physical studies, 22(3),3702
(2018);https://doi.org/10.30970/jps.22.3701.

[15] N.Bayr, V.S. Kolat, T. Izgi, S. Atalay, H. Gencer and P. Sovak,Crystallisation Kinetics of Co75—xMxSil15B10
M = Fe, Mn, Cr and x = 0, 5) Amorphous Alloys, Acta physica polonica a;);
https://doi.org/10.12693/APhysPolA.129.84

[16] M. G. Babych, M. I. Zakharenko, M. P. Semen’ko, Yu. A. Kunyts’ky, and D. S. Leonov,Peculiarities of Cobalt
Based Amorphous Alloys Crystallization, Nanosystems, Nanomaterials, Nanotechnologies, 6 (1), 237 (2008);

[17] Bo Han Zhang, Jia Hao Liu, Hai Tao Zhou,Comprehensive study of the crystallization behavior, thermal
stability, and magnetic properties of C066.5Si15.5B12Fe4Ni2 amorphous ribbon,Journal of Non-Crystalline
Solids,573 (1), 121132 (2021);https://doi.org/10.1016/j.jnoncrysol.2021.121132.

112


https://doi.org/10.1063/1.1426236
https://doi.org/10.1016/j.%20jmmm.2020.167328
https://doi.org/10.1088/1742-6596/98/7/072006
https://doi.org/10.1088/1742-6596/98/7/072006
https://ui.adsabs.harvard.edu/link_gateway/2022ApNan.tmp..555N/doi:10.1007/s13204-022-02746-6
https://doi.org/10.1088/1742-6596/98/7/072006
https://doi.org/10.1134/s0031918x11050061
https://doi.org/10.1080/14786430500098934
https://www.sciencedirect.com/science/journal/00223093
https://www.sciencedirect.com/science/journal/00223093
file:///C:/Users/Lenovo/Dropbox/Журнал/Крок%205%20-%20вичитані%20авторами%20коректури/en/573
https://doi.org/10.1016/j.jnoncrysol.2021.121132

Magnetic properties and nanocrystallization behavior of Co-based amorphous alloy

[18] Stepan Mudry, and Yulia Nykyruy,Laser induced structure transformation in Co70Fe3Mn3.5M01.5B11Si11l
amorphous alloy, Materials Science-Poland, 32 (1), 28 (2014); https://doi.org/10.2478/5s13536-013-0152-2.

[19] Yu Nykyruy, S. Mudry, I. Shtablavyi, A. Borisyuk, Ya Tsekhmister, I. Gnilitskyi,Formation of laser-induced
periodic surface structures on amorphous Fe- and Co-based alloys and its impact on magnetic properties,
Materials Chemistry and Physics, 287, (2022); https://doi.org/10.1016/j.matchemphys.2022.126317.

[20] V. 1. Lysov, T. L. Tsaregradskaya, A. M. Kurylyuk, O. V. Turkov, G. V. Saenko,Controlled nanostructuring
from an amorphous state in multicomponental alloys based on cobalt, Journal of Physical Studies 22(3), (2018);
https://doi.org/10.30970/jps.22.3702.

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.

Keywords: Titanium dioxide, Boron, Adsorption, Strontium.
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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,

116

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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(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
/,/] ¢ b 9
°" OH & OTD—0—T)—>
OH | OH OH |OH OH N1 SO —0
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Model 1. Model 2.

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].

El
S5
(]
(&)
| -
(4]
=
e
(72}
[
©
-

3 1 1 |

604 475360
y T T T T T T
2000 1600 1200 800 400

Wavenumber (cm™)
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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SIBnma nepenocy B CdTe:Cli CdTe:Cu — po3paxyHok 3 mepuux
NPUHIUAIIB

Kadgheopa nanienposionurosoi enekmponixu, Hayionanvruil ynisepcumem «J/lvgiscoka nonimexuixay, JIvsis, Yrpaina;
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VY mpezacraBneHild CTaTTi PO3MISTHYTO METOJ BU3HAUCHHS €HEPreTHYHOTO CIEKTPa, XBHIBOBOI (PYHKIIT HOCIS
3apsay Ta KpucTaiiuHoro noteHmiany B CdTe npu goBiisHO 3a1aHii TeMneparypi. 3a JOOMOTOI0 IBOTO MiIX0Ly
B paMKax METOAY CYIEPKOMIPKM PO3PaXxOBAaHO TEMIIEPATYpHI 3aJICKHOCTI €HEpriii i0oHi3amii pi3HUX THIIIB
ne(eKTiB, CIPUYMHEHNX BBEICHHSIM JOMIIIOK XJIOPY Ta MiJi B TeIypua Kaamiro. Takox 3arpornoHOBaHUH METO
JIO3BOJII€ BU3HAYHUTH TEMIIEpaTypHY 3aJIKHICTh OINTUYHOTO Ta aKyCTHYHOTO ITOTEHIIaiB AeopMallii, a TaKox
3aIeKHICTh BiJl TEMIlEpaTypH IapaMeTpiB PO3CISHHS HOCIS 3apsay Ha 1OHI30BaHUX JOMIIIKaX, MOJSIPHUX
ONTHYHUX, I1’€300NTUYHHX Ta II'€30aKyCTHYHHX (POHOHAX. Y paMKax OJIM3BKOIIIOYMX MOJeNel pPO3CiITHHS
PO3TIIIHYTO TEMITEpaTypHi 3aJIeKHOCTI PYXJIMBOCTI HOCIS 3apsiny Ta ¢akTopa Xoima.

Kiouosi cioBa: siBumia neperocy, kpuctaniudi negexru, CdTe, po3paxyHok 3 mepinx NpUHIUIIIB.

Tlooano 0o peoaxyii 07.09.2022; npuiinamo oo opyxy 14.02.2023.

Beryn
Temypun  xamMito  Mae  yHIKampHI  (Qi3wyHI
BJIACTHUBOCTI, HeoOXimHi TUTSL (OTOCTIEKTPUIHIX

NIepeTBOPIOBAYIB COHAYHOI €Heprii, a came HeoOXigHy
IMpUHY 3a00poHEHOi 30HM Ta HEOOXigHE 3HAYCHHS
Koedimienta mornmuHaHHA. CTpyKTypa BIacHHX 1
JTIOMIIITKOBHX Je(EKTiB IMepeBaKHO BH3HAYAE SNEKTPUIHI
Ta ONTHYHI BJIACTUBOCTI IOrO0 MaTepiamy. Tomy
BuBYeHHS nedekTHoi cTpykrypu CdTe € akryampHOIO
MIPUKJIATHOIO 3a/1a4ero. Y JITepaTypi € BelHuKa KiIbKiCTh
pobir, y skux ab initio miaXxix BUKOPHCTOBYETHCS IS
PO3paxyHKy CTPYKTypH Ae(eKTiB Telypuay Kaamito [1-
7]. Tpore B mux pobOTax HE BH3HAYEHO IILIAX
BCTAHOBJIEHHS 3B’I3Ky MIDK CTPYKTYpPOIO TOYKOBHX
nedekTiB 1 kiHetmyamMu BiactuBocTsmu CdTe, ski
OesnocepelHbO BU3HAYAIOTH EJIEKTPUYHI BJIACTUBOCTI
Marepiany. Y moTouHiii poOoTi ms mpobiema Oyne
BUPIMIyBaTUCS B [[Ba €TAIN.

Ha mepmomy ertami Ha OCHOBi Teopii (QyHKIIOHATY
ryctuau (DFT) mpoBOAMTBCS PO3PaxXyHOK 3 MEPIINAX
MPUHLUIIIB €HEPreTUIHUX XapaKTEPUCTUK
HaliBIPOBITHUKA: EHEPTETUYHOTO CIIEKTPY, CIEKTPOHHOT
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(abo mipkoBOi) XBHJIBOBOI (PYHKIli Ta MOTEHI[AJBHOI
eHeprii B KpUCTaNiYHId  peUIiTIy. 3a3Buyait
nependavyacTbCcs, 110 HaBEACHI BHILE XapaKTEPUCTHUKU
onucytoTh ctad kpuctaia npu T =0 K. V wiit crarti Oyne
3aIPOIMIOHOBAHO METOJI PO3PAaXYHKY I[HX XapaKTepHCTHK
HaMIBIPOBIMHUKA cdanepuTy NpH Hamepex 3amaHii
temriepatypi. Ha ocnHoBi 1poro wmeroxy OynyTh
po3paxoBaHi IapaMeTpH pO3CIIOBaHHS HOCIiB 3apsmy
(enmeKTpoHIB 1 BaXKHX JIPOK) Ha PIZHUX TOYKOBHX
nedekrax Kpucrana TpH 3aiaHiil Temmneparypi. Ha
JpyroMy eTami MeTOJOM CYNEpKOMIpPKM BH3HAYalOTh
eHeprii ioHi3arii pi3HOro poxy AeheKTiB, COPUIMHEHUX
BBEJICHHSIM JOMIIIIOK XJIOPY Ta Mifli B TEIYPHI KaJMIifO.
3Haroun I1i eHeprii ioHi3amii Ta mapaMeTpu PO3CiFOBaHHSA
HOCIiB 3apsiay, MO>KHA po3paxyBaTu piBeHs Depwmi Ta, y
CcBOIO depry, kiHetmuHi xkoedimieatn CdTe. Cuig
3a3HAYUTH, IO B JIITEpATypi € paa pobiT, MPHUCBIICHUX
SIBUILIAM IEPEHOCY B HaIiBINPOBiJHHKaX, 30kpema B CdTe
[8], sixi GasyroThcs Ha ab initio po3paxyHkax [9-13].
[Tpote B 1ux po0oOTax 3B'I30K MK CTPYKTYPOIO e(eKTy
Ta KIHETHYHUMH BJIACTHBOCTSIMH HE BKa3aHO.
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. Po3paxynox TeMIepaTypHHUX
3aJIe’KHOCTell XBWIBOBOI (PyHKmii Ta
KPHCTAJIYHOT0 MOTEHIiaTy

[Ipu posrisaai sBHUIN MEPEeHOCY B TEMYPHII KaAMIO
BHKOPUCTOBYBAJIUCS OJIM3BKOIIIOUI MOZEI PO3CIFOBaHHS
HociiB 3apsimy [8, 14-16]. 1li Gmusbkomiroui Momeri
PO3CiTOBaHHS MICTATh KiNbKa KOHCTaHT PO3CIIOBAaHHA SIK
mapaMeTpH, fKi, y CBOIO Yepry, MoTpeOyIOTh PO3paxyHKy
XBUIILOBOT (DYHKIIT 30HH ITPOBIAHOCTI Ta BAJICHTHOT 30HU Ta
CaMOY3rOJDKEHOT0  KpPHCTaliYHOro  moteHmiamy. [lns

Ey(x,T) = —0.302 + 1.93x — 0.81x% + 0.832x3 + 5.35 x 107*T (1 — 2x)

BuxopuctoByroun meid miaxix, Oymm oTpuMaHi
HACTYITHI 3HayeHHs (akTopa o (LeH mapamerp BHU3HAYAE
CyMimT TpagUIiHHIX OOMIHHHX KOPEeTSAIMIHHNX
noteHmianiB GGA mns Cd i Te, nceBnonoTtenmiania [20,
21] 1 obminHOTO mToOTeHmiamy Xaptpi-Doka [22]) mis
imeanpHOT eJIeMeHTapHO1 KOMIpKH (cTpykTypa
chanepury) Tenypuay kaamito: o= 0,397 Bignosigae T =
0 K, a= 0,288 sigmosimae T = 300 K. Ilpu 1pomy
OTPUMAHO XBWJIbOBI (YHKIIi €JIEKTPOHIB Yy 30HI
MIPOBIAHOCTI 1 BaJICHTHIH 30Hi Ta KPUCTATIYHUIH ITIOTEHITiaT
npu temneparypax 0 K ta 300 K.

BinnmoBigHo OyiaM BHW3HAYCHI TaKi KOHCTAHTH
PO3CISIHHS IS €JIEKTPOHIB 1 BXKKHX AIPOK, a came:

1) KoHcraHTH pO3CIIOBaHHs [UIs B3a€MOIIl HOCIS
3apsiay 3 noyisipauM ontuaHuUM (PO) poHOHOM, B3aeMoIil
Hocist 3apsiny 3 m’ezoakyctuuHuMm (PAC) donoHoM i
B3aeMogii Hocis 3apsamy 3 m'ezoontudHuM (POP)
(hoHOHOM

Apo = Apac = Apop = [Y*(R? —r2)p dr

2) do KOHCTaHTa ONTUYHOTO MOTEHI[ANy
nedopmarii, SKy OOHParOTh PIBHOKO MaKCHMaIbHOMY
3HAYEHHIO CePeJl TPhOX KOHCTAHT MOTEHIIATY MTOTEHIIATY
nmedopmariii, SIKi BIAIOBIAal0TH OHIN MO3IOBXKHIHN 1 TBOM
MOMEPEYHUM T'UIKAM ONTHYHHUX KOJHBAHb PEIIITKH. :

@

doy = ao [Pe, -V dr, v=123; 3)
Jle o0JlacTh IHTETpYBaHHS Taka X, sK 1 y Bumagky PO
PO3CIiIOBaHHS; &v— yHITapHUI KOHTpaBapiaHTHUH BEKTOP
MOJISIPHU3aLlil ONTHYHHUX KOJMBaHb; BEKTOP V BUPAXKAETHCS
4yepe3 MOXiJHI CaMOy3TOPKeHO! MOTEHIabHOT eHeprii
eJNIEKTPOHA 32 KOOpJHMHATAMH AaTOMIB eJIeMEHTapHOI

Aponn = (12.2 + 1.84 x 1073T) X 1072°m?, App, = (12.24 + 2.088 x 107*T) x 10~2°m?,
dop = —43.1 — 0.018T eV, dg, = —20.93 — 4.053 x 1073T eV
EAChh = _307 - 228 X 10_3T eV, EACe = _2423 - 4628 X 10_4T eV

Apnn = (0442 —8.90 x 107°T) x 10°m™1, A,,, = (0.4794 — 7.405 x 107°T) x 1010m "1
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OOYHCIICHHS X BUIIE3a3HAYECHHUX KOHCTaHT
BHUKOPHCTOBYBAaBCS METOJ] PO3PaxyHKY EHEPIeTHYHOIO
CHEeKTpa eJCKTPOHIB 1 KPHUCTAJNIYHOTO IOTEHINAIy,
npencrasieanit 'y [17,18]. Lle mo3Bommio BUAIIHTH
¢dizmuni po3B’s3ku piBHsHHA lllpeninrepa i3 MHOXHHA
MaTeMaTHYHUX po3B’s3KiB piBHsHHEA Illpenminrepa 3a
HACTYITHUM KpuTepieM BHOOpY (i3WYHUX pO3B’S3KIB
piBasinnst Llpeninrepa, a came: pu 3aaaHiit Temneparypi
TEOpeTHYHa IIMPUHA 3a00pPOHEHOi 30HM MOBHHHA
30iratucs 3 i eKkCrieprMeHTaAIbHUM 3HAYESHHSIM, SIKE OYII0
BU3HAYCHO 3 EKCIIEPUMEHTAIBLHOTO BUPA3y JJIsl TBEPJIOTO
pozuuny Hg1xCdyTe [19]:

M)

KoMipku [15].

3) Eac — KOHCTaHTa aKyCTHYHOIO TOTEHIliany
nedopmarii, sSKy BHOpald pPIBHOIO MaKCHMAaJIbHOMY
3HAQUEHHIO Cepell TPhOX KOHCTAHT  aKyCTHYHOTO
MOTEHINiary aedopmamii, IO BigNOBINAIOTH OJHIN
MO3IOBXKHIA 1 BOM TOMEPEYHUM TiIKaM aKyCTHYHHX
KOJIMBaHb PELIITKHU:

EAC|| =—(—L/4+1/2+15/2);

Epcrn = —(=L/4+ I/4 + 13/2); 4)
Epcor = —(=L/2+ 1,/2 + I3/4);
ne L=[yviydr'; L=[yVpdr;
I; = [Y*Va dr'; V/; Vy; V3; — npoekuii Bektopa V B
KOCOKYTHIN cucTemi KOOpJHHAT, YTBOpPEHIN
NPUMITHBHAMH ~ BEKTOpaMH  CTPYKTYpPH  LIMHKOBOI
00MaHKH,

4) KoHcTaHTa po3CisHHS Ha i0HI30BaHUX JOMIIIIOK:

Ay =, ¥ 9 dr 5)

Crnig 3as3Haumte, mo B (2)-(5) iHTErpyBaHHS
3IMIMCHIOETBCS 32 METOJOM, 3arlpomnoHoBaHuM y [17].
®opmynu (2) - (5) moka3yroTh, IO 3rajaHi BUIIE KOHCTAHTH
PO3CIIOBaHHS BUPAKAIOTHCS Yepe3 IHTET P! IO XBUITBOBII
dysKIi W i

kpuctaimiyaoMy mnoteniany U. Po3paxyHok 1mux
IHTEeTpajJiB TPOBOAMBCSA Ha OCHOBI TpuBHMipHOi B-
CIUTAMH-1HTEPIONSIII Ta METOAY CKiHUEHHUX 3MIlleHb
[23]. 3amexnicte ¥ i U Bim TemmepaTypu 3yMOBIIOE

TEMIIEPaTypHY 3aJIeKHICTh KOHCTAaHT PO3CIIOBaHHSI.
[Ipumyckaroun HaWOpoCTiNly, JiHIHHY, TeMIepaTypHY
3aJIeKHICTh, MOXKHa  pO3paxyBaTH  TeMIlepaTypHi

3aJIEKHOCTI KOHCTaHT pO3CIIOBAaHHS BaKKUX JMIpOK 1
€JICKTPOHIB!

(6a)
(6b)
(6c)

(6d)




O.I1. Manuk

BuxopucToByt0OUM 1i  CHiBBiJIHOIICHHS, MOJHA
pO3paxyBaTH TeMIIEpaTypHi 3aJie)KHOCTI WMOBIPHOCTEH
MEPEXOMdiB EJEKTPOHIB 1, Y CBOIO HYepry, KiHETHYIHUX
KOEQII€HTIB TETYPHUIY KaIMifo.

3ayBakuMo, 110 [T PO3PAXYHKY PYXIMBOCTI BaXKKHX
IipOK  BUKOPHUCTAaHO  TEMIIEPATypHY  3aJIeKHICTBH
e(eKTUBHOT Macu BaKKoOi IIpKH, sika Oyja BH3HAueHa B
[17]. s TemmepaTypHa 3a1eKHICTh Ma€ BUTIIS:

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

Mo>kHa BiI3HaUYNTH AKiCHY MOAiIOHICTE BUpasy (7) 1o
ananoriusoro  Bupasy i CdyHgixTe  (x~0,2),
OTPUMAHOTO MiATOHKOK 10 €KCIIEPUMEHTAIBHUX JaHUX
[24].

1. BuznayeHns TeMIepaTypHHUX
3aJ1esKHOCTel eHeprii ioHi3amii pi3HUX
BH/IiB IOMIIIKOBHX JIe(peKTiB

Y 3amponoOHOBAaHOMY  JOCIHIJKCHHI  BHBYAIHCS
aKIeNnTopHi JedeKTH, CpUYMHEeH] BBEACHHSIM NOMIIIKU

Mi,Z[i, a came: Cucyg , Ve — CUCd , Cquf Tecq s CUCdf Veg.
JlocmipkeHHST ~ €HEPreTHYHOTO  CIEeKTpY  JMedeKTHOT
CTPYKTYpPH TEIypHAY KaaMil0 HPOBOIWIM B pPaMKax
MeToxy cynepkoMmipku Ha ocHOBI koxy ABINIT: Cucq —
cynepkomipka Cd;TegCu (1x1x2 kybiuHa cTpyKTypa
chanepur); Vre — Clcq — cynepkomipka Cd;TesCu (1x1x2
KyOiuHa cTpykTypa cdaneput); CUca — Tecd —
cynepkomipka CdiaTe17Cu (2x1x2 kybiuna cTpykTypa
canepur); CUcd — Ved — cymepko-mipka CdisTesCu
(2x1x2 kyGiuna crtpyktypa coaneput). Hami Oymu
PO3TISIHYTI JOHOPHI [e(eKTH, BUKJIWKAaHI BBEICHHIM
nomimku xiopy, a came: Clre, Clre—Cdre. EnepreTrummii
CIIEKTP LUX JACPEKTHUX CTPYKTYP PO3PaXOBAHO METOIOM
cymepkoMipku (1x1x2 kybiuHa cTpykTypa chanaepur) Ha
ocHoBi koxy ABINIT: Clye — cymepkomipka CdsClTer;

Clte—Cdte — cymepkomipka CdoClTes. Amnamoriuni
po3paxyHKH ~ Oyiau  OpOBEACHI IS iJealbHOL
cynepkomipku CdgTes (1x1x2 kybiuHa cTpyKTypa

chanepur) i CdisTes (2x1x2 kybiuHa cCTpyKTypa
coanepur). I[lpu npoMy s ineaJbHUX CYHEPKOMIPOK
Oynu oTprMaHI HACTYyNHI 3HAYeHHS mapamerpa o
CdsTes— o = 0.09 Bignosimae T = 0 K, « = 0.0182
Bignosimae T = 300 K; CdisTes — a = 0.076 Bignosigae

EnepreTuunmii ciekTp ineanbHOI Ta JeeKTHOT CynepKOMIpKH.

Tao6aunus 1.

1x1x2 kyGiuHa cTpyKTypa cajiepur

T=0, Eg=1.65 eB, 0=0.09

T=300 K, E¢=1.48 ¢B, 0=0.0182

PiBens eneprii . . PiBens eneprii Enepreruuni .
i7ie-aIbHOTO . EI.{epreTHqu . E.Hep.r"m iZie-aIbHOTO piBHI nedexTy, | . E.Hepf.m
CdsTes, eB piBHI nedekry, eB| ionizamii, eB CdsTes, eB B 10Hi3auii, eB

Ccg IIpu T=0 p- Tam Clcy
Ec- 1x(4.194) (0) 1x(3.946) (0) Mou T >0 " | Ec1x(4.108) (0) 1x( 3.858) (0) AEx = 1.238
Ev- 2x (2.541) (2)" | 1x(2.344) (1) AE’; 1405 E.- 2x (2.620) (2) | 1x(2.463) (1) AT
1x(2.344) (2) ' 1x(2.463) (2)
Ve — Clcq Tlpw T=0 p- Tum Ve — Clcg
Ec- 1x(4.194) (0) 1x(4.017) (0) Mou T > 0 " | Ec1x(4.108) (0) 1x(3.990) (0) AEx = 1.370
E.-2x(2.541) 2) | 1x(2.226) (1) AE‘; C 1476 E-2x (2.620) 2) | 1x(2.214) (1) AT
1x( 1.910) (2) ' 1x( 2.054) (2)
Clre Clre
E-1x@104) (0) | 0O 1 e 0557 | E-1x(a08)0) | DD 1 \e 53
B 2x(2.541) 2) | (3630 (1) B 2x( 2.620) 2) | (3969 (1)
v ) 2x(2.394) (2) Y ) 2x(2.459) (2)
Clre—Cdre Clre—Cdre
1x( 4.219) (0) Ec 1x(4.108) (0) | 1x(4.211) (0)
E“’;:géﬁ; E(Z); 1x(4.177) (1) AEp=0.017 Ev— 2x(2.620) (2) 1x(4.148) (1) AEp =-0.040
e 1x(4.177) (2) 1x(4.148) (2)
2x1x2 kyOiuHa cTpyKTypa cajepur
T=0, E;~1.65 eB, 0=0.076 T=300 K, Eg=1.48 eB, 0=0.00571
PiBeHb eHepril ine- Enepreruysi Enepris PiBeHn eHeprii ime- Enepreruui Enepris
anbHOoro CdisTess, piBHI nedekry, iotizarii, éB anpHOro CdisTess, piBHI nedekTy, {omisawii, ¢B
eB eB ’ eB eB ’
Cucd — Vcd Cucd — Ved
E-1x(130) (0) | 1x(967)(0) | T OP P | B 1.(a046) (0) | 1x (2.881) (0) e 20323
E,2x (2478) (2) | 1x (2.360) (1) AEpHZO 489 E, 2x(2.558) (2) | 1x(2.323)(1) ATV
1x (1.752) (2) AT 1x (1.722) (2)
Cucd — Tecq Cucd — Tecq
Ec—1x(4.130) (0) 1x (3.085) (0) _ Ec—1x(4.046) (0) 1x (3.012) (0) _
E,2x (2478)(2) | 1x(3.077) (0) ABA=0899 | £ 5 (2558)(2) | 1x(3.005)(0) | AEATOAH
1x (1.845) (2) 1x (1.855) (2)

* Zammc 2x(2,541) (2) o3nauae, 110 iCHye 2-KpaTHUI BUPOKEHHUI PIBEHb €HEPTIi 3 YUCIOM 3allOBHEHHSI, PiBHUM 2.
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T = 0 K, a= 0.00571 signosimac T = 300 K.
Po3paxyHKOBI €HEpreTH4Hi CIIEKTPH CYNEPKOMIpOK
npencrasicHi B Tabmumi 1.

Hacrymuuii  eranm  po3paxyHKIB — mojsirae 'y
BCTaHOBJIGHHI  TEMIeEpaTypHOI  3aJeXHOCTI  eHepril
ioHizamii pi3HMX THmiB  gedekrtiB. g mporo

BHKOPHCTOBYBABCSI MeTOJ, mipeacrapinernit y [17]. Iicms
[BOTO, TIPHUITYCKAIOUW JIHIHHY 3aJeKHICTD, OTPUMYEMO
TeMIepaTypHi 3aJIeKHOCTI eHeprii 10Hi3a1il nedexTy:

Cucqg: AE, = 1.405—5.567 x 1074 T, (8a)
Ve — Cucq: AE, = 1.476 —3.533 x 1074 T, (8b)
Cucq — Tecq: AE, = 0.599 —5.067 x 1074 T, (8¢)
Cucg — Veq: AE, = 0489 —5533x107*T, (8d)

Clye: AE, =0.557 —6x1075T, (8e)
Clpe — Cdre: AEp =0.017 — 1.9 X 1074 T, (8f)

Crhin 3a3HAa4YWTH, M0 JIMIIEe JUIi OJHOTO THUITY
JIOCHIZKYBaHUX NIeEKTIiB AUCKPETHUI piBeHb Ae(eKTy
3JIMBAETHCS 13 30HOIO TpoBifgHOCTI, a came: Clre — Cdre
mpu T = 89 K. JInst iHmmx tumiB Ae(eKTiB 3 MiABUIICHAIM
TEMIIEPaTypU BiJOYBAEThCS JIHMIIE 3MEHIICHHS €Hepril
ioHI3amii 6e3 3MUTTA i3 30HOIO TPOBITHOCTI.

400 Ty ————
- 300 | -
2— 3 -
E 200 E
9 - N,=1x10" 4
* 100 | 1- N =9x10" B

! 2- N =2x10" 4
0 " a2 2 2233l i A a3 3 1T
10 100 1000
T, K
a
80 T
60 | .

u,cm? (Vs)
H
o
1

N,=1x10"

I11.O6roBopennst

Y  po3paxyHKax  KIHETHYHHUX  BJIACTHBOCTEH
BPaxOBYBAINCS JHIIE AeEKTH 3 HAWMEHIIO E€HEepriero
10Hi3aI1ii, OCKUTbKH BOHU POOJISITH JOMIHYIHOUHI BHECOK Y
sBHIA TepeHocy. Sk BumHO 3 piBHSIHB (8a)-(8f), mus
nerosanoro min-mro CdTe rakuit nedekr € Cucad — Ved,
Toni Ak mis seroBaHoro xymopom CdTe me medextHMiA
komruieke Clre — Cdre.

IIpoBeneno MOPiBHAHHS TEOPETUIHHUX
TEMIEPaTYPHUX 3AIEKHOCTEH PYXJIMBOCTI BKKUX IIipPOK
3 eKCMEePUMEHTaIbHU-MHU JaHUMH, HaBeJeHUMH B [25].
[TapameTpu Temypunmy Kaamilo, BHKOPHCTaHi s
po3paxyHKy, npencrasieHi B [17]. Tomy ans Tenypuny
KaJIMiI0, JIETOBAaHOTO Mi/It0, piBeHb DepMi BU3HAYAETHCS
PIBHSIHHSIM €JIEKTPOHEUTPAIILHOCTI:

p —n = Nu/{1 + 2exp[(E, — F)/(kp)T1}, 9)

ne Na— KOHIIEHTparllisi JOMIIIKH Mifi i piBeHb HeeKTy
IpH 3aJaHiil TeMIepaTypi BHOHMpPArOTH BIATIOBIAHO IO

(8d).

Pospaxynox TeMIIEpaTypHUX 3aJ1eKHOCTEN
200 - -
o 150 |- =
> i :
<= 100 |- -
g I N,=1x10"® ]
£ 50} 1 - Ny =6x10" i
I 2 - N, =1x10" 1
0 n A a a2l i PR T AW W
10 100 1000
T, K
0
40 — T

s N,=1x10"
30 | 1-Ng=1x10"
2 - Ng=3x10"

20 - 1- Ng=3x10" - 10 2
s 2 - N, =6x10" 4 L £
0 " o a2 a2l 4 0 a2l i1 123
10 100 1000 10 100 1000
T, K T.K
B T
8 - -
w | .
=
E 4r N,=1x10" )
2 | 3 1-Ng=6x10" |
2 - N =1x10"
0 aaaal " AT
10 100 1000
T,K
A

Puc. 1. — TemmeparypHi 3aJIe’KHOCTI pyXJIMBOCTI BAKKHX JIPOK y KpUCTAIAX TEIYyPUAY KaaMito 3 Pi3HOIO
xoHnenrpanicro gedekTis. a — Na=1x10em?; 6 — Na=1x10%%cm3; B — Na=1x10%cm®; r — Na=1x10Yem3;
11— Na=1x10%8cm3.

129



O.I1. Manuk

PYXJIMBOCTI Ba)KKOi [IpKA TPOBOJWBCS Ha OCHOBI
OJIM3BKOIII0OYNX Mojienieit poscistaus [14,15,17] B pamkax
TOYHOTO PO3B’S3KYy KIHETWYHOTO piBHAHHA bombpimana
[26].

Po3paxoBaHo TemIepaTypHi 3aJIe)KHOCTI PYXIHUBOCTI
BaXKHUX JIpOK Yy KpHUCTalax TEIypHAy KaaMmilo 3
KOHIIEHTpaliclo faomimku migi 1x10% + 1x10'® cm?®,
Pesympratn po3paxyHky mnpenctaBineHi Ha Puc.l. Jmsa
KO>KHOTO 3Ha4yeHHS KOHLEHTpawii mini Na Oynu oOpaHi
Taki 3HAYCHHS KOHIIGHTpAIil IICHTPIB CTATUYHOL
nedopmartii Nss, sIKi JO3BOJISUTH O OXOMUTH BCI MOKJIHBI
3HAQUEHHS PYXJIMBOCTI BaXXKHX JIPOK IPHU HHU3BKHUX
temrepatypax. IIOpiBHSHHS TEOPETHUYHHX KPHBUX 3
EKCIIePHMEHTAJIBHIMH JAHUMH MIPOBOIMIIOCH JIMIIE I
KOHIEHTpalii akuentopuux aedekris 1x10% cm3 (nus.
Puc. la). Bugno, mo TeopeTnyHa KpHBa JOCHTH 100Ope
Y3TOIKY€EThCS 3 SKCIIepIMEHTaIbHIMU JaHUMU. Ha sxaib,
CKCIICPIMEHTAJBHIX ~ JaHMX JUI1  IHIOMX 3HAa4YeHb
KOHIICHTpAIIil JOMIIIIKA MiJli B JIiTEpaTypi HEMae.

Jns BaXKUX MJIPOK TIOPIBHIOBANIMCS TEOPETHUHI
KpHBi, OTpUMaHi 3a JONOMOIOK ABOX KOHKYPYIOUHX

MiXOMIB: OJIM3BKOII0YUI MOEII PO3CSHHS 1 JaleKOi04i
Moemi PO3CisTHHSL. PesynbTaTn pPO3paxyHKIB
npencrasieni Ha Puc. 2. Ilrpuxosi mimil 1 i 2 —
pe3ynabTatd po3paxyHky 3anexxHocti W(T), orpumani B

HaOMIDKEHHI dYacy perlakcamii 3a  JaleKOMII0YNMHA
MOJIEIISIMHA PO3CiIHHS: KpuBa 2 ONHCYE
BUCOKOTeMIlepaTypHy  obmacte  (hw << kgT, o-

YacTOTa ONTHYHUX KOJIMBaHb, KpuBa 1 omucye obiacth
HU3BKHUX TEMIIEPATyp (ha) >> kBT). CrocoBHO kpuBux 1

i 2 cmig 3pobuTtH HacTymHE 3ayBaxkeHHs. Jna temypumy
Kagmiro Temmepatrypa [ebas Op 239 K. Orxe,
BiJITIOBIJTHO IO HABEJICHUX HEPIBHOCTEH 0071aCTh HU3BKIX
Temriepatyp Oyzae Bu3HauaTucs ymoBoro T <24 K, a
0071acTh BUCOKUX Temmepatyp — ymoBowo T > 2400 K. Sk
BUIHO 3 puc. 2(a), EKCHepUMEHTaIbHI TOYKH
MOTPAIUIIOTE B 00macte, me T Op, TOOTO 1€
3aCTOCYBaHHSI HaOJIDKEHHS yacy penakcaiii (nmpyxHe
pO3CiIOBaHHSI) € HEKOPEKTHHMM. 3 IHIIOro OOKy,
ONMM3BbKOAIIOYI  MOZENI  PO3CISHHA  BaXKUX  JIPOK
JIO3BOJISIIOTH ONMCATH HENPYXXHE PO3CIIOBaHHA, TOMY iX

3 ~w T o T T™TT7TTTT
B W a7~ 3
@ 0% g | = o -
= = 10°F " s
T - - - Nt 2 ]
° 10k o) N,,=6x10 ’ ]
=4 K =1
L 10" F 2,’ ]
100 - " soa s Laaal " " ....nn:
10 10 100 1000
T, K
0
10°F O T A
Q k -
@ 10° | 10°F 2 - <7 T~
& s NE’ s . S O
< i £ [ /_\_
£ ’ ; S o \
c:; 10'F T~ _ v NA=1x10‘:5 i £10'F 73 N, =1x10" ]
: > Nss=3x10 : : Nss=1x1o1e :
100 " s sl " PR SR W W 100 " s s sl X PSR
10 100 1000 10 100 1000
T, K T, K
B r
1000F 1 ~o N=1x10" o
TS o N =6x10"
Q 2 T~
S100F === _ _ <= =<
S— C ~ p
& - N
E N
(8] \
1 n aa a2 aaal " A1 1 114
10 100 1000
T, K
ht

Puc. 2. — 3anexxHocTi, 0 BIANOBIAAIOTH PI3HUM TEOPETHYHUM MiAXoAaM. 1, 2 — nanexkoailodi MoJesl po3CistHHS
(HaOmKeHHS 9acy penakcartii); 3— OJU3bKO- TIF09i MOJEI pO3CisTHHS.
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3aCTOCYBaHHS B I[bOMY [lialla30HI TEMIEpaTyp €
npaBwIbHUM. KpiM ToTO, KpuBa 3 CYTTEBO BiIPi3HAETHCS
SIKICHO Ta KiJIbKiCHO Bix kpuBux 1 i 2. BpaxoByroun 30ir
KpHUBOI 3 3 EKCIIEPUMEHTOM, MOXKHA CTBEP/KYBATH, IIO
ONMM3BKOMIIOYI  MOIENi  pO3CISHHSA  JaOTh  OLIbII
aZieKBaTHUH omrc (Ppi3MIHOI pearbHOCTI, HK TaTeKOMir0qi
MOJICI.

Po3paxoBaHi Ha OCHOBI 3alpPOMOHOBAHOTO METOIY
3ajexHocTi  (hakTopa Xoyula BaXKol  JIPKH  Bif
TemnepaTypu mpejacrtaBieHi Ha Puc. 3. BumHo, mo i

F-Fp
kT

n—pzND/[1+Zexp(

n — p = Np — micns 31uTTsA piBHS AeeKTy,

e Np — KOHIICHTpaIlisl XJIOpyY, a piBeHb nedekry Ep mpu
3ajaHiil TemMIieparypi BUOMpaeThes BianoBigHo 1o (8f).

Ak 1 y BUmAagKy BaXKHX [IpOK, TeMIIepaTypHi
3aJIeKHOCTI PYXJIUBOCTI €IEKTPOHIB OyITH po3paxoBaHi Ha
OCHOBI ONM3BKOAiITOUMX Mojeneit poscisaus [14,15,17] B
paMKax TOYHOTO PO3B“SI3KY KIHETHYHOTO PIiBHSIHHS
bonbumana [26].

T LI B S | T T T TTTT
1,15 -
1,10 |-
1,05 -
1,00 |- -
i a2 sl L PR B B A )
10 100 1000
T, K

Puc.3. 3anexHicTh (akTopa Xojula BaXKHX IIPOK Bia
TEMIIEpaTypu B KPUCTajJax TEIypHUAY KaJMil0 3 Pi3HOIO
KOHIEHTpamicro Mim. 1 Na=1x10¥cm3: 2
Na=1x10%cm3; 3-Na=1x10%cm3; 4-Na=1x10cm3; 5-
Na=1x10%cm3,

Jlnst  3paskiB, JIETOBaHHX XIOPOM, pPO3PaXxOBaHO

TEOPETUYHI TeMIepaTypHi  3aJeKHOCTI  PYXJIHBOCTI
r T T — T
[ = -sampleC |
104 | 4 -sampleD | _|
w o ;
= L d
e 10°F -
C] [ §
=1 B p
2 | =
10° L el NEEPEEETE T ETY B
10 100 1000
T, K
Puc. 4. — TemmeparypHi 3aJeXHOCTI PYXJIHBOCTI
CIICKTPOHIB y JIETOBaHOMY XJIOPOM CdTe.

ExcrniepumMenTanbHi qani — [27].

)] — 10 3JIUTTS PIBHA Ie(PEKTY;

3IEKHOCTI  MalOTh  MIHIMyMH, SKi  pO3TamoBaHi
HACTYITHAUM YHHOM — YMM O1JTbIIIa KOHIIEHTPAIIS TOMIIIIOK
Mifli, THM BHIIIE TEMIIEpPAaTypa MiHIMyMY.

Teopernani PpO3paxyHKH MTOPiBHIOBAJIA 3
SKCIIepUMEHTAJIBHIMH JaHUMH VIS JISTOBAHOT'O XJIOPOM
CdTe [27]. SIx BumHO 3 (8¢)-(8f), medekT 3 MiHIMATEHOTO
eHepriero ioHizauii € nedexrHuM komruiekcoM Clre — Cdre
. BpaxoByroun 31uTTSI piBHA LBOTO JAE(PEKTY i3 30HOIO
MPOBITHOCTI, PIBHSHHS €IEKTPOHEHTPAIBHOCTI JUIsl PiBHS
®depmi MOKHA 3aICaTH Y BUTIISIAL:

(9a)

(9b)

EJIEKTPOHIB JIJIsl TAKMX KOHIEHTpauii nedekris (nuB. Puc.
4): 3pazox A — Np=5x10% cm3, Ngs=1.2x10% cm 3; 3pasok
B — Np=5x10%® cm 3, Nss=6x10%° cm 3; spasox C —
Np=5x10% cm 3, Nss=8x10% cm 3; 3pazok D — Np=5x10%
cM 3, Nss=1.8x10%" cm 2. Sk BunHo, TeopeTnuni kpusi C
i D nocuth 100pe y3roJKyrThCS 3 EKCIIEPUMEHTAIbHUMHU
JAaHUMHM TIpU  BHCOKIH TemmepaTypi Ta BHCOKiHd
KOHLEeHTpalil aedexTiB. Ha xanb, B iTeparypi BiacyTHi
SKCIIepUMEHTAJIbHI JaHi A TaKOro THIY 3pa3KiB HpH
MalnX KOHIICHTpAIisfX Ae(eKTiB.

BumeBkaszaHuii  MeToxm  poO3paxyHKy — JO3BOJIIE
OTPUMATH TEMIIEpaTypHY 3aJeKHIiCTh (akTopa Xoia
eJIEKTpOHA JUTA 3pa3KiB, IETOBAaHUX XJIopoM (muB. Puc. 5).
i 3ame)XHOCTI MarOTh MIHIMYMH, IO BIATIOBITAarOThH

TeMmrepaTypi, 3a sKoi BiIOyBa€TbCs Mepexix Bif
MexaHi3My  SS-poscitoBaHHs g0 MexaHismMy PO-
po3cioBaHHsA. 3 pHC. S5 BHAHO, [0 YHM BHIIEC
KOHLIEHTpalist AedeKTiB, TUM BHUIIE TeMIeparypa
Hepexony.

SIKIO  TOpPIBHATH TEOPETHYHI KPHBI, OTpUMaHi

BUIIEBKA3aHUM METOAOM, 3 TEOPETHYHHUMH KPHBUMH,
OTPUMAaHUMH B HaOJIDKCHHI Yacy perakcamii (IHB. prC.
6a-d), MoxHa mO00AYMTH, IO HAONIDKEHHS dYacy
penakcarii Jae TEOPETWYHI KpPWBi, sKi HabaraTto MEHII
Y3rOMKYIOTBCS 3 EKCIIepUMEHTOM (KpHBa 1 BinmoBinae
HU3BKUM TeMmIlepatrypam, a Kpua 2 BUCOKHM

TeMIieparypaM |y HaOMWKEHHI dacy pelakcairlii),
1,6
1,4 |
= s
1,2 |
1,0 PRI | PP |
10 100 1000
T, K
Puc. 5. — Temmeparypra 3anexHicTs (axropa Xoiuia

enextpona B n-CdTe.
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Puc. 6. — [TopiBHAHHS TEOPETHYHHUX KPUBUX, OTPUMAHUX B paMKaX AaJeKoirounx (KpuBi 1 1 2) Ta Giusbkoaioumnx
Mozenel (kpuBa 3) po3CistHHS 3pa3KiB, JETOBAHHUX XJIOPOM.

0COOIMBO B 00JIaCTi BUCOKUX KOHICHTpamiil nedexTis. Lle
CBIIYMTH MPO TE, LIO 3aMPOIMOHOBAHUIA y CTATTI METO[
OLUTBII aJICKBaTHO OITUCYE Ae(DEeKTHY CTPYKTYPY KPUCTATIB
Ta 1X KIHETHYHI BJIACTHBOCTI.

TemrepaTypi. Ha 0CHOBI 11bOTr0 BU3HAYCHO TeMIlepaTypHi
3aJe)KHOCTI eHeprii ioHizamii momimkoBux (Cu i Cl)
IepeKTiB pI3HOTO THIy, a TaKOX TeMIlepaTypHi
3aJIeKHOCTI KiHeTHYHUX KoedimieHTiB. CimiJ 3a3HAYUTH,

10 3alpPONOHOBaHA METOAMKA PO3PAXYHKY MOXe OyTH

3aCTOCOBAHa JI0 BCIX JOMIIIKOBHX HAaIliBIPOBIJHUKIB 31

BucHoBOK CTPYKTYpOIO Chanepury.
ABTOpPOM pO3IJISIHYTO HOBY CXEMy pPO3PaxyHKY
CHEPreTHYHOTO  CHEKTPY, XBWIbOBOI (QyHKLII Ta
MTOTEHITIaIbHOT EHepTii eNeKTPOHA B KPUCTAI MIPH 3aJaHii

Manuk O.I. — nokrop Qi3MKO-MaTeMaTUYHUX HAaYK,
npodecop.
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O. P. Malyk

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

Semiconductor Electronics Department, Lviv Polytechnic National University, Lviv, Ukraine. omalyk@ukr.net

In the presented article the method of determining the energy spectrum, the wave function of the charge carrier
and the crystal potential in CdTe at an arbitrarily given temperature is considered. Using this approach within the
framework of the supercell method the temperature dependences of the ionization energies of various types of
defects caused by the introduction of chlorine and copper impurities in cadmium telluride are calculated. Also the
offered method allows to define the temperature dependence of the optical and acoustic deformation potentials
and as well as the dependence on the temperature the charge carrier’s scattering parameters on ionized impurities,
polar optical, piezooptic and piezoacoustic phonons. Within the framework of short-range scattering models the
temperature dependences of the charge carrier’s mobility and Hall factor are considered.

Keywords: Transport phenomena, Crystal defects, CdTe, Ab initio calculation.
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Consiuni ejieMeHTH Ha 0CHOBI TOHKHX IUIIBOK CdTe (II wvacTuna)
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VY po6oTi IPOBEAECHO AOCHTIIKEHHS 1010 BUKOPHCTaHHS HAIlIBIIPOBITHUKOBUX COHAYHUX eneMeHTiB (CE) Ha
OCHOBI TOHKOIUTIBKOBoro Tenypuny kaamito (CdTe) B cywachiii enepreruii. [IpoanamizoBaHO mepeBard Ta
Henonikn BukopuctanHsi CE Ha ocHoBi ToHkmx muiiBok CdTe, a Takoxk NpHBEIEHO apryMEHTH Ha KOPHCTH
BIIPOBA/DKEHHS TEXHOJOTiH MacoBoro BHpoOHMITBa CdTe COHSYHMX MOIYJIB, SIKi MOXYTh KOHKYPYBaTH 3
KPEMHI€EBIMH aHAJOTaMH 332 KOMIIPOMICHHX 3HaueHb e(eKTHBHOCTI Ta BapTocTi. OmmcaHOo (i3HKO-XiMiuHi
BruacTuBOCTI OiHapHOi cucremu Cd-Te Ta BKazaHO 3B'SI30K MiX (PI3SHYHHMH, XIMIYHHMH, CICKTPUYHUMH Ta
ontuyHUMH BiacTuBOCTAMU CdTe, mo poOuts #oro mpuBaOIMBUM Ul BUKOpUCTaHHS Y ToHKoITiBKOBUX CE.
Oco0nmBa yBara IpHIUISETHCS JOCTIIPKCHHIO (POTOUYYTIMBOCTI, SKa € BAXKIMBAM IapaMeTpOM Y BH3HAUCHHI
(doTonpoBiTHOCTI, Ta 0OrOBOPIOIOTHCS IepeBarn i Henomiku ¢ortouymimBocti miiBok CdTe. Posriasayro
ToHKoILTiBKOBI rerepocTpyktypH (I'C) CdTe, siki € BaXKIMBIMU KOMIIOHEHTAMH CYYacHMX COHSYHHUX Oatapeif, Ta
ONHUCYIOThCSL X OCHOBHI MepeBarn Ta HENOMIKH. APryMEHTYEThCS, IIO TPOCTi CIOCOOM BHTOTOBJICHHS Ta
¢dopmyBarns ['C, siki He TOTPEOYIOTH CKJIAIHOTO Ta JOPOTOro 0OJaJHAHHSI, € BAKIMBOIO TIEPEBArol0 TEXHOIOTIi

CE na ocuosi CdTe.

Kiro4oBi ciioBa: coHs4HI eneMeHTH, TOHKI niBkH, CdTe, poTodyTnuBicTh, TETEPOCTPYKTYPH.

Tlooano 0o peoaxyii 14.06.2022; npuiinsmo oo opyxy 9.03.2023.
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Beryn

Consuni enementd (CE) Ha OCHOBI TOHKHX IUTIBOK
CdTe — ne Tun GOTOCNEKTPUYHHX COHSYHHUX IaHEJCH, B
SIKMX aKTHBHUM MaTepiajioM JUIsl TIepeTBOPEHHSI COHSYHOT
eHeprii B eNIEKTPUYHY € KaaMiii-TeqypoBa TOHKA ILTiBKa.
CdTe mae BUCOKY epeKTUBHICTb IIEPETBOPEHHS COHAYHOT
€Heprii Ta HU3bKY BapTiCTh BUPOOHHUIITBA. BiH Takox Mae
oOpy CTIHKICTh A0 KOpO3ii Ta merpajariii, oo J03BOJISE
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BUKOPUCTOBYBATH HOTO B PI3HUX KIIMATHYHHX yMOBaX.
CdTe — ue HamiBOPOBIJHUK 3 SHEPreTUYHO LIMPUHOKO
3a00poHEHOI 30HM ONM3BKOT JO ONTUMAaNBHOI ISt
MOTJIMHAHHS ~ COHSYHOIO CBITIA  Ta  TapHOIO
enektponpoBigHicTio. Came Tomy CdTe BBaxaeTbest
OJIHAM 3 HaWOUIBII TEPCIIEKTHBHUX HAIiBIPOBIIHUKIB
JUTSI TOHKOTUTIBKOBO1 COHSIIHOT €HEPTETHKH.

Texnonorist BuroroBieHHs ToHKOMIiBKOBHX CE Ha
ocHoBi CdTe wmae Oararo mnepeBar MOpPIBHSHO 3
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Consuni enementd Ha ocHOBI ToHKMX MU1iBoK CdTe (I wactuna)

TpaJANIIHHIMA KPEMHIEBUMH TUTaCTHHAMHU, Tak sk CdTe €
HaIliBIIPOBITHUKOM, IO €()EKTHBHO IOTJIUHAE ONTHYHE
BUIIPOMIHIOBAHHS 3 ONTHMAJIbHUMH IapaMeTpaMH Ui
CE. BurotoBienns ToakomtiBkoBoro CdTe He motpebye
CKJIATHOI MIKPOENEKTPOHHOI TEXHOJOTii, mo poOuTsh ii
OUThII TPONYKTHBHOIO Ta MeHII BapTicHoo. Lle
MOSICHIOETBCS. HE  TUIBKM ~ MIKPOHHOIO  TOBIIMHOIO
MOTJIMHAIOYOTO IIapy, ajle i HU3bKOK BapTICTIO OCHOBH,
Ha SIKy HAHOCHUTBHCS Marepial, sika 3a3BHYail € CKIIOM,
MOJIMEPHOIO IUTIBKOIO a00 MeTaneBoro (oibroto. Kpim
toro, ToukommiBkoBi I'C wHa ochHoBi CdTe e
MepPCIIEKTHBHOO TeXHouorieto st BurorosnenHs CE.

VY momsoBux BumnpoOyBanHAxXx CE nHa ocHOBi CdTe
MIPOJIEMOHCTPYBAIN MPOXYKTUBHICTH 17%, IO MOXHa
MOPIBHATH 3 KPEMHI€BUMH TIaHEISAMH. 3a 3asBOIO
kommanii  First Solar, BOHH 3MOXYTb JOCATTH
epextuBHOCTI 24% 3a nmBa poku Ta 19% B peambHHX
yMmoBax 3a Tpu pok# [1]. KpiM Toro, 3aBAsKH TeXHOIOTii
oca/pkeHHs 3 mapoBoi (as3m, ToHki maneni First Solar
BUTOTOBIISIFOTHCS IIPOCTIIIIE — BECH TIPOLIEC, B PO30POTO
CKJIa JI0 KIHIIEBOT'O MPOYKTY, 3aiiMae BChOTo 3,5 roIuHH,
TOJIi SIK Ha BUTOTOBJICHHSI KDEMHIEBOTO CIIEMEHTY HIe Ba
nHi [1].

. Bumoru g0 3acrocyBannsa CdTe y

AKOCTI TOHKOILIIBKOBUX COHSIYHMX
eJIEMEeHTIB

CE na ocHoBi ToHKHX miiBok CdTe MaroTh Kilbka
repeBar MOPIBHSHO 3 TPaJUIiHHUMH KPHCTAiYHHUMHU
COHSIYHMMU TNaHesssMu [2]. 30kpema, BOHU MarOTh BHULLY
eextuBHicTh epetBopeHHs eHeprii: CE Ha ocHoBi CdTe
MOXYTb Matu e(eKkTUBHICTh 10 22%, 10 € 3Ha4yHO
BUIIOK 32 e()EKTHUBHICTh TPATUIIHHUX KPUCTATIUHUX
COHAYHMX maHened [2, 3]. Takoxx And HUX XapakTepHa
OijIplIa CTIMKICTh 10 BUCOKUX TeMIIEpaTyp: TOHKI IUTIBKH
CdTe MOXyTh NpalfOBaTH MPU BUCOKUX TeMIIEpaTypax
0e3 3Ha4HOro MajiHHI eeKTUBHOCTI. A Kpaiia poboTa
Ipu HEe3HaYHOMY OcBiTiIeHHI 3abesneuye CE Ha ocHOBI
toHknx  1iiBok CdTe  3pmaTHiCTIO  TeHepyBaTH
€JIEKTPUYHHIA CTPYM IIPH HU3bKOMY PiBHI OCBITJIEHHS, 10
poOHUTh X ePEeKTHBHUMHU TPU MOXMYpil moroji, abo B
3aTiHECHHUX MicIx [4].

Opuak, CE na ocHoBi Tonkux mmBok CdTe marots i
JIesIKi HeJIOJKH, TaKi SIK BUCOKI BUTPATU HAa BUPOOHUIITBO
Ta  MEHNIy  CTIHKICTB 10  y’abTpadioneToBoro
BHIIPOMIHIOBaHHS  IIOPiBHSHO KpUCTaTIYHUMHU
COHAYHHMMH MaHEIIMH [2,5].

IIpore CdTe 3anumaeTscs OAHUM 3 MaTepialiB, SKi
BUKOPHCTOBYIOTBCS Ui BUTOTOBJIEHHSI TOHKOILTIBKOBHX
coHssyHHX eneMeHTiB. s Toro, mob CdTe moxna 0yino
BuKopuctoByBaTH y sikocti CE, HeoOXiZHO BHKOHYBaTH
neBHi BUMoru. OJHI€I0 3 yMOB € YHCTOTa MaTepiaiy,
T00TO 1715 oTpUMaHHs BucokoepekTnBHIX CE HeoOxinHO
BUKOpHCTOBYBaTH BUcokouncTHi CdTe 3 MiHiManbHOIO
KUIBKICTIO JOMIIIOK. BaXHMBOIO YMOBOIO € TOBIIMHA
mwiiskn CdTe, sxka wmae OyTH ONTHUMAIBHOIO IS
JIOCSITHEHHST MAaKCUMAaJIbHOT e(EeKTHUBHOCTI eJIEMEHTY.
3a3BHYaii BAKOPHUCTOBYIOTH TTIBKY TOBIIWHOKO Big 1 110 2
MKM. Jost OTpUMAaHHS HaInpyru HE0OXiTHO
BHKOPHUCTOBYBaTH reteponepexin mik CdTe Ta iHmmm

3
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Marepiamiom, Hampukiaa, mimmo (Cu), 3ade3nedyrodu
BHCOKY SIKICTh MeEXi Tepexony. BaxmuBo BpaxyBaTH
eIEeKTPUYHI  BJIACTHBOCTI,  30KpeMa  ONTHUMAJbHY
KOHIIGHTpaIito enekTpoHiB i nipok y CdTe, mob
3a0esneynTH MakcuManbHy edektuBHicts CE [6, 7].
Kpim toro, CdTe mae OyTtu criifikum 10 il BOJNOTOCTI,
TeMIIepaTypHUX 3MiH, yIbTpadioneToBoro
BUIIPOMIHIOBaHHS Ta MEXaHIYHUX IMOIIKOKEHb [6]. 3
Touku 30py BupoOHuuTBa CE, Bukopucranns CdTe mae
OyTH €KOHOMIYHO BHTITHUM.

JloTpuMaHHS 1MX BUMOI  JIOTIOMAara€ JOCSAITH
makcumanbHoi edektuBHocti CE nHa ocnoBi CdTe Ta
3HIKYE BapTIiCTh iX BUPOOHUIITBA.

Il. ®i3zuko-ximMiuHi BJacTuBocTi OiHapHOT
cucremu Cd-Te

CdTe e ynikanpHOIO cepen cnonyk [I-VI, takux sk
CdSe, ZnS i HgTe, Tum, 1110 Mae HalOUIbIIMN CepeaHii
aTOMHMM HOMEp, HalHMWXYy TeMIlepaTypy IUIABJICHHS,
HaliMEHIIy  HETaTUBHY  CHTAIbII0  YTBOPEHHS,
HaWOUIBIIMIA TapaMeTp I'paTKU i HaWBUIY HOHHICTH. B
CJIEKTPOHHOMY BUTJISII KaaMiil TeIypUx IEMOHCTPYE
aM(pOTepHI HaIiBIPOBITHUKOBI BIACTUBOCTI, IO POOHUTH
MoxmBuM JieryBanHa CdTe n i p-tumy [8]. Bei mi
(haxTOpM NTOMIOBHIOIOTH HOTO Maiike ifeanbHy ONTHIHY
MIUPHHY 3a00POHEHOT 30HU 1 KOS(DIIliEHT MOTIMHAHHS IJIs
Ha3eMHHX (OTOCIEKTPUIHHIX IPHCTPOIB, 110 pOOUTH HOTo
JIOCTaTHBO JIETKMM JUIl OCa/DKEHHS Ta KOHTPOIIIO Y
BUTTIAI  TOHKOI rriBkd. OCHOBHI  (hi3MKO-XIMIYHI
BiactuBocti CdTe npencrasneni y tTabuuui 1.1.

Kpucramizamis KaaMmiro TeaypHIy BiIOYBa€eTbCS Yy
CTPYKTYpi IIMHKOBOT 0OMaHKH. O0acTh HOTO iCHYBaHHS
€ acumerpuyHor. Crexiomerpuunuii CdTe mae TOuky
IUIABJICHHS TPOXM HWXK4y 3a Im. i temmeparyp,
Mmenmux 3a 1000 K, Oimpma dactuHa ~005acTi
TOMOTEHHOCTI CITOJIYKH 3HaXOAUTHCS Ha OO Ha/UIMIIKY
Cd, a gna Temmeparyp Bumie 1000 K — 3mimyetsest B 0ik
Te [12]. MakcuMmanbHa TeMIepaTypa IIaBiIeHHS CIIOTYKH
craHoBUTh Im=1365K 1 Bignmosimae HecTexio-
METPHYHOMY CKIIay 3 HaUTHIIKOM Teypy [10, 12].

CunTtesy cronyk Il —VI crpusiioTh BEJIHKI HETaTHBHI
eHranbnii yrBopenns: (AHy) i, BiNOBIIHO, HU3bKI THCKU
nmapiB (psat) 3'€HAHH B TOPIBHAHHI 3 iX CKJIaJOBUMHU
enemenTamu: st CdTe AHr = -22,4 kxain / MoJib 1 psa (400
°C)=10"°Topp [13, 14].

PiBHOBaxkHa peaxiist aust TBepaoro CdTe i mapis Cd i
Te, Mae BATIIAL

Cd + 1/2Te, & CdTe 1)

Sk pesymprat, ocamkenHs cronyku CdTe moximBe
3a JIONIOMOTOI0 CIUJIBHOTO BHIAPOBYBaHHS 3 JKepes
eJeMeHTiB, mpsMoi cyOsmimamii 3 mkepena CdTe abo
MEePeHECeHHs] Mapu 3 BUKOPUCTAHHSIM Ta3y-HOCIs st
3axoIuIeHHs Ta focraBku napiB Cd i Te; 3 enemenTapHUX
abo CdTe mxepen. KonrpyentHa cyOmimanis CIOIYKH
CdTe ¢ikcye ckian ra3oBoi (asm mis OCaIKCHHS 3
oxepena CdTe, a Husbkui Trck nmapu CdTe monermrye
BiZKJIaJICHHSI OZHO(A3HUX TBEPIUX ILTIBOK B IIMPOKOMY
JiarmasoHi TeMmepaTyp migkiaanky [12].

[Mapuianehi Tcku komnoHeHTiB Cd 1 Te, mo’s3aHi
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MiXK COOOF0O KOHCTAHTOIO piBHOBAaru peaxitii [15]:

1
K, = P%; Pr, or K, = Pcq P?, (2)
TemmneparypHi 3ajeKHOCTI KOHCTAaHT piBHOBar# K, 3a
JTAHUMH Pi3HUX aBTOPIB Jeo BiapizustoThes [12, 15].
3rizHo [16] 300paxkeHO (a3oBy Jiarpamy CHCTEMH
Cd-Te mpu aTMochepHOMY THCKY, sKa BimoOpaxae
IHMBiAyasbHI PIBHOBAru napa-TBep/e TUIO ISl OKPEMHX
komroneHTiB CdTe, Cd ta Te y nianazoni remMnepatyp Bif
100 mo 600°C, sxuit 3a3BHuail BUKOPUCTOBYEThCS IJIS
urotoBieHHs CE. Konrpyenrne BumaposyBanHs CdTe
CIpOLIye METOOW OCa/DKCHHS 3 mapoBoi ¢as3m, a
mopiBHAHO Bucoki THcku cyomimamii Cd 1 Te
3a0e3meuyroTh OAHO(A3HUHA CKJIAA TpH OCaHKEHHI B
BaKyyMi Ipu TemmepaTypax Buimle mpuomuzHo 300°C.
Kpim toro, CdTe € cTabinbHUM MPOIYKTOM KaTOIHOTO
BITHOBJICHHsI 3 PO34MHIB, siKi MicTaTh ionu Cd i Te,
3aBISIKHA CXOXKMM moTeHuianaMm BigHosieHHs miig Cd i Te
Ta HU3bKi# po3unnHocTi CdTe [16, 17].
dazoBa piBHoBara T-X cucremun CdTe mnpwu
aTMOoc()epHOMY  THCKY  BHM3HAQUa€ThCsl  KiHLEBHUMH
TOouKaMH, 1m0 ckianarThes 3 Cd (x = 0), Te (x = 1)1 CdTe
[16]. Temmepatypa mmaBienHss CdTe € 3HA4HO BHIIOIO,
Hx mist Cd (Tn 321°C) abo Te (Tm=450°C),
craHoBITYN  Tm = 1092°C [8,9]. IIpoekmii T—x, ski
0oTOuyIOTh cTexioMmeTpuunnii ckimax CdTe, moka3yrooTs
IyXKe BY3bKYy CHMETPHUYHY O0OJacTh ICHYBaHHS IIpU
T< 500°C, mo cknanae 6nusbko ~10% a1.%. [Ipu Ginbm
BHCOKHUX TeMIepaTypax, o0nactb iCHYBaHHs
PO3LIMPIOETHCS 1 CTa€ AaCUMETPUYHOK Ha CTOPOHI,
30arauenoro Cd, axx mo 700°C, crarouu 36araueHor Te

npu OiIBIII BHCOKHUX TemrepaTypax. O0acTh iCHyBaHHS
Ta geekTHa CTpyKTypa TOB'sI3aHi 3  yMOBaMH
MPUTOTYBaHHS 00'€eMHOTO Matepiaiy i OyiHu IpeaMeToM
Oaratpox mocmimkenp [8, 18]. HemonmaBHi TeoperwdHi
JOCTIKEeHHS moao piBHIB nedekTiB B CdTe po3mmpum
mo ocHoBy [8, 18]. Ha croromni mepemada 06'eMHHX
BiactuBocTe ToHkiii mmBui  CdTe 3anmmmaerscs
BaKJIUBOIO TEMOIO JOCTIKEHD.

TeepmorineHi BnactuBocTi CdTe 3ymoBneHi Horo
10HHKM 3B'S3KOM. 3a mkanor ionHocti ®imminca, CdTe
Mae Haitoibme 3Hauenns 0,717 cepen conyk 11 —VI, mo
MeHIe ToporoBoro 3HadenHs @imminca 0,785 mis
OKTaeqpUIHOT KOOpAWHAII{ [8]. I'eomerpuuni
00YHCIICHHS IOKA3YIOTh, 0 TeTpaeAPHIHA KOOPIUHALILS
nepeBakae B 10HHMX OiHAPHHX CIIONyKaX, SKi MaioTh
BiHOIIECHHS pafiyciB KaTioHiB / amioHiB Mix 0,225 i
0,732, Toni AK OKTaeapUIHA KOOPIMHAIIS € KPAIIOO JUIS
BigHommeHHs Ounpme 0,732 [8, 15]. BinHomenHs paaiyciB
kariomis / amiomwis B CdTe craHoBuTh T
r(Cd*)/r(Te* )= 0,444, mo chopuse TeTpaeApUUHii
KOOpJMHALII.

VY TBepAMX OJHOATOMHHX PEYOBHHAX TETpacApHUYHA
KOODPJMHALliS aTOMIB 3 YOTHpPMa HaMOJIMKYUMU CyCilaMu
1 ABaHAAUATEMAa HACTYIHHMH CYCiaMU TIPU3BOIUTH IO
CTPYKTYpH anMazy. Y MOJIBIHHUX TBEPINX PEUOBHHAX IS
KOOpJAWHAIIIS BiIOBia€ CTPYKTYPaM ITHHKOBOT OOMaHKH
i Broprura. Teepamit CdTe mpu atMocepHOMY THCKY Ma€e
TPaHCIICHTPOBaHy  KyOi4HYy  CTPYKTypy  LHHKOBOI
0OMaHKH, e po3Mip eIeMEeHTapHOI KOMIpKH CTaHOBHTH
6,481 A, a nossxkuna 38's3xy CdTe — 2,806 A[9].

Tenypun KaaMmito Ma€ [BI MOXJIMBI CTPYKTYpH:
coanepur (S kydiuna ctpykrypa B3) ta B’ropuut (W

Taoaunsa 1.1.

OcHoBHi ¢i3zuko-ximiuni BractuBocti CdTe [9,10]

HaiiMeHyBaHHS mapamerpa, CHMBOJI, PO3MIpHICTB

YucoBe 3HAYCHHS

1 2

Tun rpatku casepur
IIpocroposa rpyna T? — F43m
Crana rparku, a, 101% m 6,481

> 6,478
Cd-Te moBxuHa 3B'I3KY, A 2,806
I'yctuna, p, Kr/m® 5,86-10°
Temneparypa riaBneHss, 7., K 1365
Koeoimient tepmignoro posmupenss, o, (300K) 5.9 x 107K
TTiTOMa TENIOEMHICTb, C 505 15, JK/MOIBK 50,2
Temora yrBoperns, AH?,og 15, 103 /Mo 100,5
Tennora nnasnesss, AHy,, 10° Jlx/mMomnn 44,4
Tennota cy6mimanii, AH, 10° Jlx/mMomn 181,95

Peaxriist cyOumimarrii

CdTe — Cd + 1/2Te>

Tuck cyOmimarii Psat

log(P./6ap) =—10650/T(K)
2,56 log (T) + 15,80

CranzapTHa eHTpOIis, Spog 15, 10° Ihx/mons K 98,61
Entpomist yrBOpeHHS, AS}) , Jox/mons K 361,74 (T =874 K)
3MiHa eHTpomnii npu riasjieHHi, 4S,,, Jx/mois K 32,53
Bepxusa mesxa eneprii qucomnianii, £, 10° /Mo 129,8
TermmonpoBigHicTh, ¥, BT/cm K 0,075

Koeoiuient camoandysii aromis Cd, D&,

2.10%(T= 1273 K)

Koeoiuient camoaudysii atomis Te, Do,

8,2-10° (T = 1073 K)

Temneparypa Jlebas, Ty, K

200 (7' = 80 K)
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reKcaroHajgbHa CTpyKTypa B4), 3 0IHaKOBOIO KUIBKICTIO
aTOMIB y TIepIIii Ta Ipyrii KoopAuHALIWHIA cdepax [8].
IIpu ximMHaTHINE TemmepaTypi Ta THCKY 3,3-3,6 ITla
BinOyBaeTbcsl (pa3oBWil mepexin y TeNMypuai KaaMiro 3i
CTPYKTYpH canepuTy abo B’IOPUUTY A0 CTPYKTYPH THILY
NaCl, sxuii cynpOBOIKYETHCS PANTOBUM 3MEHIICHHIM
€JIEKTPOIPOBiHOCTI [9].

upuna 3aboponenoi 3ouu CdTe 3pocrae 3i
3MEHIICHHIM TeMIepaTypH
(E¢=1,5976-6,09-10"472/(T+255) — [19],
Eg=1,622-3,5-10*7-1,1-107T2 - [15],
Eg=1,65-5,35-10"*T — [8]). Benuuuna crin-opOiTansHOro
po3IIeIUieHHs BaleHTHOI 30HH craHoBHUTH 0,9 eB [10],
0,93 eB [19].

Binapna piBHoBara mixk Cd i Te BusBms€ nuime oxuH
ckiaan CdTe, sxwif yTBOPIOETBCS Yy CIIIBBiIHONICHHI
Cd:Te = 50:50% i Mae eBTEKTHYHUH PO3YNH OLIIs PiIKOTO
Te [4]. Tpu nmocmimkenni ¢aszosoro crany CdTe npu
BUCOKMX TeMIlepaTypax OyJio BHSBJICHO acUMETPUYHE
po3mupeHHs oHo¢a3Hoi 06aacti Ha Ooii Te 3a ymoBH
T>600°C. ITpu 750°C BiacytricTs Cd y CrIaBi CTAHOBUTH
10® cm3, mo Bignosimae nediuury. Bincrame Mixk
HaOmmKInME cycinamu y crpykrypi CdTe 3Haxonutbcs
Ha piBHI 0,28 am mpu 300 K. XosriBckka pyXIIHBICTH
enektpoHiB mpu 300 K cxmamgae no n <1050 cM%/Be, a
xoitiBchka pyxiuBicte mipok mpu 300 K cxmamae mo
p <100 cM*Bc. Emnepris 3B’a3Ky €KCHTOHIB CKJaJae
12 meB, cepenus eneprist porona — 5,8 meB [8, 20].

I11. EnexTpu4Hi Ta onTHYHI
xapakrepuctuku CdTe

OOG'emHi ontuuHi Ta enekrpuyHi BiactuBocti CdTe
3ajekaTh BIJ CTPYKTYpH CICKTPOHHHUX 30H Oljs

MakcUMyMy BasleHTHoi 30HHM (MB3) Ta MiHIMyMy 30HH
mpoBimHocti  (M3II). Jns CdTe MB3 Ta M3II
posramoBaHi B onHiil Touni I B mepmmiit 30ui bpimoena,
IO TIPU3BOIUTH A0 3a00pOHEHOi HPsAMOi 30HH IIMPHHU
1,5 eB mpu 300K. Temnepatypuuii Koe(ilieHT MHUPUHA
3a0oporneHoi 3o0uHM a1 CdTe craHOBUTH OJHM3BKO
—0,4 meB/K, 110 npu3BOANTH A0 MiHIMAIBHOT 3MiHU TIPU
3BuyaiiHux Temmeparypax CE. ®opma 30HM HaBKOJIO
EKCTPEeMyMiB BH3Hauyae€ e(EeKTHBHY Macy EJICKTPOHIB y
MB3II ta gipox y MB3, a Takok KOHTPOIIOE BIaCTHBOCTI
MepeHECEeHHsI HOCIIB 3apsy Ta MiXK30HHY T'YCTHHY CTaHIB
[21]. B Tabxmmi 1.2 mpesacraBieHi OCHOBHI ONTHYHI Ta
enexktpryHi BnactuBocti CdTe.

B mopiBHSAHHI 3 IHIIMMH HANiBIOPOBiTHUKAMH,
TakuMHu K KpemHid, CdTe mae Oinpmry HieneKTpHIHY
MPOHUKHICTE B 001acTi iH(QpadepBOHOTO Ta BUAUMOTO
CBITJIa, IO TO3BOJIsIE HOMY IPOITyCcKaTh OLTBITY KiNBKICTh
CBiTNIa Ta 3a0e3rmedyBaTH OLUBII BHCOKY €(PEKTHBHICTH
dotoBompTaiunux ma”eneir [2]. CdTe wmae mobpy
abcopOIir0 B 00macTi iHGPAYSPBOHOIO Ta BHIAUMOIO
cBiTna. BinOuauHus cBitia Ha noBepxHi CdTe 3anexurts
Bi #Oro CTPYKTYpM Ta JOBXKMHM XBWJI CBITJ]A.
Po3sciroBanns cBitiia B CdTe 3anexutsb Bij Horo nedekriB
Ta JOMIIIIOK i Yepe3 X HasBHICTh MOKE OYTH BEJIMKUM, IO
3HmKkye edekTuBHicTs CE, BHUTOTOBICHHWX Ha OCHOBI
CdTe [22]. ®otomominecuenniss CdTe BimOyBaerbces,
KOJIM MaTepial morimHae (GOTOHHU Ta BUIIPOMIHIOE CBITIIO
BIITOBITHOT JOBYXKWHHU XBWII.

PyxnmuBicTh Ta KOHLIEHTpALIis HOCITB 3apsiny [23, 24],
NPOBIJHICTH MaTepialdy, €Hepris BHUIIPOMIHIOBAILHUX
nepexomiB [25] Ta iHIII EIEKTPHUYHI Ta ONTHYHI
BitactuBocti CdTe cuiibHO 3anexarp BiJ HOro XiMi4HOTO
ckimaaxy Ta AedekTHOi CTpyKTypu Kpuctana [26]. Ilro
CTPYKTYPY MOKHa €(EKTHBHO KOHTPOJIIOBATH IMiJ 4ac
MICJIIPOCTOBOT BHUCOKOTEMIIEPATYPHOT 00pOOKH.

Taoauna 1.2.

OntryHi Ta enexTpuyaHi Xapaktepuctuku CdTe [7,20,22]

[TapameTtp

3HaueHHSA

Onrununwmii gianmazon CdTe Eg (300K)

1,50eV + 0,01eB

Onrnunnii gianazod. CruraB CdTeo.9550.05

1,47eV + 0,01eB

Temneparypha 3anexHicts dEy/dT —0,4meB/K
EnrextpoHHa criopiHEeHICTh 4,28eV
Koedinient normmuanus (600 HM) >5 % 10%cm
INoxaznuk 3anomiiensst (600 HM) ~3
BucokouacToTHa AieJeKTpU4Ha MOCTiiHa € (o) 7,1

. . 9,65
HuzpkouacToTHa (CTaTHYHA) JieNeKTpUYHA TPOHUKHICTH 10,9
& 11,0
Iupuna 3a6opoHeHoi 301U, Eg, €B 1;[?26(](“];_33’02}2{)),
Me 0,096 mo
Mh 0,35 mg
e 500-1000 cm?/ B-c
Un 50-80 cm?/ B-c

BriacHa KOHIEHTpallis BLIBHUX HOCIiB 3apsmy, N, cM™>

2,0-106-1,5-10"
(T = 300-700 K)

XoJuTiBChKa PYXJIHBICTE 103 m?Btc?

EJIEKTPOHIB Uy,

105

JUpPOK i, 10° M? B’

1 c—l 7
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BcraHoBieHo, o py KiMHATHIHN Ta HUXKYil TeMIiepaTypi
MePeBAKHAM MEXaHI3MOM PO3CIIOBaHHS € PO3CiIOBaHHS
Ha HOHI30BaHMX IICHTpaX, a MIPH BHUIINX TEMIIEPATypax -
Ha onTHYHHX (poHOHAX [27].

3ouny crpykrypy CdTe MokHa 3pO3yMiTH,
OTJISIIAl0YM  HOTO BIZHOCHO BHCOKY WOHHICTB, SKa
MOSICHIOETBCSL TUM, 1[0 YaCTUHM BIIOXIBCHKMX (YHKINIH,
10 MAlOTh NEPIOJUYHICTD, SIKa IAEHTHYHA 3 PELIiTKOO,
noB'sizani 3 atomHumu opOitamsimu Cd i Te. 3ona
MIPOBITHOCTI BUHHMKAE Yepe3 NepIIni He3aiHATHI piBeHb
KaTioHy, a came 5s-piBeHb Cd. HaiiBuiua BaneHTHa 30Ha
CKJIQJIa€ThCsl 3 HAWBHIIOIO 3aifHATOrO pPIiBHS aHIOHY, a
came Sp-pisas Te.

Y CdTe wHasBHicTE pAeeKTiB MOpYIIye HOTo
NEPIOAUIHY CTPYKTYpY, IIO TPH3BOAUTH [0 MOSBU
JIOKATI30BAaHUX  CJNIEKTPUYHUX  CTaHIB  BCEPEIMHI
3a00pOHEHOI 30HU 1 3MIHH EJNCKTPUYHHUX Ta ONTHYHUX
BrnactuBocteit [28,29]. Taki nmedexTHn MOXyTb OyTH
pI3HMX THIIIB, BKJIIOYAIOYM BIACHI Je(eKTH, XiMiuHi
JIOMIIIKK Ta 1X KOMILUIEKCH, II0 MOXXYTh BHHHKATH SIK
3aMiCHI Tak 1 MXkBY370Bi. Hanmpukian, BakaHCis KaaMito
(Vcd) mpu3BoAuTh 10 ApiOHHMX aKIENTOPHHMX CTaHiB, a
samileHHss KaaMmito Ha mosumii tenypy (Cdre) - 1o
IpiOHMX AaKIEeNTOPHUX CTaHiB. MIDKBY3IOBHH KamaMii
(Cdi) npusBoAMTH 1O BIAHOCHO APIOHOTO JIOHOPHOTO
cTany, a MbkBy3noBuii Tenyp (Te;) - 10 IHOOKHX CTaHiB.
Xoua HEraMOOKI CTaHM MOXYTh JIETKO CTBOPIOBATH
akuenTopu Ta JoHopH [ 18], 3aranpHu eeKT JeryBaHHS
3aJICKUTh BiJl HMOBIPHOCTI (OPMYBaHHS Ta CTYICHS
ioHi3amii, sKi BHU3HAYAIOTh CTYIIHb KOMIICHCAIII]
0a)XaHOTO aKLENTOPHOTO CTaHY.

OnHiero 3 HalBaXIUBIMIUX TpodIeM 00poOKU
consiunux eneMeHtiB CdTe € oTpuMaHHS BHCOKHX
KOHIIEHTpAIiHl aKLEenTopiB, 1o nepeBuiryoTs 10 cm3,
IMix 4yac TepmiuHOi OOpPOOKM HAMIBIPOBIAHUKOBOT
CHUCTEMH BiJOYBa€ThCsA HAONIDKEHHS OO pIBHOBAard, i
JIOCHI/DKEHHSI  3aCHOBaHI Ha MEpIINX IPHHIMIIAX
MOKa3aly, IO JIETYBaHHSA p-THITy IPU3BOJIUTH JIO
MexaHi3sMy camokomrercarii [29]. [Ipu 3MimeHHi piBHA
@depmi B Oik MakCHMyMy BAJCHTHOI 30HH XIMIYHHA
MOTEHIN AN sl GOpMyBaHHS JOHOPIB 30LIBITYETHCS, IO
KOMIIEHCY€ TI0/IaNibllle YTBOPEHHs aKIENTOpiB i 3HAYHO
0o0MeXye MaKCHMallbHy KOHLEHTpAI[il0 aKIenTopiB. 3
iHIIOro OOKY, ITMOOKI CTaHW MOXYTh JUSITU SIK MACTKH,
3MEHIIYIOYM 4Yac JKUTTS HOCIIB, IO TNPH3BOAMUTH MO
30UTbIIeHHS pekomOiHamii HociiB. Y poboti [29]
PO3TIISTHYTO 3BE/IEHHS TNIMOOKHMX ENEKTPOHHHX CTaHiB,
Bumipsiuux y CdTe ta CdZnTe. ¥V crarti [4] noka3ano
rpyny IpiOHHMX 1 rIMOOKMX Ae(eKTiB, sKi BKIIOYAIOTh
BNacHi, JoMimkoBi Ta criagHi piBHi y CdTe. [nsa
JIOCSITHEHHSI  Oa)KaHMX  €JEeKTPUYHUX  BIIACTUBOCTEH
BUKOPHUCTOBYIOTh aKTHBALiifHI 0OPOOKH, SKi BKIIOYAIOTh
neBHi pomimku B mapu CdTe Tta CdS. [Ticas ocamkeHHs
MoxyTb 3acrocoByBatu CdClz, Oz i Cu, siki B CBOIO 4epry
aKTHBYIOTh UM MMACHUBYIOTh BJacHi nedektu [4].

OnHax, eJIeKTPUYHI XapaKTePUCTUKU
nonikpuctanigaoro CdTe, sKki BHKOPHCTOBYIOTHCS B
Cy4JacHHX COHSYHUX OaTapesix [30], MOXKyTh BiApi3HATHCS
BiJ BracTHBOCTEeH MOHOKpuctaimigHoro CdTe 3 kinmbkox
BO)XJIMBUX NpPUYMH. 30Kpema, AeeKTH MK 3epHaMu
MaTUMyYTh Pi3Hi eHeprii B 3a00poHEHil 30HI Ta OyIyTh
MaTd pi3Hy eHeprito yrBopeHHA. lle mnpumynieHHs
IDYHTYETBCSL Ha TOMY, IO Pi3HI METOAM MIiCJA-
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OCaKCHHS, SIKI BHKOPHCTOBYIOTHCS ISl TIOJIIIICHHS
e(heKTUBHOCTI COHSIYHUX Oarapei, TIepeBakKHO
BIUIMBAIOTh HA TPAHWYHI CTaHU 3epHA, a HE Ha 00'eMHIi
craun CdTe. Hampukman, B excmepumenti [31] Oymo
CTBOPEHO MPHUCTPOI 3 EJNEKTPOOCAIPKCHUMH TLITIBKAMHU
CdTe, sxi Manu BOJOKHHCTI 3epHA JOBKHHOIO 2 MKM i
mmpuHoto 0,15 mxm. O6uBa 3pa3ku OTpUMalIH OJHAKOBY
06pobky CdCl,, ame omuH 3pa3oK NPOMIIOB KOPOTKY
OKHCITIOBATBHY 00poOKy mepen o0pobkoro  CdCly.
KoMipku mpoyKyBaji CX0i HAallpyrd XOJIOCTOTO XOAy
Voc, ane pizHi ¢oroctpymu. Ilniska CdTe B xomipmi 3
€TarioM OKHCJICHHS 30eperjia CTPYKTYpy OCaJKEHOTO
3epHa Ta ToBmumHY TwmiBkm CdS. J[lama kowmipka
MIPOIEMOHCTpYBaJa BiIMiHHY MIPOAYKTUBHICTB,
BHyTpimHIO kBaHTOBY e(exTtuBHicTE (BKE) > 90%, mo
CBIIUUTh TPO TIOKPAIEHy TPHUBATICTh EKCIUTyaTarii
(hoToreHepOBaHNX HOCITB OPIBHSHO 31 3pa3koM Oe3 eTamy
OKHCJICHHS, SKUM TI0Ka3aB 3JIUIAHHA 3€peH, BTpaTy
wriBku CdS ta BKE < 60% [8].

Lleii pe3ynbTaT miATBEPIIKYE 3B'I30K MK (Di3UUHUMH,
XIMIYHUMH Ta €JIeKTPOHHUMHU BJIACTUBOCTSAMU
TOHKOILTIBKOBOTO CE CdTe/CdS. OckinbKu
BUTOTOBJICHHS KOMIipOK MIPOBOAUTHCS B
MONIKPUCTAIIYHOMY ~ CEpEIOBHINI, IOCTae  KilbKa
KPUTHYHUX IINTaHb, SKi BINIMBAIOTh Ha PO3BHTOK
TOHKOILTIBKOBUX (DOTOENICKTPHUUHMX eleMeHTiB. [lepmmm
€ PpO3HICHHSA BHYTPIOIHBO3EPCHHUX E(EKTIB  BiX
3€pPHOTPAaHWYHUX. JIpyrMM - BHSBJICHHA BIUIUBY MEX
3epeH Ha poOOTy mpUCTporo. TpeTiM - YIpaBIiHHA
BJIACTHBOCTAMH IUTIBKY Ha BEJIMKiH mwioimi 3 6inbiu sk 1012
3epeH Ha kBagpatHuii metp B moxym CdTe, me 3epHa
MaioTh mmpuHy | Mxm. IIpore, mix uwac po3pobku CE
CdTe uwi mnpobGiemu OynM yCHIIIHO BUpilIeH] 3a
JIOTIOMOTOI0  YJIOCKOHAJICHUX  METO/IB  BHU3HAUSHHS
XapaKTePUCTUK, EMIIPUYHOT ONTHMI3alii OCaJKCHHS
TUTiBKH Ta 0OpOOKM Ticist ocapkeHHs. Ha choromHimHINA
JICHb ICHY€ KUIbKa TOTYXHHX METOIIB IS KUTBKICHOI
OIIHKH BJIAacTHUBOCTeW rumiBKH, 30KkpemMa it CE
CdTe/CdS, siki 06roBOpIOIOTHCS y MOCKIIAHHSX [6, 32-34].
Jedaki 3 1MX METOAIB MOXYThb TaKOX 3HATH
3aCTOCYBaHHS K  JIarHOCTHYHI  JATYUKH U1
BOYZJOBaHOTO 3BOPOTHOTO  3B'SI3Ky  YIpaBIiHHS
TEXHOJIOTIYHUM TIPOLECOM I1iJl 4aC BUTOTOBJICHHS MOIYJIS

CdTe/CdS.

IV. ®orouytiausicts miaiBok CdTe

IMmiBkm  CdTe € BimoMuM  (HOTOUYTIUBUM
MaTepiasoMm, o 3aTHAN IIEPEeTBOPIOBATH €HEPTiI0 CBITIA
B eneKTpuyHuil ctpyM. Lle 103BosIsI€ TX BUKOPUCTOBYBATH
B COHSYHMX OaTapesx Ta IHMUX (QOTOETEKTPHIHUX
MPUCTPOSIX, TAKUX SIK PEHTTCHIBChKI AETEKTOPH, a TAKOK
Y HAYKOBHX JIOCITIPKSHHSIX.

J1o OCHOBHMX BIIacTHBOCTEH (OTOUYTIMBOCTI ITIBOK
CdTe BigHOCATBCS CIIEKTpalibHA YYTIUBICT, KOSDIIiEHT
MOTJIMHAHHS, €()EKTUBHICTh NEPETBOPEHHS, Yac BIATYKY
Ta ctifikicTh. [1niBku CdTe MaloTh BUCOKY CIIEKTpPaJIbHY
YyTJIMBICTH B iHppauepBOHOMY Ta BUANMOMY Jliarla30Hax.
Txmiit CIIEKTPAIbHUN JTialma30H 3aJIeKUTh BiJl TOBIIHMHH
TUTIBKH Ta JOMIIIOK, TPUCYTHIX y MaTepiaini. BoHn MaroTh
BHCOKHH KOEMIIiEHT MOTJIMHAHHS CBITJa B MOPiBHIHHI 3
IHIITUMH HAITiBIPOBITHUKOBUMH MaTepiajlaMu, TAKIMH K
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kpeMHii. Ile o3Havae, M0 BOHK MOXKYTh TIEPETBOPIOBATH
OUTBITY KiBKICTH €HEepril CBIT/IA HAa EJCKTPUIHUN CTPYM.
ImiBkm  CdTe  MaroTh  BHCOKY  e(EeKTHUBHICTH
MIEPETBOPEHHS €HEeprii CBiTIa Ha EIEKTPUYHUH CTPyM
[22,33]. Ile cBimunTh mpo Te, MO BOHH MOXKYTh
3a0e3nedyBaTH BUCOKY CICKTPHUYHY IOTYXHICTh HpPHU
HU3BKHX piBHsX ocBiTieHHs. Takox miiBku CdTe marots
IIBUAKUHA Yac pearyBaHHS Ha CBITJIO, IO JIO3BOJISIE
BUKOPHCTOBYBAaTH iX B NPHUCTPOSIX, sIKI MOTPeOyIOTh
IIBUJKOT peakilii Ha CBiTJO. I, 1I0 HE MEHII Ba)IHUBO,
wiiBkn CdTe ™aroTh 100py CTIHKICTH A0 BIUIMBY
cepeoBHUINa Ta 1HIMX (aKTOPiB, TAKHUX SIK TEeMIeparypa
Ta BOJIOTICTb.

@ortouymmmBicts mriBok CdTe  Bu3HadaeThCA
€HepreTHIHNM PO3MIIICHHAM 3a00OpOHEHHX 30H Ta
nedexTaMu B KpUcTaligHii cTpykrypi. Ockinpkn y CdTe
3a00poHeHa 30Ha Mae MmHpuHY Omm3pko 1,5 eB, mo
BiNIOBiZa€ CrIeKTpaibHiit 00acti 6nm3pko 800 M. Tomy
wiiBkn CdTe MaroTh HaiOuIbIy (OTOUYYTIUBICTE B
00sacTi OJMIMKHBOT 1H(PpPaUYepPBOHOT Ta BHIUMOI 00JacTi
CHEKTDY.

Kpim Toro, portouyriusicts miiBok CdTe 3anexutsb
Bil X TOBIIMHU. TOBIIWHA IUTIBKK [IOBHHHA OyTH
JIOCTaTHBOIO JUISl TIOTJIMHAHHS JOCTaTHBOI KUIBKOCTI
¢oTOHIB, ane HE TOBHHHA OYTH 3aHAITO BEJIHKOIO,
OCKUTPKH 1€ MOXE 3MCHIINTH e(eKTUBHICTh 300py
3apsaiB. 3a3Buyail onrtuMmanbHa ToBImmHA TUIiBKH CdTe
ckiamae Big 1 1o 2 MKM.

BaxxnuBuM ~ 4YMHHHMKOM, IO  BIUIMBA€  Ha
¢orouyrnuBicts 1iBok CdTe, € skictb camoro
MaTepiaJly Ta  TEXHOJOrii HOro  BHIOTOBJICHHS.

Hanpuknan, s 3a0e3neueHHs BHCOKOI e(eKTHBHOCTI
wiiBkn CdTe nNOBUMHHI MaTH BHCOKY YHCTOTYy Ta
onHopimHicTh. TexHosorisi Burotoienus mwiiBok CdTe
TaKOX BIUIMBAE Ha iX (OTOUYTIMBICTB: HANPUKIAJ, NPU
BHKOPHCTAaHHI METOy XIMIYHOTO OCaJKEHHS 3 PO3YHHIB
MOJKJIMBO OTPUMATH IDTiBKH 3 OUTBIIOI0 (POTOUYTIUBICTIO,
HiXK MIPH BUKOPUCTAHHI MeTONMy (hi3MIHOTO OCa/KCHHS 3
mapis [30].

Jns 3a0e3meveHHsT BHCOKOI €(EKTHBHOCTI IUTiBKH
CdTe Takox TOBHHHI MaTH TapHY IPOBITHICTE Ta
BJIACTHBOCTI €JIEKTPOHHOIO IepeHeceHHs 3apsiaiB. [lis
LOr0 4YacTO BHKOPUCTOBYIOTh JIOJATKOBI  LIApH,
HATPUKJIA[, apH HAAMBUAKOT 1udy3il, 110 3MEHIITYIOTh
gac JKUTTS 3apsjaiB, abo iHIIN MaTepiaay, Taki SK Iapu
ZnQO, o 3a0e3meuyoTh eheKTUBHE 30UpaHHs 3apsIiB.

[TniBkn CdTe, mo Oynau HaHeceHi NpW TeMHeparypi
Tp = 473 K, nposBisioTh (OTOUYTIAMBICTh. TOBIIMHA
IUIIBOK  BcTaHoBieHa Ha piBHI 400 HM, OCKUIBKH
Koe(illieHT TOTJIMHAHHA CBITIAa NPAaKTUYHO 3BOPOTHO
NIPOTIOPLIIHIK TOBIIMHI IUTIBKH, 1 Ile 3a0e3neuye Kparie
TIOTJIMHAHHS 113/1a1090T0 CBITIIA HA IUTIBKU. BuMiproBaHHs
BOJIBT-aMIIEpHUX XapakTtepuctuk IwiiBok CdTe mpu
pI3HHX TeMIIepaTypax HaBKOJHIIHBOTO CepeIOBHIIA
MOKa3ajo, 1[0 BOHH MAalOTh OMIYHI BJIACTHBOCTI SIK B
TEeMpSIBi, TaK i M yac ocBiTIeHHs. TeMHOBa MPOBITHICTH
Bupomenux wiiBok CdTe, BumipsHa mnpu KiMHaATHIN
temnepatypi, cranosuth 10 Omm™. 3aymaxeno, o
TEMHOBA TPOBIIHICTh Ta (oTouyTnuBicTs miiBok CdTe
3pOCTAIOTh 31 30LIBLICHHSIM TeMIlepaTypH ;7 MiJ 4ac ix
BUpoLIyBaHHs B Aiana3oni Bix 303 no 573 K [35].

EdexruBHicTh (OTONPOBIAHOCTI ILTIBKM 3HAYHOIO
MIpOI0O 3aJIEKHUTh BiJl HPUPONHHMX Ta 30BHILIHIX
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HEOCKOHAIOCTEH, SKIi MOXYTh [ifITH SK IICHTPH
3aXOIUICHHS YW peKkoMOiHamii. Y TOJIKpHCTATIYHIX
IUTiIBKAX MDK 3€pHaMU BHHHUKae Oarato aedekriB Ta
00ipBaHNX aTOMHHUX 3B'S3KiB, 1[0 CTBOPIOIOTH JOIATKOBI
eHepreTudHi cTaHd. Lli ctaHm e(eKTHBHO 3aXOILTIOIOTH
HOCIi 3apsIy, CTBOPIOIOYH MMOTEHIIAILHIH Oap'ep Ha Mexi
3epeH. 3 oIy Ha PIBHOMIPHY CTPYKTYPY MiK3epeHHOI
MEXi 3 CepemHbOI BHCOTOH Oap'epy Epd, TemMHOBa
MPOBIIHICTH IUTIBKYA BU3HAYAETHCA 32 PopMyIioro [36]

e—(AE+Eb1)/kT —AED)/kT

op = Ncepy = Nceupe 3)
ne Nc¢ — ryctuHa cTaHiB y 30HI NpPOBIZHOCTI, o —
PYXJIMBICTh HOCIIB B 3€pHI.

IIpu ocBiTneHHi IIBKKM ii TPOBIOHICTE MOXKE
3pocTaTH 4epe3 30UTbIIEHHS KIIBKOCTI BUTBHHUX HOCIIB
3apsay, a TAKOXK 3MEHIICHHS BUCOTH Oap'epy Ha Mexi
3epeH, IO 3aJeXUTh Bim eHeprii ceitna. JlociimkeHHS
[36] mokaszanmm, IO 3MiHA MPOBIAHOCTI BHACHIIOK
TeHepalii HOCIIB 3apsay Iij] 9ac OCBITICHHS € HE3HAYHOIO
MOPIBHSHO 31 3MIHOKO TPOBIAHOCTI, s5IKa BUHHKAE
BHACJIJIOK TEpMi4HOI reHepariii HociiB 3apsiny. OCHOBHUM
YMHHUKOM 3POCTAaHHS MPOBITHOCTI TPH OCBITJIICHHI €
MIBUILEHHST PYXJMBOCTI HOCIiB Ha Me)kax 3epeH, LI
BiIOYyBa€ThCs dYepe3 Oap’epHy MOMYJSII0. 3araibHa
(OTOIPOBINHICTS IUTIBOK MpPH OCBITICHHI MOXe OyTH
BHpaXkeHa 3a (OPMYII0I0, HaBEACHOIO B poOoTi [36]:

o, = Nce‘uoe—(AE+Ebl)/kT - Nce‘uoe_AEL)/kT

(4)

AE_ = (AE + En) (5)

Tyr 4EL - eHepris ¢oroakTtmBamii, Ep — BHcoTa
Oap'epy i OCBITICHHSM.

3MeHIIeHHsT BUCOTH Oap’epy (eHeprisi akTuBaril
PYXJIMBOCTI) MOXe OyTH BUpaKeHa sIK:

AEH = (AED - AEL) (6)

Ewnepris, HeoOXiHa 115l akTHBALIT PyXJIMBOCTI HOCITB
sapany AEp, 3amexuts Bin  TemmepaTypu  Ta
IHTCHCUBHOCTI CBITJIa, a TaKOX BiJ 9Yacy JKHTTS ITHX
HOCIiB. 3aJIe)KHICTh MiX (DOTOTPOBIIHICTIO Ta CHEPTIEI0
aKTUBaIii pyXJIMBOCTI MOXe OyTH 3ammcaHa 3
BUKOPHCTAHHIM BIATIOBITHUX PiBHAHB (3) 1 (4), sIK

AE,
I— o ‘hr @
op

DOTOYYTIIMBICTh S BU3HAYAETHCS (HOPMYJIOIO

S = (o, —0p)/op 8)

BapTo 3a3naunTH, 10 €PEeKTUBHICTH (POTOUYTIMBOCTI
3HAYHO 3aJIEXKHTH Bill IeEKTIB y CTPYKTYpi, IKi MOKYTh
BUCTYNAaTH SIK LEHTPH 3axoIUIeHH abo pexkoMOiHarii
HociiB 3apsny. Y miBkax CdTe 3 momikpucTamigyHOIO
CTPYKTYpOIO ()OTONPOBIIHICTS BU3HAYAETHCS MIEPEBAYKHO
npouecamy, MO BiAOyBalOTbCS Ha MeXax 3epeH. 3a
JIOTIOMOT'0K0 aTOMHO-CHJIOBOi Mikpockomii (ACM) (pwuc.
1) Oymo BH3HAYEHO CEpeAHi pPO3Mip KPHUCTAIITIB, a
e(heKTUBHICTh (DOTOUYTIUBOCTI IUIIBOK Pi3HOT TOBITUHHU
Ta SKOCTI CTPYKTYpH MpeacTaBiieHa Ha puc. 2 [20].
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Puc. 1. ACM-300paxenns mnosepxHi miiBkun CdTe
TOBIIMHOK 300 HM Ha MONIPOBaHIHN CKIIAHINM MiTKIAIIII.

S

Ol T 1 1 I T
0 2 4 6 8 10 klx

Puc. 2. . 3anexHicTb (OTOUYTIMBOCTI BiJi OCBITICHOCTI
Ut ToHKHX 1iBoK CdTe pi3HOi TOBmIMHY:

e — toBmmHA 200 HM, TiIKIaKa — IMOJIiPOBaHE CKJIO;

¢ - ToBmmHA 320 HM, TiIKIaIKa — MOJIPOBaHE CKIIO;

o — roBimMHa 540 HM, IiAKIIaIKa — CIIIO/A;

CepelHiil po3Mip 3epHa CTaHOBHTH 25 HM (@), 30 HM (4),
90 um (o).

3a  pesyiapraTamu  JOCHI[DKEHb  BHIHO, IO
(OTOUYTIMBICTh IUTIBOK, OTPHUMAaHMX Ha IMOJIPOBAaHHX
CKIITHUX TIAKIaaKaX, € 3HAYHO BHUIIIO0, HIXK [IJIS MITIBOK,
OTPUMAaHUX Ha CBKUX ckojax ciroau (111), i 3pocrae 31
3MEHIIEHHSIM TOBIIMHH IUTiBKH. L{e mosicHIoeThCS THM, ITI0
MUTOMUA BHECOK MDK3EpPeHHUX oOnactell 3pocrae 3i
3MEHIICHHSIM po3Mipy kpuctamiTie [20, 22]. Emneprii
(oToakTHBAIl 3MEHIIYIOTHCS B TEMPSIBI 1P 301IbLISHH]
IHTEHCHBHOCTI  Oloro  cBiTna. 3HIDKEHHS eHepril
¢oToakTHBaLii IpH OIIBII BUCOKOMY PiBHI OCBITIICHHS,
mepmr 3a BCE, IMOSCHIOETbCS 3MEHIICHHSIM  MEXi
MDK3€pEHHOT'O TPAHUYHOTO MOTEHINATy BUCOTH Oap’epy.
Ouiky€eThCsl, M0 MOTSHIIATBLHUN 0ap’€p CHUIIBHO BILTUBAE
Ha pyXJIHMBICTP HOCIiB, 1 THM CaMHUM KOHTPOIIOE
(OTOUYTIHBICTS.
BuxopucroByroun (7) i (8), poTouyTnuBicTs MOXKHA
BUPA3UTH SIK QYHKIIIO eHeprii akTHBaLil pyXJIMBOCTI:
S = ehu/kl —1 9)
Ha puc. 3 HaBemeHO 3aleXHOCTI PO3PaXOBAHHUX
EHepTil akTHBaIlii pyXJIMBOCTI Bif ocBiTIeHOCTI [20].
Edexr Mex 3epeH MOSCHIOE 3MEHILEHHS eHepril
¢doroakTHBalii B TEMpsBi, OCKUIbKM CTpyM, IO
BTPA4a€eThCsl OO0 pekoMmOiHalii Ha MeXax 3epeH,
HEeraTMBHO BIUIMBa€ Ha (POTOUYTIIMBICTH  IUIIBOK.
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3HIDKEHHS TEeMIIepaTypu HPU3BOAUTH 10 3MEHIICHHS
nporecy (oTo30yKEHHS 1, BIINOBIAHO, TO 3HWKCHHSI
(hotouyTnmBOCTi. BHsBICHO, IO Yac KUTTS HEOCHOBHIX
HOCIiB  3MIHIOETBCS  OOEpHEHO  MPOMOPIIHHO 3
IHTCHCHBHICTIO CBiTJIa, OI0 MIATBEPIKYE KEPOBAHY
nedexTaMu GoTonpoBigHiCTh TOHKKX MTiBoK CdTe.

AE,, eV
0,067

0,051
0,041
0,031
0,021
0,01

i 0 2000 4000 6000 8000 10000 I, Ix
Puc. 3. 3amexxHOCTI pO3paxOBaHUX EHEPriil akTHBAIii
PYXJIUBOCTI BiJl OCBITIIEHOCTI /Ui TOHKHX IoIiBok CdTe
Pi3HO{ TOBIIMHH:

e — topurHa 200 HM, IIAKIaAKa — CIIFOA;

¢ — roBmuHa 320 HM, MiIKIaIKa — MOJTiPOBaHE CKIIO;

o — ToBuMHa 540 HM, miAKIaAKa — CIIIOAA.

Bapro 3BepHyTH yBary, WO OTpHMaHi eHeprii
aKTHBaLl JJIs IJTIBOK, OTPUMAHUX Ha NOJIIPOBAHOMY CKJIi,
OM3BKI MIXK COOO0I0 Ta 3HaXOAAThCA B miamazomi 0,012—
0,05 eB. VY Toii e yac, i IJTiBOK, OTPUMAHUX Ha CBIXKUX
CKOJIaX CJIOJY, OTPUMAaHO 3HAYHO MEHII 3HAYCHHS
EHepriil aKTHWBalii PyXJIUBOCTI, siKi cTaHOBIATH (,009—
0,03 eB [20, 24].

HesBaxaroun Ha Te, mo miiBku CdTe MaroTh BUCOKY
(hOTOUYTIMBICTE, BOHH TAaKOX MAIOTh JEAKI HEIOIIKH.
Hanpuknan, CdTe € TOKCHMYHMM MaTepiajioM, TOMY
HEOOXimHI OCOONMBI 3ax0qu OE3leKd mpu  HOro
BUPOOHMITBI Ta 3acTocyBaHHi. Kpim toro, miiBku CdTe
MOXYTh OyTH YYTJIMBHMH [0 pafiamii, o0 MOXe
BEJIMKI JTOCSITHEHHSI B TEXHOJIOT1] BUTOTOBJICHHSI IUIIBOK
CdTe B ocraHHI pPOKH JO3BOJSIIOTH 3MCHIIHWTH IIi
HEIOIIKH.

Takox Bapro 3a3HauuTH, 1o IwiiBkn CdTe maroTh
BUCOKY €(eKTHBHICTh B 30MpaHHI CBiTJIIa 3 MaJHMH
30HaMH 300py, TOOTO BOHM MOXYTh OyTH BHKOPHCTaHi
JUIi  CTBOpEHHs TOHKMX (oroenementiB. lle nae
MOJKJIMBICTh CTBOPIOBATH OIifbII KOMIIAKTHI COHSYHI
MaHEeJ 3 BUCOKOIO e(heKTHBHICTIO.

Y3araapHIOIOYH MOXKEMO CKa3aTH, (OTOUYTIHBICTh
mriBok CdTe 3amexurs BiJ CcHeKTpantbHOI 007acTi,
TOBIIMHHM Ta IKOCTI MaTepiany, a TAKOX BiJl TEXHOJIOTI] iX
BUTOTOBJICHHS.

V. ToHKOIIIBKOBI reTepoCcTpPyKTYpH
CdTe B consiuHiii eHepreTuui

ToukommiBkoBi ['C  CdTe €  BaxJIMBUMH
KOMITOHEHTaMH CY4YaCHUX COHSAYHUX Oaraped, ki
BHPOOJISIIOTH €IEKTPOSHEPTi0 3 COHIYHOTO CBiTIa. BoHM
CKIIQTAFOThCSI 3 JEKUTBKOX mapiB pizHHUX
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HaIliBIIPOBITHUKIB, sKi 3'€qHaHI MK co0or0. 3a3Buyait
cknmanaroThes i3 mapy CdS i CdTe. Ile mo3Bossie qocarta
BHCOKOoro koedimienta koHBepcii eneprii (KKE) —
e(eKTUBHOCTI TIEPETBOPEHHS COHSAYHOI eHeprii Ha
€JIeKTPUYHY CHEPTII0.

TonkommiBkoBi I'C MarTh pAekipka mepeBar y
nopiBHsAHHI 3 iHmMMHU TexHosorisimu CE. Bonu maroth
Bucoky KKE, noOpe mnepeHOCATh BIUIMB BHCOKHX
TEMIepaTyp 1 BHCOKUX PIBHIB OCBITJICHOCTi, a TaKOX
MaroTh HU3bKY BapTiCTh BUPOOHHUIITBA.

OnHMM 3 TOJIOBHUX BUPOOHUKIB TOHKOILTiBKOBUX ['C
Ha ocHoBi CdTe € xommanis First Solar. Bona
BHKOPHCTOBYE TIPOIEC BUPOOHUITBA HAa OCHOBI TOHKOI
IUIIBKM, SIKMH J/O3BOJIAE BHUTOTOBIATH CJIEMEHTH 3
HU3pKOIO BapricTio Ta BUcoknM KKE. 3a manmvn
kommnadii, ii CE mators KKE 6inpme 18%, mo pobuts ix
OJTHUMH 3 HaO1IbII e()eKTUBHIX BUPOOIICHUX CIICMCHTIB
[2].

OCHOBHUMH nepeBaraMu BUKOPUCTAHHS
toHkorutiBkoBux ['C CdTe B COHsAYHIN €HEpreTHI € 1X
BUCOKa e(QEeKTHBHICTb, HHU3bKa BapTICTh, MPOCTOTA
BUPOOHMIITBA, BUCOKA CTIHKICTh Ta THyuKicTh. ['C CdTe
MaloTh BUCOKY €(EeKTHBHICTh NEPETBOPEHHS COHSIYHOI
€Hepril B eJIEKTPUIHUNA CTPYM, IO J03BOJISIE OTPUMYBATH
OinbIIe eJeKTPUYHOI IMOTY)KHOCTI 3a Ti cami po3Mipu
Oarapei mopiBHAHO 3 iHIMME Matepiamamu. Kpim Toro,
CdTe € pemeBMM HamiBOPOBIAHUKOM, IO 3HIKYE
BapTiCTh BHUPOOHHIITBA COHSIYHUX OaTtapeil, 30KpeMa
torkorutiBKOBHX ['C Ha ocHOBI CdTe. I'C CdTe moxHa
BHUPOOJIATH 3a JOIOMOTO MPOIECIB HAHECECHHSI TOHKUX
IUIIBOK, TaKWX SIK XIMIYHE OCa/PKEHHS 3 PO3YMHY Ta
(bi3uuHe oca/pKeHHs 3 IapiB, 10 JO3BOJISIE OTPHUMYBATH
BHCOKOSIKICHI IUTIBKH 3a HHU3BKHX Temmepartyp [29, 37].
ToukomiBkoBi I'C CdTe maroTh 100py CTIHKICTH [0
BIUIMBY HABKOJMIIHBOTO CEPEJOBHIIA Ta TEPMIYHOTO
cTpecy, o 3a0e3rmevye JOBrOBIYHICTh COHTYHIX OaTapei
[38]. 'C CdTe MoxHa BHKOPHCTOBYBAaTH B THYYKHX
COHSYHUX OaTapesx, mo po3Boisie crBopioBatn CE 3
BHCOKOIO €(EKTHUBHICTIO, SKIi MOXXHA 3aCTOCOBYBaTH B
pI3HMX Tramy3sX, TakuX SIK TPAHCIIOPT, AePOKOCMIdHA
TeXHIKa, MEINIIMHA Ta 1HIII.

HesBakaroun Ha Garato nepesar, TOHKOIIiBKOBI ['C
CdTe maroth meBHi Hemosiku. Hampukiaa, Hu3bka abo
He3a10BIbHA CTikKicTh ['C 10 BIUIMBY BOJIOTH, KHCIIOT,
0 MOXXE CIPHYMHHUTH TMOTipmIeHHA e(peKTHBHOCTI
COHAYHMX Oaraped. [HIIMM BaXJIMBUM  AacCIEKTOM
BukopuctanHs ToHKoruiiBkoBux ['C CdTe e mpobiema
TOKCHYHOCTI KaJMilo, SKHH € OIHHUM 3 KOMIIOHEHTIB
rerepocTpykTypu. KpiM TOro, BHKOpPHCTaHHSI KaaMilo
MOXE€ CIPHYMHUTH EKOJIOTiYHI TpoOjieMH TIij dac
3HEIIKODKEHHS BIAXOJIB BiJ COHSYHUX Oatapeit [3].
HesBaskaroun Ha 11e, Mpo0IeMH 3 TOKCHYHICTIO Ka/IMiIo Ta
crifikictrio I'C  mo BmmBY 30BHIMHIX  (haKTOpiB
MOTpeOYIOTh  JOJATKOBUX JOCTI/DKEHb Ta PO3POOKH
e(heKTUBHMX 3aXO0IiB 3 MiHIMi3allil HEeTATUBHUX BILJIUBIB.

Kpim Toro, iCHYIOTh aJbTepHATHUBHI MaTepiand It
CTBOPEHHS COHSYHHUX OaTapel, HampHKiIaj, TIepOBCKITHI
matepiasm  [39]. Ili wmarepianu MaloOTh  BHCOKY
e(eKTUBHICT,  KOHBepTalii COHSYHOI  eHeprii B
SJICKTPUYHY, a TAKOXK € MEHII TOKCUUYHUMH, HIXK KaaMiil.
OpHak, IEPOBCKITH MalOTh CBOT BJIACHI HEJIOIIKH, TaKi sSK
HEJIOCTAaTHs CTIHKICTb O BIUIMBY BOJIOTHM, KHCIOT Ta
IHIIUX (QaKTOpiB.
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OmHUM 3 TOJOBHHX BHUKIMKIB TOHKOIUTIBKOBHX I'C
CdTe € BimHOCHAa HH3bKA CTIWKICTH g0  mil
yIbTpadioleTOBOTO  BHIIPOMIHIOBAHHA Ta  BHCOKHX
temmeparyp. Lle moxe mpusBectu no 3HmkeHH KKE Tta
ckopoueHHs TepMiHy ekcruryatanii CE. s 3MeHImeHHs
IBOTO eEeKTy, MOXKYTh OyTH BHKOPHCTaHI pi3HI METOIU
3aXHUCTY, TaKi K 3aCTOCYBaHHs 3aXUCHUX MOKPHUTTIB ab0
BUKOpHCTaHHs crabimizatopiB [37, 38]. Takox icHye
neBHa oOMexxeHicTs y ToBuuHI mwiiBok CdTe, mo moxe
0o0MexHTH eeKTUBHY TOBIIMHY €JIeMeHTa i, OTXkKe, Horo

KKE. [lns BupimieHHS 1BOTO NHTaHHSA MOXHA
BUKOPHCTOBYBaTH pi3HI TEXHOJIOTii 3MILHEHHS IUTIBOK
abo BukopumcroByBatH ToHKi I['C 3  iHmWMHK

HariBpoBigauKaMu, Takumu sk CulnGaSe; (CIGS) [40].

Hamnisnposinauku Ha ocHOBI CdTe matoTh mepeBary
nepex Si'y ToMy, 10 BOHU OLTBIT epeKTHBHO TOTIIMHAIOTH
OINITHYHE BUIPOMIHIOBAHHS, L0 JIO3BOJISIE BHTOTOBIATH
nmemeBmri  ToHKormniBkoBi  CE. 3okpema, cepenHs
edextuBHicts I'C n-CdS/p-CdTe craHOBUTH MPUOIH3HO
16% npu ymoBax ocBiTiaeHHs AMIL,5 i Temneparypi
300 K, 1o maiixe BBIUi MEHILIE TEOPETHYHOTO 3HAYCHHS
[2].

BBaxkaeTbcs, 10 OJHIED 3 MPUYUH HU3BKOT
egpextuBHOCTI CE Ha ocHOBI CdTe € KopoTKHii 9ac KUTTSA
HCOCHOBHHUX HOCIIB 7, SKUH NPHU3BOJUTH JO BHUCOKOI
MIBUJKOCTI pPEKOMOIHAIli ©s Ha MeXax pO3AUTY
komroHeHTIB ['C Ta 3epeH NOJIKPUCTANIYHOI IUTIBKA
CdTe. 3MeHIIEHHST LIBUKOCTI peKOMOiHalii Us TOBUHHO
NPU3BECTH 10 THOJINIICHHS OCHOBHHX IlapamMeTpiB
COHSAYHUX CJICMCHTIB, TaKUX SK CTPYM KOPOTKOTO
3aMHKaHHS Jsc Ta Hampyra xonoctoro xony Vo Lle
HiOTBEPIKYEThCA Pe3yJbTaTaMH EKCIEePUMEHTIB, SKi
MoKa3anu 30UTBIICHHS HAIPYTH XOIOCTOro Xoay Vo 3
0,84 mo 0,93 B mpu 3aMiHi MONIKPUCTATIYHOI IUTIBKA
CdTe Ha MOHOKPHUCTAJIIYHy HiAKIaIKY B
TeTepPOCTPYKTYPHHUX COHSYHMX enemeHtax n-CdS / p-
CdTe [41]. Hwu3bki 3HauYeHHs CTPyMy KOPOTKOTO
3aMUKaHHS Ta Koe(ilieHTa KOPUCHOI Aii 77 HUX 3pa3KiB
MOB'sI3aHi 3 BUCOKUM OTIOpOM 6a30Bux miakmanok p-CdTe,
KOHLIEHTpallisl BUIBHUX Aipok B skux npu 300 K He
nepesuinye 7 10%° cm®.  IlokpameHHss cTpyKTYpHOI
nmockoHanocTi  QortoaktuBHoro mapy p-CdTe B
torkomutiBkoBux CE n-CdS / p-CdTe n03Boimiio migasaTa
n no ~ 21%, npu oMy Vo 3pocna Bceoro Ha 0,03 B
[42, 43].

Y 1poMy BUNAAKY MiABUIIEHHS e(EeKTHBHOCTI
TOB's13aHe 31 30UIBIIEHHSAM CTPYMY KOPOTKOTO 3aMHKaHHS
(Jsc), sKe  COpUYMHEHE  3HAYHUM  3MCHIICHHAM
nocigosHoro omopy I'C yepes Tomkuit map p-CdTe.
3aJIeXKHICTh CTPYMY KOPOTKOTO 3aMUKaHHS BiJl PiBHs
ocBiTiieHOCTi (L) € miHiITHOO 1 3MIHIOETHCS Ha OLTBIIIE HiXkK
qotupn Topsmkd. Hampyra xomocroro xomy (V)
3aJIeXHUTh Bill [g L Tpy HU3BKUX PIBHIX OCBITJICHOCTI, a
TP BEJTMKKX PIBHAX HACHYYETHCS, SIK [TI0Ka3aHO Ha puc. 4.

Marne 30UIbIIEHHS HAmpyrd XoJocToro xoxy Voc
CBIIYMTH ITPO T, IO T'OJIOBHUM (DAKTOPOM, IO BIUIMBAE
Ha Yac >KUATTS HEOCHOBHHUX HOCIIB 7, € IIBHIKICTH
pekomOiHanii Ha Mexi po3ainy xomnoneHT ['C. o6
3MEHIIMTH I}0 MIBUAKICTE peKkomOiHamii vs Ha 1-2
MOPSIIKH, MOYKHA 3aCTOCOBYBATH Pi3HI METOAM ITacHBallii
MOBEPXHI MOHOKPHCTAJIB i KPYIHO3EPHUCTUX
HaIiBKPUCTANTIYHUX TUTIBOK [38,44].
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Puc. 4. 3anexsocTi Jsc Ta Voc U1 MOBepXHEBO-0ap’ €pHUX
nmioniB Ha CdTe:O cyOcTpaTi Bil TYCTHHH TOTOKY
BHIIPOMIHIOBaHHS COHSYHOI €Heprii.

BHyTpinizs KBaHTOBA e(EeKTUBHICTh
rerepoctpyktypu  CdS/CdTe 3HauHO 3pocrae  3i
30UTBIICHHSAM Yacy HTTSA HOCIiB 3apsay Ta MUTOMOIO
onopy mapy CdTe, ane 3anumiaerbes Ha piBHi 17-18,5%
IpU 3HaYeHHsSX dacy *uTTa B Mexax 10°-107 ¢, I1{o6
MIABUIMUTH C(PEKTHBHICTh IO TEOpPeTUYHOI Mexi (28-
30%), HeoOXiMHO 30UIBIIATH Yac KUTTS HOCIIB 3apaqy B
mapi CdTe mo Omm3bko 10°® ¢ Tta 36GimpmmMTH HOTrO
TOBIIUHY JI0 KiJTBKOX AECATKIB MikpoMmeTpiB. OfHaK 1ie He
€KOHOMIYHO 00TpyHTOBaHO [45].

AHani3 ONTHYHHX BTpar y ToHKOIIiBKOBUX CE
CdS/CdTe 3 mpoBigaum npo3opum mapom ITO ado SnO;
nokazaB, mo HaBitk npu 100% edexruBHOCTI
¢doroenexkTpuuHoro  meperBopeHus B CdTe 3
MiHiMabHOIO TOBIMHOK miapiB CdS ta ITO rycruna
CTpyMY  KOpDOTKOIO  3aMHKaHHS Jsc He  MOXe
nepeBuiyBaTi Oinbie, HiK 60% BiI MaKCHMaIbHO
MOJKJIMBOTO 3HaueHHs [46]. SIKIo MOTOHIIYBAaTH IIApH
CdS i ITO mmxue 30-50 HM, TO ONITHYHI BTPATH 3HU3UTH
HEMOXIIMBO,  Oumpmmid  eeKT MOXHa  JIOCATTH
MOKPAIIYIOYX TPO30PIiCTh (HPOHTATHHOTO EJIEeKTPOJa,
BHKOPHCTOBYIOUH IS IHOTO 1HIII MaTepiaiii, HAPHUKIIAI,
Cd,Sn04, Zn,Sn04, ZnO. HagiTe npu MOBHIN BiACYTHOCTI
nornuHanas B CdTe ontuuni BTpatu mpu toBiuHI CdS
50 HM TOHWXYIOTh CTPYM KOPOTKOTO 3aMHKaHHs Ha
npubimm3ao  35%. T[0n0BHOIO TPWUYMHOIO  TaKOTrO
MIOHMKEHHS € (pyHIaMeHTanpHe nornuHanasg B CdS (mpu
A <500 um), sike He MOke OyTH ycyHeHOo Oe3 3aminu CdS
HaMIBOPOBIAHUKOM 3 MIMPIIOKD 3a00POHEHOI0 30HOI0
[3, 47].

MoykHa BIEBHEHO CTBEP/XKYBATH, IO IOCIHIIKCHHSI
torkorutiBkoBux ['C CdTe Tta iHmmx wmarepianiB uis
CTBOPCHHSI COHSYHUX OaTapeil € Ba)IJIMBUM HANPSIMKOM
HAYKH Ta TEXHOJIOTIi, OCKUIbKA BOHH MOXYTh TOTIOMOI'TH
3MEHIIIUTH 3aJIC)KHICTh BiJ] BUKOITHUX BHJIB ITajlMBa Ta
3MEHIIUTH BUKHUIU BYTJEIi0 B atMocdepy. Kpim Toro,
PO3BUTOK COHSYHOI €HEPreTHKH MOYE CTBOPHTH HOBI
po0oUi MicIIsl Ta AOTTOMOTTH PO3BHBATH €KOHOMIKY. A IS
nocsraenHss Bucokoro KKE Ta edextuBHocTi CE Ha
ocHoBi CdTe, MOXHa BUKOPHUCTOBYBATH Pi3HI METOIH
ONTHMI3allii, TakKi sIK ONTHMi3allisl TOBIIMHHU Ta CKJIATy
mapiB  I'C, onrumizamis  reoMmerpii  elieMeHTa,
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BUKOPUCTAHHSA PI3HUX METOMIB KOHTPOJIO SKOCTI Ta
PO3BUTOK HOBHUX METO/[iB BUPOOHUITBA. TaKoxk, BAXKIIHBO
3abe3neuyBarn epektuBHy pennkiizamiro CE Ha ocHOBI
CdTe, mo gomoMoKe 3MEHIIMTH BIUIMB Ha JOBKULIS Ta
CHPUSATIME CTBOPEHHIO CTIHKOTO Ta €KOJIOTIYHO YHUCTOTO
COHSIYHOTO EHEPTETHYHOTO CEKTOPY.

BucHoBok

Marepian CdTe mae mOTpiOHI BIACTHBOCTI IS
CTBOPCHHS TOHKOIUIIBKOBHX COHSYHHX EJICMEHTIB:
BHCOKa e(eKTUBHICTH TIePETBOPEHHS eHeprii,
JIOBrOBIUHICTb, ~ €KOHOMIYHICTb  Ta  JIETKICTb Yy
BurorosieHHi. lle pobuth Horo mnpuBaGIMBHM
marepianiom a1 BupoOHunrBa CE. Koedimient
MPOBIAHOCTI, PYXJIUBOCTh  CICKTPOHIB, KOCQIIIEHT
KOHBepcii eHeprii, mpo3opicTb, abcopOlist cBiTIa,
KOE(ILIEHT pPO3CIIOBaHHS], €JNEeKTPUYHA IPOBIIHICTS,
BHCOKAa IIOTJIMHAJIBHA 3JATHICTH B 00macTi OJM3BKOIL
iH(ppadepBOHOI Ta BHOUMOI oONacTeil crekTpy, mobpa
XiMiYHa Ta MeXaHiYHa CTIMKICTh Ta iHII BIIACTHBOCTI
CdTe BimirparoTb BaXIWBY pPOJIb Y BHPOOHHIITBI
torkorutiBkoBuX CE Ha Hioro ocHOBI.

®orouyrnusicTs mIiBok CdTe 3amexuTh Bill KITBKOX
YHHHHUKIB, CEpe]] IKUX BXKJIMBUMH € METO]] BUPOLILYBaHHS
IUTIBOK, YMCTOTA Marepiany Ta Horo cTpykrypa. Li miiBku
MalTh  BUCOKY  4YyTJMBICTH  JIO  CBiTIa Ta
BUCOKOCHEPTETHYHOTO BHIIPOMIHIOBaHHS, IO J03BOJISE
iX BHMKODHCTOBYBAaTHM B PI3HHX IPHUCTPOSX, 30KpeMa B
coHsiuHMX Oatapesx. OpnHak, (HOTOUYYTIUBICTH IUIIBOK
CdTe Takox 3a1eXUTh BiJ HasIBHOCTI Ae(DEKTiB Ta piBHA
JIOMIIIOK Y Marepiaii, TOMy I MOXHa MOJINIINTHA 3a

JIOTIOMOTOI0  BIATIOBIIHUX  METOHIB  0OpoOKM  Ta
orrTuMizarti.

HesBaxaroun Ha Te, 1110 e(eKTHBHICT
TOHKOILTIBKOBUX COHsiuHMX Moaynie 3 CdTe mnpu

HMIMPOKOMAcIITAOHOMY BUPOOHMITBI CTAHOBUTH BCHOTO
10-11%, 110 3HaYHO MeHIIE, HiX e()EKTHBHICTh MOJYJIiB
Ha KpemHieBHX IuactuHax (13—17%), Bce x Taku icHye
MOXIIMBICTh 3HAYHOTO ToKpatieHHs epextuBHocTi CdTe
CE 3a mneBHux komOiHamiii mnapamerpiB. ToBuiMHa
MOTJIMHAIOUOTO IIapy, 4ac JKUTTS HEOCHOBHHMX HOCIIB

3apany, MTUTOMUH orip Ta KOHLICHTpALIiS
HekomrieHcoBaHux akuenrtopiB B CdTe € ximodoBumMu
(akTopamu, SKI MOXYTh 3HAauHO BIUIMBaTH Ha

MOKpalleHHst eeKTuBHOCTI [48].

OpHak, mo0 AoCSrTH HaWBUINOI e(EeKTHBHOCTI Ta
3a0e3MeunTH  CTIMKICTh [0 IOKIIUIMBUX  (aKTOPiB,
HEOOXiZTHO  MPOAOBXYBaTH  pO3poOKYy  TEXHOJOTIH
BupoOHHuITBa ToHKOIIIiBKOBHX I'C Ha ocHOBi CdTe. Ile
BKJIIOYa€ pO3pOOKY HOBHX METOJIB 3aXHCTy Bif
ynbTpadioIeTOBOTO  BUIPOMIHIOBAHHS Ta  BHCOKHX
TeMITepaTyp, MOKpaIIeHHs] MEXaHIYHOT CTIHKOCTI IJTiBOK,
3MEHIIECHHS BUKOPHCTaHHS KaJMil0 Ta 3a0e3neyeHHs
CTIMKOCTI IO MIKIIJIMBUX BIUIMBIB  JJOBTOTPHBAJIOI
eKcIuTyaTari.

JocmimpkeHHsT Ta pO3pOOKH, IPOBEAEHI NPOTATOM
OCTaHHIX J€CATH POKIB, JT03BOJMIN CTBOPUTH TEXHOJIOTIIO
MacoBOTO BHPOOHHWIITBA COHSYHUX MOJYIIB Ha OCHOBI
CdTe, mo MOXYTh KOHKYpYyBaTH 3 KPEMHIEBUMH
MOAYJISIMH 32 KOMIPOMiCHOI €()eKTHBHOCTI Ta BapTOCTi.
Ile cmnpuse OyOiBHUITBY TOTY)KHHX  COHSYHHUX
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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

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)
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JteN ’; 26— (y1+2y)kf ’ 2E—(y1+2y)k}
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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), ®)
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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
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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



Electron and hole spectrum taking into account deformation and polarization in the quantum dot ...
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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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EnexkTpoHHO-AipKOBHI CIEKTP 3 ypaxyBaHHsAM Aedopmanii Ta moaspusamii y
KBaHTOBIii Touli rerepocTpykrypu INAs/GaAs

Jlpozobuysruil depoicasnuil nedazoeiunuil ynisepcumem imeni Isana @panka, m. Jpoeobuy, Yrpaiua,
galinka.bandura@gmail.com

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™)

T T
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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



Influence of gadolinium doping on structural properties of carbon nanotubes

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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Hamu 6yno oTpumaHo yHiKabHI IEPi0OANYHI OKCHIHI HAHOKPUCTATITH Ha moBepxHi pocdiny iHmiro. Y crarti
JOCIIJDKYIOTBCSI MOP(OJIOTIUHI XapaKTePUCTHKU OAEPKAHUX CTPYKTYp Ta KOMIIOHEHTHHUH ckiaa. OcHOBHa yBara
B CTaTTi 30Cepe/KEHa Ha MOSCHEHHI MeXaHi3My (OpMYBaHHS NEPiOJUYHUX CTPYKTYp, SIKi yHaKOBaHi IO THITY
«mapkeT». 3alpONOHOBAHO MEXaHi3M, SIKMH TPYHTYETbCS Ha KOB3aHHI JDKepen JAWCIOKalifHMX MeTelb
MIPSIMOKYTHOT (popMH. PO3TIISIHYTO CHCTEMY I'OJIOBHOI Ta BTOPUHHHUX (HAa0iralounx) AUCIOKAIiH, SIKi CHPUYHHSIOTH
MOSIBY CXOAWHOK. TakosK 3amporoHOBaHO MaTeMaTHYHY 1HTEPIIPETALII0 OMIMCAHOT MOJIEITI.
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Beryn
I[Motpeba y HOBHX «pPO3YMHHX» Marepianax
3YMOBJICHaA 3pOCTaArOIUM IIOIIUTOM Ha

BHCOKOTEXHOJIOTIUHY enekTpoHiky [1, 2]. Kommo3utHi
MaTepiaii 3HAWIUN IIHPOKEe BUKOPUCTAHHS Y MPHIaiaX
¢oronikm  [3, 4]. TerepocTpykTypum  IIHPOKO
BHUKOPHMCTOBYIOTBCS SIK MaTepiaam s jasepiB [5, 6].
[MnanapHi HAHOCTPYKTYpPH TPEACTaBISAIOTH 3HAYHUHN
iHTepec IS TOHKOIUTIBKOBUX TEXHOJIOTiH, 30KpemMa IS
cTBOpeHHs cBiTinonioniB [7, 8]. OcranHiM 4YacoMm yBara
MOCTITHUKIB ~ 30CEpPEeIKYETbCI HA  MaTepiaiax 3
PO3BHHEHOK apXiTeKTyporo moBepxHi [9, 10]. Croromni
YCIIITHO CHHTE3YIOTh HAHOTOJIKH [ 11], HaHOBicKepu [12],
CTPYKTypH moniOHi kBiTam [13], mopysari mosepxHi [14,
15] tomo. Kpim Toro, HabyBaroTh 3Ha4HOT HOMYJISIPHOCTI
nepioguuni cTpyktypu [16, 17]. IlepeBara Takmux
CTPYKTYp HaJ IHIIUMHM BUJaMH HAHOCTPYKTYPOBaHHX
HaHOMaTepiaiiB 3YMOBITHOETHCA MOKITUBICTIO
KOHTPOJIIOBAaTH [OBXMHH XBWIIb, KYTH BHIIPOMiHCHHS
tomo [18, 19].

Po3yMiHHS IUX TPEHIIB CTABUTH IIE€pe]l HAyKOBISIMHI
nBi 3amadi: (1) miabip eQekTHBHUX HETOPOTHX METOMIB
CHUHTE3y, IO JO3BOJSIOTH CTBOPIOBATH II€PiOAMYHI
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HaHOCTPYKTYPH 13 KepoBaHUMHU BiracTuBocTaMu [20, 217;
2 ninoip KOMITOHEHTIB CHUCTEMHU
MiAKIAIKa/HAHOCTPYKTYpa 3 J00pe  y3roKeHUMU
napametpamu [22].

CpOro/iHI aKTHBHO JOCIIDKYIOTHCSI METOAH CHHTE3Y
OKCHIHHX HAIIBIOPOBIAHWKIB Ta iHTerpamis IX Ha
migkmagku [23 — 25]. Tak, momyisspHEMH 00’ €KTaMu
nocnimkens € Gap03[26, 27], In205 [28], ZnO [29], CdO
[30], TiO, [31] Tomo. Taki HamMiBIPOBIIHUKH
JIEMOHCTPYIOTh YyZ0BY 3JIaTHICTh 10
HAHOCTPYKTYPYBaHHS, € XIMIYHO i TEpMIYHO CTa0IILHUMHU
[32, 33]. Kpim TOro, OKCHIOHI IUIIBKM Ha HOBEpPXHI
HAIBIPOBITHUKA TMPOSBISAIOTH MACHBYIOYl BIACTHBOCTI
Ta JI03BOJIIOTH MPOJIOBKYBATH CTPOKH CITY>KOH TIPHIIa/IiB
[34, 35]. €nunoro mpobiemoro mpu (HOpMyBaHHI TaKUX
TeTePOCTPYKTYp €, SAK TPaBWIO, HEBIANOBIIHICTH
KPHUCTAJIIYHUX TIPATOK, HIO CHPUYUHIOE TOSIBY BEIHUKOL
KUJTBKOCTI Hampy>XEHHWX CTaHIB Ha MEXi PO3IUTY JBOX
KOMITOHEHTIB reTepocTpykTypH [36]. 3 iHmoro 60Ky, Taka
cUTyalisi MOXe e(EeKTUBHO BHUKOPHUCTOBYBATHCS HpHU
(opMyBaHHI CTPYKTYp 3 HECTaHAAPTHOIO MOP(OJIOTier0
[37, 38]. ¥ upomy Bunaaky JaeeKTH BHXIJIHOTO
HAMIBIPOBINHUKA (IAKIAAKH) € IPKSPETaMu 3apOKCHHS
HaHOCTPYKTYypu Ha moBepxHi [39]. EdextuBHe
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BHUKOPHCTAaHHS LHOTO SIBHILA € JOBOJI CKIAIHOIO 331a4CI0
Ta NOTPeOy€e AETATFHOTO BUBYCHHS.

Y mifi pobOTI MH TOBIIOMIISIEMO TIPO CHHTE3
MEPiOINIHNX CTPYKTYP Ha MOBEpXHi Gocdimy iHAiro, sSKi
YOakoBaHI MO0 THITy TMapkeT. Taki CTPYKTypH €
NEePCHEKTUBHUMH Ul BHBYCHHS TaK SK IEPIOAWYHICTD
MOX€ €(EeKTHBHO BHKOPUCTOBYBATUCS JJIsI CTBOPEHHS
(OTOKaTATITHIHUX T'€TEPOCTPYKTYP Ta XBHIICBOAIB. MU
JTAEMO SIKICHY Ta KUIBKICHY IHTEpIIpeTalilo MeXaHi3my
YTBOPEHHSI OKCHJIHOT NMapKETHOI CTPYKTYpH Ha TIOBEPXHIi
BHCOKOJIEroBaHOTO (hocdimy iHmit0.

|. ExcnepumeHT

[epioguyni  mapkeTHi  CTpyKTypu  opmyBanu
KOMOIHOBaHUMH XIMIYHUMH METOIaMHU TpaBlicHHs. Byio
BUKOPHCTaHO CTAaHAAPTHY EJNEKTPOXIMIYHY KOMIpKY,
BUKOHaHy 3 Teduiony. Kowmipka 3amoBHIOBajacs
enektpomitom. [licass 1HOTO TOYHMHANH — TPOLECH
TpPaBICHHS 3 TIOCHIAYIOYHM OCADKCHHSM TIPOIYKTiB
peaxiiii Ha TOBEepXHIO 3pa3Ka. [lepmruii eTam mpoBoAMIH Y
pPeXUMi eIeKTPOXIMIYHOTO aHOMYBAaHHS TPH MOCTIHHIN
TYCTHHI cTpyMy. Ha npyromy erami BHKOPHCTOBYBAJIH
MPOCTE eJCKTPOXiMiuHe TpaBieHHI Oe3 mii cTpymy.
Po3uunH enekTpostiTy NpoTAroM 000X eTamniB He MiHLIIH. Y
Tabnuui 1 HaBeIeHO YMOBH XiMi4HOi 0OpOOKH 3pas3KiB.

Ilepen  exkcriepUMEHTOM  3pa3Kd  OYHIIYBaJIU
MPOMHUBAHHSIM B PO3YMHI OLTY, MOTIM 3HEKHPIOBAIH 32
JIOTIOMOTOI0  €TUJIOBOTO CIUPTY. Binmpasy micns mporo
po3noynHany  ekcrepuMmeHt.  [licis  mpUIMHEHHS
eKCIIEpUMEHTY 3pa3Kd BHCYNIyBaJIM Ta 30epirann Ha
BIZIKPUTOMY TTOBITPI.

JlocuimKeHHS! TOBEpXHEBOI MOPQOIIOTiT BUKOHYBAIN
Ha  Mikpockomi  Jeol (AmoHis), OCHAIIIEHUM
cnekrpomerpoM NCA Energy 350 Bupo6uumnrsa Oxford
Instruments  Analytical (Bemuko6Gputanis). Mertomom
PacTpoBOl EJIEKTPOHHOI MIKPOCKOIMIi 3 BHKOPHCTAHHIM
CUTHAIB BTOPHUHHUX eyekTpoHiB (SEI) Oyno orpumaHo
tororpadiuHi  300pa)KeHHsT TOBEPXHI CHHTE30BaHUX
HAHOCTPYKTYp. JlaHi 00 HEOTHOPIAHOCTI Ta CKIAIY
MOBEPXHi OYJIO OTPUMAHO B PEXKHUMI 00EPHEHO PO3CISTHUX
enektpoHiB (BEC). Emepris my4ka enekTpoHiB Oyina
BuOpana B pmiamaszoni (10-15) keB. Buznauenns
€JIEMEHTHOT'O CKJIA/Ty 3pa3KiB BUKOHYBAJIH 32 JIONIOMOT0I0
€HeproJucIepciiHoro CIIEKTPOMETPY npu
npuckoprorouiil Hanpysi (15-20) kB i crpymi myuka (1-
3) HA. KinbkicHu aHami3 XiMIiYHOTO CKJIaay MOBEpXHi
3paska BUKOHYBAJIH HUIIXOM HOPIBHAHHA
XapaKTepUCTUYHUX JIiHIH 3pa3ka Ta CTaHIapTIB.

Il. Pe3yabraTn

Puc. 1 nemonctpye SEM-300pakenHst nmoBepxHi InP
Ticys eNneKTpoXiMiuHOi 00poOku. MoxkHa 6a4uTH, 10 Ha
MmoBepxHi Oyno CPOPMOBAHO MACHUBHI KpPUCTAJIYHI
HaHOJIPOTH, SIKi PO3TAIIOBAaHI 110 TUITY MapkKeT. Y Tabnuui
2 HaBe/ICHO TEOMETPHYHI pO3MipH YTBOPEHUX CTPYKTYP.

TakuM 4MHOM, MOXHa OaYMTH, IO HAHOPOTH MAIOTh
(hopmy npaBrITBHOI TpU3MH. L{ikaBo BiAMITHTH, IO APOTH
MAaIOTh IIOPUCTY CTPYKTYPY 3 po3MipoM nop 80-120 HMm.

1.

Puc. SEM-300paskeHHsI yTBOpEHOi MepioaudHOl
CTPYKTYpH Ha moBepxHi InP.
Taoaung 2.
I'eomeTpuuHi po3Mipu HAHOIPOTIB
XapakTepucTHKa Po3smip, MkM
ToBuMHa HaHOIPOTA 8-10
Bucora Hanogpota 7-10
JoBxnHa HaHOIpOTA 110-130
BincTaHp Mixk CyCiTHIME ApOTAMHU 3
Bigcranp Mixk «1apKeTHUMHA 20-50
mapamm

Ha puc. 2 naBegeHo pesymprtatd EDX anamizy
MMOBEPXHI YTBOPEHOI CTPYKTYpH B TOUIll Ha TOBEPXHI
KpHucTamity. MoxxeMo 0auuTH, IO KPUCTAIITH YTBOPEHI
OKCHJIOM iHIiI0 3 HEBEIHKHM BMicToM (ocdopy. Lle
MEBHAM YHWHOM CBITYATH IPO MEXaHI3M YTBOPEHHSA
NEepiOANYHNX HAHOKPHUCTAIITIB Ha MOBEpXHi (ocdiny

Ta6auuns 1.

‘YMOBH €KCIIEPUMEHTY

Eranu Enextpomit IlineHICTE CTPYMY, Yac, xB JlonaTkoBi yMOBH
j, mA/cm?

1 eran HF:H,0:C;HsOH=1:1:2 | 150 10 [epeminryBaHHs
EIIEKTPOJTITY, Y AKOCTI
KaTO/y BUKOPUCTOBYBAIIH
IUIATHHY

2 etan HF:H,0:C;HsOH=1:1:2 | 0 10 KimHatHa Temmieparypa,
TeMpsiBa
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igmiro.  Ilix wac mepmoro eramy  TpaBICHHS

CITOCTEPIraeThCsl aKTUBHE BUTPABIIOBAHHS aTOMIB 1HIIO
Ta Gocdopy, II0 MPU3BOIUTH IO HACHUEHHS EIEKTPOIITY.
Jaimi BinOyBaeThCsl aNbTEpHATHBHHUN IIPOIEC — a came
OCiTaHHS MPOAYKTIB peakxilii Ha HOBEPXHIO.

Puc. 2. Pesynpratn EDX-anamizy B TodIli Ha MOBEpXHIi
KpPHUCTAJITY.

I11. O6roBopenns

3.1 MexaHi3M yTBOpPEHHS NEePiOAUYHUX CTPYKTYP
Ha noBepxHi ¢ocdiny inAio Mo TMNy «apkKeT»

MOHOKpHUCTANIYHI HAIIBIPOBIAHAKA, JIETOBAaHI [0
BHUCOKMX KOHIIEHTpalili HEOCHOBHMX HOCIiB 3apsmy
XapaKTepU3yIOThCS  HAsSBHICTIO  BEJIHMKOI  KiIBKOCTI
JTUCIOKamid. Y eKCIepUMEHTI MH BHKOPHCTOBYBAJIN
wractiHA InP 3 opienTarniero mosepxHi (111) (puc. 3a). B
00’eMi Takoro 3paska OyAyTh CIIOCTEPIraTHUCS JKepelia
JIUCIIOKAlIMHUX TeTeNb MPSIMOKYTHOT dopmu, cuctemy
KOB3aHHSl SKHX MOXHA IPEICTAaBUTH SIK IOBEPXHIO
napajenorpaMma 3 TpaHsiMu B3J0BX TutockocTeit (101) Ta
(110) (puc. 30).

JucnokamiiiHi metTii MalTh  TCHIACHINIO  JI0
PO3IIOBCIO/KEHHS Ta PYXY 3aBISIKHM il CHJI B3a€MHOTO
BiMIITOBXYBaHHS. Takuil pyX BiIOYBa€ThCS B HANPSIMKY
TIOBEPXHI 3pa3Ka Ta MNPUIHHAETHCS B MOMEHT BHXOAY
IUCIoKamii Ha ToBepxHIO (puc. 3 B). Buxing mepmioi
(TOoNOBHOT MeTIi TUCITOKallii) Ha MOBEPXHIO CIIPHINHUTH
NOSIBY cXOAMHKH. Tpu iHwmi nerii (Habiratodi) B cucremi
JIUCIIOKAMIi 3aKPIIUTIOIOTECS 1 IXHIX PyX HPUIHHSETHCS.

TakuM dYHHOM MOXXEMO CHOCTEpiraTd CKyIMYCHHS
JTUCIIOKALIIH.
Takoxx 3 pumc. 30 MOXKHa 3pOOHWTH BaXJIUBE

crocTepekeHHs. JuciokariifHa neTis mia 9ac pyxy 0
MOBEPXHi 3pa3Kka He 3MIllyeThCs B310BX HanpsMkiB [010]
i [001] (ma pumc. 3b Bici OY 1 OZ BiANOBIAHO).
Cynepmiosunist komnoneHt cun [liva-Kemtepa y mpomy
BUIAJKy JODIBHIOE HYJIO IO BCIX HaIpsAMKaX, KpiM
HarpsiMky [100] (Bice OX). Lle cnpuuuHATS NOPYIIEHHS
CHUMETpii JNCIOKAIlifHUX NepBMHHOI Ta Habirawdol
MeTenb, M0 J03BOJMTHL 3MiIleHHS Ha0irarouoi meri
B3noBk HampsaMky [010]. Ilpm momampmomy KoB3aHi
Habirarouoi nOWCIIOKamii BOHA TOTPANHUTh y CHCTEMY
KOB3aHHS, BINBHY BiJ TEpemkony, IO CIPUYNHEHA
TOJIOBHOIO TIETJICI0 CKYITYCHHS Muciokamid. Jami, minx
I€EI0 HACTYMHOI AWCIOKAI[ifHOI TeTii, BOoHa Oyzde
npocyBaTHcs B 00’€Mi 3pa3Kka O BUXOIY Ha HOBEPXHIO.
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Hactymai aucnokaniiiai metmi OyayTe pyxaTucs 3a THM
CaMHM MEXaHi3MOM.

Y [010

X [100]

Z 100
b)
©
Puc.3. Mogenb 3akpiruieHHs TUCIOKaliiHUX TeTelb: a)
pO3TamIyBaHHs IUIOCKOCTEW KOB3aHHS JTUCIIOKAIiid; b)
guciokamidui metmi B 06’emi n-InP - (111) (5 ¢
3aKpiluieHHsT TUCIIOKAllii Ha TIOBEpXHI 3pa3ka, [0

CIIPUYUHUTD MMOABY CXOAUHKU.

TakuM dYMHOM, JUKepena IHUCIOKaliiHWX IIeTelb
OyAyTh iHILIFOBATH MOSABY HA IMMOBEPXHI 3pa3ka CXOTUHOK,
o € TepiOOUYHUMH  JUITHKAMH  HEOIHOPITHOI
nedpopmamii (puc. 4a). Lle, B cBOWO depry I0O3BOJHUTH
copMyBaTH penbed MOBEPXHI 3pa3Ka 3 IMEPiOJTUIHOI0
apxitektyporo (puc. 4b).

PeanbHi KkpucTamn OKpiM KOB3AIOUHX JAHCIOKAIliil
MaioTh B 00’emi # iHmi Buam gedexris. Lle crpuumase
MOPYIIEHHS  CHMeTpil  B3a€MHOTO  PO3TAllyBaHHS;
JTUCITOKANIMHUX  TeTeNb (HEHYJIbOBA  CYIMEPIIO3HIIIS
kommnoHeHT cwian [liva-Kemmepa) (puc. 4c). 3mimeHHs
Oyzne BimOyBaTHCS B3IOBX HampsiMKy KoB3aHHs [001].
Takum uwmHOM, Ha moBepxHi InP (111) Oyne
CriocTepiraTics YKJIaJaHHS HAHOKPUCTATIYHUX JPOTIB y
BUTJISITI TAPKETHUX INAOITIB.
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Puc.4. Cucrema IuCIOKAIifHAX TTETeNs Ha MOBepXHi [InP
(111) (a); cxemaTtn4He 300pakeHHS penbedy MOBEPXHIi 3
MapKeTHUMH TepionndHuMH  kpuctamitamu (b) Ta

BIHOCHE 3MIlICHHS CXOJMHOK, [0 CIPHUYHHEHO
3MIIIEHHSAM TOJOBHOI 1 Ha0Iirarouoi gUCIIOKAIiHHUX
neTens (¢).

3.2 MaremaTHyHa iHTepnpuTalis YTBOPEHHS
NMAPKETHUX NMEPiOANIYHNX HAHOCTPYKTYP

Buxozsiuu 3 1uxX MipKyBaHb, MOYXKEMO IPEICTABUTH
ONMCAaHUI MeXaHi3M MaTreMaTU4HOI Mojesuno. Tak, Ha
OJIMHMUII OBXKUHU JIIHIT JUCIIOKALIT i€ KOMIIOHEHT CUJIA
[iwa-Kemnnepa:

fi = €Tk Oumbm 1)

€ €l cumBon JleBi-UuBitH; T) — KOMIIOHEHTH
OJIMHUYHOTO BEKTOPY; KOMIIOHEHTH TEH30pa
MEXaHIYHUX HAaIpYT; KOMIIOHCHTH BEKTOPY
Broprepca.

Cymnepnosuris kommoneHT cwid [liva-Kemepa, ska
Jlie Ha JUCJIOKAIIHY TETI0 B3J0BX HampsMky [010]
OIUCYETHCSI BUPA30M:

Oim
b,

h(3d?+h?)

Fy = —b’B (d%+h?)? L, 2
u
B=———
2n(1 — o)

ne b — monynb Bexropa broprepca; @ — Monyib 3CyBY;
o —koediuient Ilyaccona; h - po3mip amciokamiiiHol
nernni  B3gomk Hampsamky [010]; d —Bigcrane Mik
JMUCIOKAIMHUMA TeTIsAMHU; L — po3Mip AHcIOKamiiHO1
neti [001].
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Kommonenra cumu ITiva-Kemnepa na mimsami (1-2)
(puc.3b) onmucyeThCst BUPA3oM:

(1-2) _ 32 p (h+yo)[3d%+(h+y0)?]
B =-b"B [a2+(h+y0)2]2 ®)
e Yo — MOMAYIb BiACTaHI TUCIOKALIAHOI METNi BiX

iKY (3-4) mo wromuan ZOX.
BimmoBigHo nmns ginsHku (3-4) KOMITOHEHTa CHUIH
[Miwa-Kemnepa (puc.3b) onmcyeTscst BUpa3oM:

(3-4) _ p2p Y0(3d+y5)
Fy =b"B (a2+y2) L. (4)
Buxomsium 3 1BOro  yMoOBa  3aKpIiIUICHHS
JTUCITOKAIIHOT TISTII Bi/IMIOBiIa€ BUpasy:
1-2 3-4
E"P + BV =0, (5)

BaxamBuM cnocTepekeHHSAM € Te, M0 JOBXHHA
OnIHi€T MapKeTHOT Al JOPiBHIOE TOBXKUHI AisTHOK (1-
2) 1 (3-4) mucrokaIiiHuX MeTeNb.

Cua [Tiva-Kenepa, sixa Jie Ha TUCTOKANiHHY TETIIIO,
napanenabHy HampsMky [010]:

— 1p2p¥B2+y?)
Fy = 1b°B (d2+y?)2 L, (6)
Excrpemymu ¢yHkuii F(y) MaloTh 3HaYCHHS:
Y = /(2\/5 —3)d ~ 0,681d,
y, = — /(2\/§— 3)d ~ —0,681d,
YmoBa  criiikoi  piBHOBarm  BiJIHOCHO  3CYBY
JUCITOKAIIAHOT ety B310Bx Hanpsmky [010]:
Yo = 0,681d — 2. )

BpaxoByioun, mo KyT MiXK IIOBEpXHEIO 3pa3Kka Ta

IUIOIIMHAMH KOB3aHHSA JHCIIOKAIiil gopiBHOE — 45°,
BiZACTaHb MK IA0IIMHU Ma€ 3HAYEHHS:
1 = /2y, =/2(0,681d — 0,5h) (8)

TaKkoX MOKEMO OIL[IHUTH 3HAYEHHS IOB30BXHLOTO
3MIMIEHHS S IUCIOKAIIIHOT METII:
S =2(h+y,) =2(0,5h) +0,681d 9)
Benmuunnu d i h npubnusHo piBHI 01HA OJIHIH, 1110 1a€e
HaM 3HA4Ye€HHs BiICTaHI MK aOJIAMU:
l = 0,256h; S = 2,362h. (10)
MoskeMo 6a4uTH, 110 TPOBEECHE MOJICITIOBAHHS A€

HaM TIOBHY  BIAMOBITHICTP  pPO3PaxXyHKOBHX  Ta
CKCIICPUMCHTAIBHUX 3HAYCHb.
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BucHoBku
Y poboti onmcaHo MexaHi3M (oOpMyBaHHS Ha
MOBEPXHi ~ BHCOKOJICTOBAHOTO  MOHOKPHCTATIYHOTO

docoiny iHAIIO NEPIONMYHUX HAHOCTPYKTYp, LIO €
OKCHJHUMH YTBOPEHHSMH Ta yNaKOBaHI Ha MOBEPXHI I10
TUTLY TapKeT. JHocmimkeno MopororiaHi
XapakTepUCTHKH YTBOPEHHX HAHOJPOTIB. 30KpeMa
MOKa3aHO, [0 TOBIIMHU HAHOJPOTIB MAalOTh CEPEIHE
3Ha4eHHsA 10 MKM, JOBXXHHA 3HAXOIUTHCA Yy [iama3oHi
(100 — 130) mxm. EDX-anami3 mokasas, 0 HAHOIPOTH
CKJIQJIalOThCsl HEPEBAXHO 3 aTOMIB IHJIIO Ta KHCHIO.
[MoTpeOye moOmaNbIIOro MOCHIIHKEHHS (ha3oBHUA CKIIA
YTBOPEHNX HAHOKOMITIO3HTIB.

3anpornoHoBaHO JICIIOKali HHUN MeXaHi3M
(hopMyBaHHs HAHOJPOTIB. 3TiZHO IILOTO MEXaHi3My, pyX
JTUCITOKAIlH BiMOYBAEThCSA B HAMPSIMKY MTOBEPXHI 3pa3ka
Ta NPHUIMHSIETHCS B MOMEHT BHXOIY IHCIOKalii Ha
noBepxHio. lle copuumHse «HaOIraHHS» HACTYIHHX
IUCIIOKAIliid, IO NPHU3BOAMTH JO IOSBU Ha ITOBEPXHI
«cxoquHOK». Lli cxomuHKHM € pKepenamu (HOpMyBaHHS
HAaHOCTPYKTYp, 110 PO3TAIIOBaHI Ha IIOBEPXHI 3 IICBHUM
TIepioIoM.

Jlana MaTemMaTH4YHa IHTEpIPETALlisl 3aIIPOIIOHOBAHOTO
MEXaHi3My Ta TEOPETUYHO OI[IHEHO  ITOB3JIOBXKHE
3MIIIEHHA JUCJIOKAaliHHOT NeTI Ta BIACTaHb MiX
mabmsivu.  [IpoBeneHe  MOIENIOBaHHS — Jla€  TIOBHY
BIZIMOBITHICTh PO3PAaXyHKOBHX Ta EKCIEPHUMEHTAILHUX
3HAYCHb.

IMopsika
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About synthesis mechanism of periodic oxide nanocrystallites on surface of
single-crystal

Berdyansk State Pedagogical University, Berdyansk, Ukraine, yanasuchikova@gmail.com

We have obtained unique periodic oxide nanocrystallites on the surface of indium phosphide. The
morphological characteristics of the structures obtained and their component composition are investigated in the
article. The main attention is focused on explaining the mechanism of the periodic structures, which are packed by
the ‘parquet floor’ type. The mechanism based on sliding the sources of rectangular-shaped dislocation loops has
been proposed. The system of the main and secondary (ingoing) dislocations that cause the formation of the steps
has been considered. The mathematical interpretation of the described model has also been proposed.

Keywords: indium phosphide, nanocrystallites, periodic structures, nanowires.
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KaraniTuuHe OKMCICHHS ALIETOHY i €TaHOJIY HA IVIATHHOBOMY JAPOTI
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OTpuMaHi BOJBT-aMIIEPHI XapaKTEPUCTUKH TOHKOTO JOBrOr0 IUIATHHOBOTO IPOTY MOBITPI 3 MallMHU
JOMIIIKaMH TapiB aleTOHY YM eTAaHONy. BUKOPHCTOBYIOUM KBaJpaTH4HY 3aIEKHICTh ONOpY IUIATHHHU Bix
TEMIIepaTypH pO3paxoBaHi TEMIIEPATYPHO-CTPYMOBI 3aJI€KHOCTI JuIst IpoTy. [Ipu KOHIIEHTpaIisIX apiB TOPIOYOTro
ray BHUIIE IEBHOTO 3HAUCHHS I[i 3aJEKHOCTI IPOSBIIIOTH TiCTEpE3MCHUI XapakTep. BukopucroByroun
MIPUITYIIEHHS [IPO IIOBHE OKKMCIICHHS alleTOHY Ta €TaHOJy Ha IUIaTHHI, SIK KaTali3aTopi, Ta HepIInii ITOpsIOK peaKii
OKHCJICHHS, BHKOHaHHH aHaji3 TEeMIIEPaTypHO-CTPYMOBHX 3aJIeKHOCTEH. Pi3HMIM TeMmepaTyp BHCOKO Ta
HU3BKOTEMIIEPATYPHOTO CTAIlIOHAPHHUX PEKUMIB KATAIITHYHOTO OKHCIEHHS HAa JAPOTHHI JO3BOJISIE OI[IHIOBATH
KOHIICHTpALil0 JOMIIIKA B cyMimi. B pesynpraTi moOynoBaHa eKCIIEpUMEHTaIbHA 3aJEXKHICTH KPUTHYHOTO
3HAYEHHs CHJIH CTPYMYy KaTaJiTHYHOTO 3aiiMaHHS Ta MOTACaHHS ra30BOi CyMilll Ha IJIATHHI Bil KOHIEHTpAamii
nomimkd. Ilpu 11 aHAIITHYHOMY ONMCI MOJKHA JOBOJII TOYHO OIMHUTH BHIMMI 3HAYeHHs CHeprii akTUBaLil Ta
NepeIeKCIIOHEHTHOTO MHOYKHHKA PeaKiil OKHCIICHHS B IIMPOKOMY TEMIIEpaTypHOMY Jiara3oHi. 3anporoHOBaHO
METO]] BU3HAYEHHsI KIHETHYHHUX MapaMeTpiB peakiil OKUCICHHs MO 3HAHICHNX eKCIIEPUMEHTAIBHO MapaMeTpam

BUPOJPKCHHS KPUTHUIHUX YMOB.

KiouoBi ciioBa: katamizaTop, IUIATHHOBHH IPIT, AiaMeTp, MaJla AOMIIIKa Ta3y, alleTOH, €TaHoJI, 3aiiMaHHs,

MoTacaHHs, TOPiHHSA.

Tlooano 0o peoaxyiil2.09.2023; npuiinamo oo dpyxy 8.03.2023.

Beryn

Yucri MeTanu, OCOOJNMBO IIATHMHA, € HaWOLIBII
MOMIMPEHIMH  KaTami3aropa  OKHCICHHS  JICTIOUUX
OpTraHiYHHUX CHONYK. YacTo Ha IOBEPXHIO OKCHIIHOTO
KaTajizaropa J0/Jal0Th HAHOYACTUHKM IUIATHHH, IIO
3HAYHO MPHCKOPIOE OKHMCIICHHS CIIONyKH [ 1-4].

B  pobGori [5] nmocmimxyBamacs ~— KiHEeTHKa
KaTaJIiTHYHOTO TOPIHHS AllETOHY Ta TOJIYO0JTy IIPH HU3bKUX
KOHIIEHTpAIliAX B MOBITPi (mapuianeHuii THCK Bix 10 1o
101 Ila) ma xaramsaropax Cu0g,3Ceqg;0, npu
Temneparypax Bim 423 mo 483 K. Bumumi mopsmox
peakuii Ta eHepris aKTHWBALii JUId TOPIHHA aleTOHy Ta
TOITyOJIy HaJ KaTalli3aTOPOM 3MIHIOBAIIUCS B 3aJICXKHOCTI
Bil MapIiayIbHOTO THUCKY JOMIIIKM Ha BXOMi i
TeMITepaTypH peakiii, BianosigHo. TyT nmpuiitmManocs, 1mo
KaTaJiTUYHE TOPIHHS alleTOHY B TOBITPI MPOTIKA€E 3TiTHO
OpyTTO-peaKiii:

CH,COCH; + 40, = 3C0, + 3H,0.
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TemnoBuii  epexr peaxuii  1829.4  k/lx/Mounb.
OTpuMaHa eHepris akTUBAII] peaKiii OKHCIEHHS alleTOHY
96 — 109 k/Ix/MOJIb.

B  pobGori [6] nmocmimkeHi  BOJbT-aMIIEpHi
XapaKTepPUCTUKUW Ta OKHCJICHHs MapiB aleTroHy B
KOPOHHOMY PO3PsiZii aTMOC(EPHOTO THCKY B CUCTEMI APIT-
wiactuHa. TyT aBTOpamMu IpuiiManacsi peakiis HOBHOTO
OKHMCIIeHHS aneroHy. OpHaK TakoXX BBaXaJocs, IO
OKHCJICHHS alleTOHY MOJKEe MTH 1O HapajeybHild peakiii
HETOBHOT'O OKHCIICHHS:

CH,COCH, + 2.50, = 3CO + 3H,0.

Tennosnit edexr peakuii (II) 973 x/[x/Mois.

ABtopu [7] TpONOHYIOTH MeEXaHi3M IOBHOTO
OKHCIICHHA ameToHy Ha Karamzatopi 0.57 wmac.%
Ce0,-0.05 mac.% Pt/TiO,. Monekynn aueroHy Ta
KHCHIO CIIOYaTKy ajcopOyBaiiack Ha Katamizaropi. Ilpu
i/IBUILIEHH]I TEMIIEPATYPH peaKii alleTOH PO3KIAAAETHCS
JI0 OLTOBOI I MypamMHOi KUCIOTH, MOTIM L KHUCIIOTH
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MepeTBOPIOBANNCS B KapOOHATHI YacTHMHKHU. Haperri, 11i
YaCTHHKH IMOBHICTIO po3kianatotbes mo CO, 1 H,0.

OxucieHHS ameToHy Ha IUIATHHI NpHAMAanocs
moBHUM, TOOTO 10 CO,, 1 B [4]. Ilpn 1IbOMYy BBOIUTHCA
MOHATTS HI3BKUX TeMmmepaTypax (mo 300 °C) ams Takoro
nporuecy.

[MnatTuHa € HaWHOLIBII paHHIM KaTali3aTopoM IS
OJHOKOMIIOHEHTHOTO KaTalidy B peakilii OKHCICHHS
etanony[8, 9]. ABropu [8] BKa3yloTh 110 TaKe OKUCIECHHS
MOXe OyTH TOBHMM (IIpU TOBUIBHOMY OKHCJEHHI) /0
CO, Ta 9aCTKOBUM JI0 OIITOBOTO AJIBICTIAY YU KHCIOTH.

Astopu [10] BKka3yroTh Ha BUCOKHH BiZICOTOK (BHIIE
90%) ytBoperHs CO, TIpH OKHCICHHI METAaHOIy Ta
€TaHOoITy Ha INTATHHOBOMY KaTajlizaTopi. BuBuaroun 3miny
KOHIIECHTpAL] METaHOITy Ta €TaHoIy, AKa
eKCIIOHEHIIabHO ~ 3MEHINyBajacsi B  4aci  IpH
KaTaJITHYHOMY OKHCJICHHI 3 KHCHEM Ha IUIATHHOBOMY
KaTaji3aropi mnpH KIMHATHHX TeMIlepaTypax 3HauaeHi
eHeprii akTuBalii MX peakuii. 3okpema s eranony E =
143 x/]x/Mob.

JlocmiKeHHsI TeTepOreHHOTO OKHCIICHHSI TOPIOYHMX
ra3iB Ha JOBTii Ta TOHKIH JPOTHHI 3 METaJIB INIATHHOBOI
TPyIH, IO HArpiBa€TbCid CICKTPHIHUM CTPYMOM,
MPOAOBXKYIOThCSI 1 B Hamr 4ac [11]. i BUHUKHEHHS
CTIMiKOTO 0€3MOyM STHOTO KaTaTiTHYHOTO TOPIHHA Ta3y
IIPY HarpiBaHHi CHJIOIO CTPYMY KaTaji3aTropa HeoOXiqHUI
NpaBWJIBHUN BUOIp qiaMeTpy i JOBXKHMHH KaraniizaTopa,
Jiarna3oHy KOHIEHTpAIii roprouoro rasy, TeMiepaTypu
Ta IBUIKOCTI Ta30MOBITPSAHOr0 MOTOKY [12].

KiacuuHMM TaKuM TPUKIIAIOM SBISIETHCST OKUCICHHS
JIOMIIIIKK aMiaKy Ta BOJHIO Ha JOBIOMY ILIATHHOBOMY
npoti (L/d = 1000) miamerpom 100 mxmMm [13, C. 416]. B
ra30TOBITPSIHOMY IOTOLI 3 JOMIIIKaMH TOPIOYOro rasy
PO3IrpiB IUIATHHOBOTO IPOTY (30LIBIICHHS TEMIIEPaTyPH i
CJIIEKTPUYHOTO ONOpPY JIO CTAalliOHAPHUX 3HAYCHB)
MPAaKTHYHO 3/IMCHIOBAaBCS HArpiBaHHAM €JIEKTPHYHUM
ctpymoM. Jlo [nesIKOro 3HaY€HHs CHIM HarpiBaroyoro
CTpyMy JpiT BiB cebe sik iHeptHuid. [Ipu cuii ctpymy,
pi3Hiii anst pisHux cymimeit (6t 0.74 + 0.8 A),
BiI0yBaIOCS pi3ke M1 IBULIIEHHS CTaIrfioHapHOi
TEeMIlepaTypu  Karaimizatopa.  30UIbIIEHHS  BMICTY
rOpIOYOro rady B CyMilll HE3HAUHHUM YHHOM 3MEHILYE
KPUTHUYHE 3HAYCHHS CHWIIM CTPYMY, ajleé CYTTEBO BILJIMBAE
Ha piBeHb TEMIEpaTyp BHCOKOTEMIIEPATypHHUX CTaHIB i
KPUTHUYHE 3HAYEHHS CHIM CTPYMY INpHU KaTaliTHIHOMY
3racaHHi.

B nmaniii poGoti Oyae po3INIsIHYTO HEi30TEpMidHE
OKHCIEHHS (TOpiHHS) MayMX JOMINIOK AaleToHy Ta
€TaHoJly B  IOBITPI Ha  IUIATHHOBOMY  JPOTI,
MPOAHATI30BaHO  KPUTHYHI  yMOBH  KaTaJiTUYHOTO
3aliMaHHS 1 TIOTacaHHSA, a TaKOX IPOBEIEHa OIliHKa
KIHeTHYHUX TapaMeTpiB peaKiliii OKUCICHHS B OBITPI.

3 ommagy Ha BHIIEBKa3aHe B JaHId poOoTi
npuiMaocs, o KaTaliTHYHE TOPIHHS alleTOHY 1 €TaHOITy
B TIOBITpi HA IUIATHHOBIA HHTII € MOBHUM OKHCJICHHS 1
MIPOTIKA€E MO PeaKIisiM:

CH,COCH; + 40, = 3C0, + 3H,0. 0

C,H,0H + 30, = 2C0, + 3H,0. (I

Temnosuii edext peakii (I) Q; = 1829.4 xJIx/Moib,
a (IT) Q, = 1370 x/x/mMOb.
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CramioHapHUH  piB€Hb  BHCOKOTEMIIEPATYypPHOTO
po3irpiBy karaiizaropa Ty, Tpy MPOTiIKaHHI OHIET peaKiii
B nmudy3iiHIH o00NacTi 3TiTHO KIACHYHUX YSIBJICHB
BHU3HAYAETHCS TUTBKH KOHIIEHTPALIEI0 TOPIOY0i pEIOBUHH
B rasi, B IKOMY OKHCIIIOBaY 3HAXOIANUTHCS B HAJIMILIKY:

_ gLl
TQ y

’1 m
‘pg

—-T, =T,Y;, @

ne Qf — TemyoBuit eeKT peakiii, po3paxoBaHuii Ha 1 KT
roptouoro raszy, Jhx/kr; Yi BIJTHOCHa MacoBa
KOHLIEHTpAIlisl TOpPIOYOro Trazy B Ta3oBii cymimii;
Cpg — 1300apHa IUTOMA TEIUIOEMHICTb Ta30BOI Cymimi; Tg
— Temmeparypa ra3oBoi cywimn; Le=D; /ag — uucno
JIproica; M — moka3HUK CTymHeHs B 3aexHocTi NU Bix Pr i
Sh Big Sc. Jus BumymieHoi kousekmii (0.1 < Re <4)
m =0.33.

[{ikaBorO OCOOJHMBICTIO OKHCJIICHHS ITMX Ta3iB €
BigMmiHHICTE unciia JIproica. Tak mos BonHro Le = 3, misa
amiaky Le = 1, gnsa ametony Le = 0.586, mia eraHomy
Le =0.578.

|. ExcnepuMeHTa/bHA YCTAHOBKA

JInisl eKCTIepUMEHTAIIbHOTO JOCIIIKEHHS! OKHUCIICHHS
aleToHy 1 eraHomy OyB y3STHH HepeTBOpIOBaY
MaHOMeTpuaHUH TepMmonapauii [IMT-2 (puc. 1). B HBoMy
B SIKOCTI HarpiBaya BUKOPHCTOBYETHCS IUTATHHOBHI APIT
miametpoM d = 95 MkM i gomxuHOIO L= 56 Mm. Bin
migcraskn [IMT-2  Bigpizanmacs ckisiHa Kkonba 3
BHYTpIilIHIM fgiamMeTpoMm 30 MM Ta BepXHiii KiHellb KOJIOH.
[TnaTuHOBa HUWTKAa Oynia 3irHyTa y BHUIUIAL 3MIMKH 1
po3MillieHa B IUIOLIMHI, NEPIIeHANKYJISIpHIi Bici lamnu. B
MICTaBII JaMOH uepe3 3po0JieHuil OTBIp BCTaBisUIACS
TpyOKa Iy momadi ra3omoBiTpstHOl cyMirmi. [Ticnst goro
CKIsTHa Koj0a mpuKieroBamacs A0 miacraBu. Komba
pO3TamoByBaNacsi BEPTHKAIbHO. TaKkUM YHHOM CyMIII,
IO TIOCTYTA€, pyXajacs BiZIHOCHO HHUTKU 3BEPXY BHU3
(ameToH 1 eTaHOX BaXdi 3a MOBITPS) i HE HAKOTIMIYBAIACS
BCEPE/IMHI JIAMITH.

I'azoBa cymill CTBOpIOBaJIaCh HACTYITHUM YMHOM. B
kosiOy 8 (puc. 1) HaNMBaIOCh HEBEIMKA KUTBKICTh PIAMHA
(ametony uu etaHoNy). Beepenuuy pinHu 3a JOMOMOTO0
KOMIIpecopa ToJlaBaBcs TOTIK ToBiTps. Ha Buxomi
OTPUMYBAJIM MOBITPSIHA CYMIII 3 TApaMH TOPIOYO1 PiAUHH.
Januii moTik MoxHa Oyno po30aBiATH HapaielbHUM
YHUCTHM TMOBITPSIHUM roTtokoM. CymapHa BUTpaTa cyMinIi
BU3HAYajacs ABOMa POTaMETPaMH I10 XOJIOJIHIH Cymimii.
Temneparypy cymini 0 mojadi B kKamepy i BcepeauHi Hel
BU3HAYaJIMCs 1O ToKa3aM Tepmonap. s 3a0e3mnedeHHs
CTAJOCTI TEMIIEpaTypu Ha CTIHKaX peakuiiHoi KamepHu
BOHA 330BHI MiXk Koj0oi0 | Ta 30BHimHIO Kameporo 10
(puc. 1) mpomyBanacsi MOTOKOM XOJIOZHOTO MOBITPSL.

OCHOBHOIO €KCIICpHMEHTAJIBHOIO 3AJIEXKHICTIO €
BOJIbTAMIIEPHA XapaKTePHCTHUKA [pOTy, OTpUMaHa B
pexxumi ctabimizamii cuimu cTpyMmy. IlmaTmHOBa HHTKa
yepe3 KOHTakTh Jjammu [IMT-2 migkirodanacss 10
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cold mixture
I (air + gas)
T 1 |
)
4 2 }
|
\I
1
5
10
2
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[
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—

Puc. 1. Cxema ekcriepuMeHTaIbHOT YCTaHOBKH: 1 — ckirstHa konda [IMT-2, 2 — migBeeHi KOHTAaKTH, 3 — IUIATHHOBA
HHTKA, 4, 5 — MUIIBOJIBTMETPH 3 TepMoOMnapamu; 6, 7 — poTaMeTpH MOIUIABKOBOTO THITY, 8 — EMHICTB 3 PiANHOIO;
9 — noBiTpsiHKi Komnpecop; 10 — 30BHIIIHS Kamepa.

mysabrumetpa Picotest 3510A mo TprOX-IIPOBIIHIM cXeMi.
B npoMy BUIaAKy MYJIBTHMETP NO3BOJISB BHMIpPIOBATH
Hampyry, a, oTxke, 1 omip HuTkH | (puc.l) pasom 3
KOHTaKTaM¥ caMoi JJaMIy 2 6e3 ypaxyBaHHS ONOPY 1HIIUX
CIIONYYHUX MpPOBiZHUKIB. KoOHTakTH JaMmu MaroTh
niamerp 1 mm. Ix cymapnmii omip ckmanae Rg = 0.105 Owm,

U Rc
Re=7=Ri 75 =14Y(T =Ty

Tyr y = 39.7-10* 1/K, 8 = 5.841-107 1/K?
M = 9.8 - 108 Om'm. Omip mWIaTMHOBOrO JPOTY
JIOBXKUHOIO 5.6 cM 1 miamerpom 95 mxMm mpu Tp = 273K
cknanae Ro=0.775 Om.

BonbT-amriepHa  XapakTEepUCTHKA  IJIATUHOBOTO
IpOTY B Ta30MOBITPSAHIA CyMimmn 3HIMamacs IpH
MTOCTYTIOBOMY 301LIBIICHHI CHJIHM IPOTIKAKOYOTO CTPYMY 3
kpokoM 0.1A (OOMU3y KPUTHYHUX TPOIECIB 3 KPOKOM
0.01 A) IpH  BCTAaHOBJCHHI  CTalllOHAPHOTO
TEMIIEPAaTYpPHOTO PEXUMY APOTY IS KOXKHOI CHIIN
ctpymy. ITicist mepexomy HUTKHM Ha PEXKHUM KaTaJiTHIHOTO
ropinHs (karaniTuyHe 3aiimManns npu 0.58 — 0.77 A) cuna
cTpymy 30inbmryBanacs no 0.7-0.8 A, a morimM 1uiaBHO
3HMKyBanacs 10 0.01 A.

I[Ipy 3MeHImeHHI CWIM CTPyMy B  PEXUMI
KaTaJiTHIHOTO TOPIHHA ICHY€ IBa MOXKJIHMBHX SKICHO
PI3HUX BapiaHTH B 3aJGKHOCTI BiJl KOHIICHTpAIii
roprovoro rasy: 1) moracaHHs — 3BOPOTHIH mepexiJ Ha
HU3BKOTEMIIEPATypHUH DPEXHUM MpH OUIBII HU3BKOMY
3HAUeHHI CHIM CTpyMy (kpuBi 2-3 puc.2) um
CaMOIATPUMYIOYEe  KaTaJiTUYHE  OKHCIEHHS  NpH
BUMKHEHOMY CTpyMi (kpuBa 4 puc. 2) [9].

Ha puc. 2 mpencraBieHi 3alie)XHOCTI oOmopy i
CepeNHbol TeMIepaTypu IUIATHHOBOI HUTKH Bifl CHIH

A dr

—8(T —To)?,

SIKMI 3QJTUIIAETHCS CTAJIMM B Jiama3oHi CHII CTPYMIB [Uis
JIOCTIIKCHHS (BOHH NMPAKTHIHO HE HATPiBAIOTHCH).

Onip MJIaTHHOBOTO JPOTY BH3HAYAETHCS 3TIIHO
3akoHy Oma (0e3 ypaxyBaHHSA ONOPY KOHTAKTIiB JIAMITH) i
CepeHsl TeMIiepaTypa JApoTy 3 KBaAPATHIHOT 3aJIeKHOCTI
OTIOpY APOTY BiJ] TEMIIEPATYPH:

4L
R,y =Ng—.
c0 = Moz

HarpiBalouoro CTPyMy TIpH pI3HUX KOHIEHTPALisIX
alleTOHY Ta €TAaHOJYy B Tra3oNOBITPSHOMY IOTOIl, IO
00/yBa€ MIIATHHOBY HUTKY.

JIis OWiHKM KOHICHTpALii aleToHy i €TaHOIy II0
tdopmyni (1) BuxopucroyBammcst peakmii (1) 1 (II). dus
IIbOTO  BH3HAYAIOCS  CEpelHE 3HAYEHHA  PIi3HMII
TEeMIEPATYp ATesp Ha BUCOKO- Ta
HU3BKOTEMIICPATYPHOMY DPEXHMax NpH 3-4 3HAYEHHSIX
CHJIH CTPYMY (IIPH CHITi CTPYMY KaTaJiTHYHOTO 3aiMaHHs
l; Ta menmmx 3a Hei Ha 0.1, 0.2 Ta 0.3 A). Konuenrpaitis
TOpIOYOro Tasy pospaxosysanacs, Ak Yy = ATy, /Tp.

1. Anani3 pe3yjabrartiB

Posrasgnemo (hi3uKO-MaTeMaTHIHY MOJIENb
TEIJIOMacoOOMiHy  JOBrOoi  METaJieBOi  HHUTKH, IO
HarpiBa€ThCsl EJEKTPUYHUM CTPYMOM 1 KaTaliTHYHOIO
PEaKIi€r0 OKUCIEHHST MaJIol JOMIIIKK TOPIOYOro Trasy, a
TaKOX OXOJIOMKYETBCSI B Ppe3yibTaTi MOJEKYJSPHO-

KOHBEKTHBHOI'O TETIO00MIHY 3 XOJIOJHOIO
ra3onoBITPSHOI0 CyMmimmio. PiBHSHHS HecTanioHapHOI
TEpMOJMHAMIKA  MeTajleBol  HHUTKM  KartaiizaTopa

BUTJIAAATUME TaK:

S_Cccpcz =derfr Gefr = 9cn T4 — 4g. T(t=0)=T,

_ kpgsY s _ E _k _ _ I’R¢
qdcn _Qflle k_kOeXp(_E)!Se_El qg _(x(T_Tg)lq] = mdL’ (2)
_ D¢Sh 4L
o« = Bepgpgle ™ B =L R =n—n=n(1 +y(T —To) = 8(T ~Tp)?),
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Puc. 2. 3anexHicTh TeMIIepaTypH IUIATHHOBOT HUTKH (iaMeTp 95 MKM) Bijl CHJIM HarpiBarouoro CTpymy mpu
KaTaJITHYHOMY OKHCIJICHHI Ha Hiif a)alieToHy 4u b) eTaHoy B XOJIOIHIH razonoBiTpsaHiil cymimii (Tg =296 K) npu
pi3HUX HOr0 KOHIIEHTpAIisIX Yr.

A)A—Yn=141%; A —Yp=2.17 %; ® — Yi3=2.83%; 0 — Yuu= 3.53%;

D) A—VYn=0.83%; A —Yrp=1.56%; ® — Y3=2.12%; 0 — Yiu= 2.91%.

Kpugi 1-4 — Teopernuni 3anexHocri (3).

me V. — oO'em karamizatopa, S, — OidHa TIOBEpXHA
Karaiizaropa, C, — MUTOMa TEINIOEMHICTh KaTallizaTopa,
Jx/(xrK);-pe — TyCTHHA KaTaJizaropa, 8

KI/M>;
Qefr — €(EKTUBHA IYCTHHA IIOTYKHOCTI TETIOBUIIIEHHS,
Br/M% q; — Temno, sike BHAUISETBCS IMOCCKYHIH MPH
MIPOXOKCHHI EIEKTPUYHOTO CTPYMY Yepe3 I HAPOBUI
KaTai3aTtop, po3paxoBaHe Ha OJWHUIIIO OIYHOT MOBEPXHI;
R, — emextpuuHUil omip apory, Om.

[Migxomsami koHTaKkTH Jammu B 10 pa3iB ToBCTimIi 3a
IUTATHHOBY HUTKY Ta BiTHOIICHHS JOBXXWHHU HUTKH O ii
nmiamerpy ckiamae mpakTagHo 600. ToMmy HeXTyeThes
TEIUIOBIZIBO/IOM 4epe3 HUX. 3 OIJIAy Ha Te, L0 JiaMeTp
IJIaTUHOBOTO ApoTy MeHmie 100 MkM TeriooOMiHOM Ha
BUIIPOMIHIOBAHHSI TEXK HEXTYEMO.

YMOBY CTalioHapHOCTI TeMIlepaTypu Karaji3aropa
Gefr = 0 MPeACTaBHMO y BHIJIAI 3aJIEKHOCTI KBaapara
CHIIA CTPYMY BiJl CTalliOHAPHOI TEMIIEPaTypH MIPH CTATIN
KOHIICHTpAIIil TOPIOYOT0 Ta3y B MOBITPI:

1=,0\/w_LT_Qk_o xp(-L),
To 1+Se Ty B RT
€))
[ = m2d2AgNuT, _ QpLe'™™
o~ 4n ' T oy

Benmnauna [, € crnabkoro cragardor (QYHKINE
TemrepaTypu. B HalioMy BUMaaKy BOHA JIGKHTh B
inTepBani Big 0.7 mo 1.0 A.

3anexHIicTh (3) omUCye eKCIePUMEHTa bHI HU3BKO i
BHCOKOTEMIIepaTypHi crarioHapHi cranu. Ha puc. 2
IIPE/ICTaBIICHI PO3PAaXyHKOBI 3AJICKHOCTI CHIIM CTPYMY Bill
CTalllOHApHOI TEMIIEpaTypu TIIpH 3HAHIEHHUX HIDKYE
napaMeTpax eHeprii akTuBauii 1 HepeIeKCIIOHEHTHOTO
MHOXKHUKa. MakCUMyM Ha Wil 3aJeXHOCTI BH3Ha4ae
KaTaJliTH4He caMo3aiiMaHHs rOPIOYOro rasy, a MiHIMyM —
KaTaJiTH4HE 3racaHHs.

Jis po3paxyHKiB TPUHHATI HACTYIHI TMapaMmeTpu:
ameron: Qf = 31.5 MJx/xr, E 84  xJIx/Mob,
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ko =1.5-10°1/c, Dro = 0.109 -10* m%c, Le = 0.586, m = 0,
n = 1.82. Eranon: Qf = 29.8 MJx/kr, E = 92 x/[x/Moib,
ko = 4-107 1/c, Dy = 0.10 10 m%/c, Le = 0.578. Inmii
napameTpu:pgo= 1.293 Kr/m®, Cg0 = 1005 [Ix/(xr-K).
O0’emMHa BHUTpaTa Ta30BOi CyMilli, IO MOCTYIANa B
konOy sammu 1 (pmc. 1) 3 HHTKOMO, CKJIajmana
17-23 cm%c. lle Bimmosimae mBUAKOCTI JaMiHapHOTO
MOTOKY BcepeanHi kondu B 3 cM/c (umcno PeitHompaca
Jutst Konowu ammu 58, a s Hutka 0.18). O1xe, B TaHOMY
BUIAJIKY BIUIMBOM BUMYIIEHOT i MPUPOAHOI KOHBEKIIil
MoxHa 3HexTyBatu (M = 0). Yucno lllepyma Sh s
TOHKOTO JIOBIOro UIiHApy ckmamae Bing 0.45-0.6 [14, P.
325; 13]. Bubip 3nauenHs Sh BH3HAUYaBCs y3TOKEHHAM
IHEPTHUX aHATII THYHUX i eKCIIepUMEHTAIbHUX
sanexHocreit  T(I), mo (aKTHYHO BHU3HAYAETHCS
HU3BKOTEMITIEPaTYPHOIO TiIKOI0 3aieskHocTi T (1), Ha AKii
XiMiYHa peakiis TpPaKTHYHO He TnpoTikae. Tak, mpu
KaTaJiTHYHOMY OKHCJIEHHI anerony Sh = 0.55, eranony
Sh=045. B pexumi KaTaliTHYHOTO  TOPIiHHS
TeMIiepaTypa BCeperHi KoJOu (1oKa3u TepMONapH Hall
IUIATHHOBOIO HUTKOI0) 30imbrryethcss Ha 30-40 K, mo
TOBOPHUTh NPO Te, W0 B Macutabax KoJOu IpHUpoaHa
KOHBEKIIisI TIepeBaka€ BUMYIIEHY KOHBEKITITO.
3actocyemo ymoBy ekctpemymy 0I/dT =0 no
3anexHocTi (3). B pesynbrati oTpuMaeMo, crijabHO 3 (3),
CHCTEMY pIBHSHb JUIS BHM3HAUEHHS KPUTHYHUX YMOB
KaTaJiTHYHOTO caMo3aiiMaHHs (i) Ta 3racaHHs (e):

Tie—T, RTize
. =1 J o (1+ Se;p), (42)
2 2
Yf :ﬁ(1+58i’2) ) (4b)
ETq Seje

Ha puc. 3 mpeacraBneHo po3B’si3ok cucremu (4). B
SKOCTI MapaMeTpy BHKOPHCTOBYEThCS TeMIiepaTypa
Kkaranizaropa T; .. [lonoskenns 3anexsoctei (4) Ha puc. 3
3JICKUTH Bijl eHeprii aktuBaiii E i mepenekcrnoHeHTHOTO
MHOXHHKA Kk,. Haxwmn KpuBOi 3racaHHs ICTOTHHIA B
MOPIBHSAHHI 3 KPHUBOI camo3aiiManHsi. CamMe Ha IbOMY
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Puc. 3. 3ayie)KHICTh KPUTUYHOTO 3HAYCHHS &) CHJIM HarpiBaroyoro CTpyMmy (camo3ailMaHHs Ta 3racaHHs
KaTaJiTU4HOI peakiii okucieHHs 1) eranomny (0, @) Ta 2) anerony (O, W) Ha IUIATUHOBII HUTLI TiaMeTpoM 95 MKM) i
b) TeMnepaTypu HUTKH BiJl KOHIIEHTpaLlii TOPIOYOro ra3y B MOBITpi KiIMHATHOI TeMneparypu Tg = 296 K.

JIinii — 3amexHocTi (4).

eram BXK€ MOXKHA MiAO0OpOM 3HAWTH 3HAYCHHS CHEpTii
aKTHBAIIi] i Tepe/t eKCIIOHEHTHOTO MHOXKHHKA IS KOXKHOT
3 peakmii, sfki O 3aJOBUTPHO OIMCYBaJ W OTPHMaHI
eKCIIepUMeHTabHI AaHi. OJHAaK MPOBEAEMO aHaJi3 IIi€i
3aJIe)KHOCTI.

B Toukax BupomxkeHHs (Touka y) uucio CemeHOBa
Se, =0.75-0.80. B Toukax KaTaJiTH4HOTO CaMO3aiMaHHsI
IpH BiAmaieHHi Bix Touku BupomkeHus Se; < 0.1, a B
TOYKax 3racanus Se, > 3.

Tomy nnst Se <<1 cymicHHii po3B’s30K piBHsHB (4)
MIPUBOIMTH JIO

2 2
Ii — RTie
g+%)n_n—E,
. ®)
QfLel ™™y E
il Ll Zfl Sei =1
CpgRTi
TQYfiE kod E 1
9 JiZ o exp(— )=— a6o
RTj; DfSh RT g e
Ha puc.4  mpenacraBneHi — pe3yiabTaTH IO

KaTaJiTHIHOMY 3aliMaHHI alleTOHY 1 €TaHOJIy Ha IJIaTHHI
1

. . TQYfi . .
Yy BUIJISAJI 3QJI€)KHOCTI ln( 9t L) BiL —. B pesynbrari

g+i gri
Ia”Hl MO’JKHA OIKMCATH JIHIMHOIO 3aJE€XKHICTIO 3BIIKHU
OTPUMAHO 3HAYCHHS CHEprii aKTWBaIil uis peakii
OKUCIICHHS alleTOHY Ha TuaTuHi £ = 85 k/[x/Mons, a s
eranoiy E = 92 xJ»x/Moib.

J1Jis TOYOK 3racaHHsl BUKOPHCTOBYEMO B (4) po3KIIaf
(1+ Se,)?/Se, ~ Se, + 2. B pe3ynbrari oTpuMaemo:

1\? RTZ
Ty+ () To+To¥pe = T + 5,
(6)
TQE Ye
RTZ Sep+2

14
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OcraHHI BHpa3 MOXKHA BUKOPUCTATH AJS OLIHKA
eHeprii aktuBailii. Bememo eQeKTHBHY TeMIiepaTypy
HaBKOJIMIIIHBOTO CepellOBHUIIA (TeMIepaTrypa, IO KOl
HarpiBcst O iHEpPTHHUI IPOBITHUK IIPH MPOITyCKAaHHI depe3
HBOT'O EJIEKTPUYHOTO CTPYMY)

Q*=Q+(ifn.

[Ipu karamiTHIHOMY 3afiMaHHI B HAIIOMY BHITAJKy
cuna ctpymy [; Gmusbka 10 ly, a Ty,; TIPAKTUYHO B JBa
pasu nepesuulye Tj;. BukopucToByroun poskian OpaHk-

E
e Ta
RTg*i

KPUTHYHY YMOBY KaTaJliTHIHOTO

E
Kamenenpkoro [13] exp (— F) ~ exp (—
L
RT? RTZ*-
HaOmmKeHHs — ~ —2%
E E
3aiiMaHHsI MOXKHA MEPENUCATH Y BUTIISII:

)

1

TQYfi _ E _ 11’1 E kod
R Tg*i RDfSh

3'eqHaBmIN 00MIBA PO3B’SA3KH (6), HEBAKKO OTPUMATH
3aIIEKHICTD

See+1

I 2
T+ (o) To=Te = Tolre 2y
sKa 1 MOSICHIOE 3aJISKHICTh Ha puC. 3a. A came, 0 Ha
BiJyIaJi BiJl TOYKHM BUPOJKCHHS KPUTHYHUX YMOB KBaIpat
CHJIM CTPyMy KaTaJiTHYHOTO TMOTacaHHS JiHIHHO
3MCHINYETHCA 31 3pOCTaHHAM YaCTKH TIOpPrHOYoro rasy B
cyMiri.

JIst 3HaXOKeHHS KiHETHYHHMX IapaMmeTpiB MOXKHA
TaKOX BHKOPUCTOBYBATH 3HAWJCHI MapamMeTpud TOYKU
BHUPOJDKCHHSI KpUTHYHUX YMOB. Tak B [12] moka3aHo, 1o
napaMeTpu TOYKWA BHPODKEHHS (JiaMeTp KaTamizaTopa i
KOHLICHTPAIII0 TOPIOYOT0 Tra3y) MOXKHA IPEACTaBUTH
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s +In (ToYr/TZ) a

55 -

65 -

a5 ]
1/T;.

-8 1
0,00172

0,00176 0,0018 0,00184 0,00188 0,00192

. ToYf\ . 1
Puc. 4. 3anexuicts In Q2 L BIJT
Tg*i Tg*i

gepe3 TeMITepaTypy Ta30BOi CyMIlli Y BUTJIAI:

55

6,5

7.5

s - In (To¥r /T2 b

1/T;.

-B T T T
0,00192 0,00196 0,002 0,00204

0,00208

JUTSL peakiiii OKUCIICHHS a) alleToHy Ta b) eTaHoNMy Ha MIaTHHOBIH HUTLI.

4 TE. E

_ DfSh _ @ TE _ _Zz
dly = koe? (1 4 TE)exp (T )’ Yf|y " (1-4T4./TE) TQTE' Ty = R

g*

3 Ipyroro piBHSHHS MaeMO

Ty = 4T,, (1 + TL)
TQYf

Ta kg
Y

Temmeparypy KaTajizatopa TIpH BHPOJKEHHI, SKY
NOTpiOHO 3HAaTH 1y BU3HadeHHs [y Ta Ty,, MoxHa
ouinutu (puc. 3b) sK cepenHe apUPMETHYHE MiXK
TeMIepaTypaMu KaTaliTHYHOTO 3aiiMaHHs Ta MTOTACAHHS:
JUISl LIETOHY TY =~ 643 K, nnsa eraHony Ty =~ 549 K.

Tak st aleToHy  MmapaMeTpd  BHPODKCHHS
I, = 0.77 A, Yy =0.9 % 1 BIJITOBITHO OLIIHOYHI 3HAYEHHS
E = 85.9 x/lx/Monb Ta Ko = 1.4-10% m/c. {na eranomy
I,=0.64A,Y,=08% 1 BIZIITOB1AHO OLIIHOYHI 3HAYEHHS
E = 91.5 xJI/Monb Ta Ko = 3.0-107 m/c. 1li 3Ha4yeHHs
ONMU3BKI IO THX, TPU SKAX OTPHUMAHO Y3TO/DKECHHS
aHAIITHYHUX Ta EKCIICPUMECHTAIBHUX JaHUX Ha puUC.3.

BucunoBku

TakuM 4YMHOM, BHKOPHCTOBYIOUHM HPHITYLICHHS PO
MIOBHE OKHCJICHHS AllETOHY Ta €TaHOIy Ha IUIaTHHI Ta
MIepIIU MOPSIOK peakiii OKMCIEeHHsI, BUKOHAHUN aHai3
BOJIbT-aMIIEPHOI XapaKTEPUCTUKH ILIATHHOBOTO JPOTY B
ra3oBiil cymimn 3 MaJMMH JOMIIIKaMH HapiB Troprovoi
piauHU. Pizanns TeMIIeparyp BHUCOKO Ta
HU3BKOTEMIIEPATYPHOIO CTaIiOHAPHUX peXnMiB
KaTaJliTHIHOTO OKUCIEHHs AT, Ha JPOTHHI JI03BOJAE
OLIHIOBATM  KOHIEHTpAL[I0 JOMIIKKM B  CyMIlIi.
3aJeXHICTh KPUTHYHOIO 3HAUEHHS CHJIM CTPyMY
KaTaJITHYHOTO 3aliMaHHs Ta IOracaHHs BiJl KOHIEHTpALIil

DfSh(

e2d

_ 478 g (1
1—-4 TE) exp (Tg*)

Y

JIOMIIIKM Ma€ KJIMHOMOMIOHY (OpMy, JUIsl aHATITHYHOTO
OIMCaHHs SKOI MOYKHA JOBOJII TOYHO OLIHUTU 3HAYCHHS
eHepril akTHBalii Ta IEpPEeIeKCIIOHEHTHOT0 MHOXHHUKA
peakuii oOKHCIEHHS. BaxnuBo, 10 B aHATITUYHHX
BUpa3ax IOCTIHHO (QIirypye KOMIUIEKC XapaKTepHOI
TernoBoi  Temmeparypu ToYr, mo daxktnuno € ATg,,.
ToMmy nanst BH3HAUeHHs KIHETWYHUX KOHCTAHT JaHUM
METOJIOM peajlbHa OpyTTO-peakiiss HeBaxuBa. B
pe3yIbTaTi MOKHA OTPUMYBATH BUAMMI €HEPTii aKTHBAIIii
peaKiliii OKHMCICHHS B JaHHUX [iara30HaX KOHIECHTPAIii
rOpPIOYOTO razy.

SIKIO K TOPIBHIOBATH OKUCIICHHS alleTOHY 1 €TaHOIy
Ha IJIATHHI, TO KaTAIITHYHE 3aiMaHHs €TAHOIY € OiJIbIIl
nermuM. OpHAaK po3irpiB Kartajizaropa IpH OKUCIEHHI
alleTOHY € CYTTEBIIINM.

B nmanomMy TepMOXIMIYHOMY METOJI MOCIHiIKECHHS
BOJIbT-aMIIEPHUX XapaKTEPUCTUK JIOCTYITHO BU3HAYATH
YMOBH BHPOJUKEHHS KPUTHYHHX YMOB KaTaJIiTUYHOTO
okucieHHs. L[i mapamerpum  JO3BOJSIFOTH  TaKOX
OLIHIOBATM  KIHETHYHI  XapaKTepUCTHKH  peakiii
OKHCJICHHS B IIMPOKOMY TEMIIEpaTypHOMY Jliala3oHi.
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A.S. Chernenko, V.V. Kalinchak, A.K. Kopiyka, M.V. Roziznanyi, A.V. Fedorenko
Catalytic oxidation of acetone and ethanol on a platinum wire

Odesa I.1. Mechnikov National University, Odesa, Ukraine, teplophys@onu.edu.ua

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.

Key words: catalyst, platinum wire, diameter, small admixture of gas, acetone, ethanol, ignition, extinction,
combustion.
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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

EHT = 10,00 kY - s
- 62mm Mag- 2000KX  UserText=

G wD

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.



Fabrication and Tailoring the Structural and Dielectric Characteristics of GO/Sb,0:/PMMA/PC ...

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. 3. Variation of dielectric constant for (PMMA-PC/Sh,03s-GO) Nanocomposites with frequency at room
temperature.
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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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Fig. 5. Variation of dielectric loss for (PMMA -PC/Sb,03s-GO) Nanocomposites with frequency at room
temperature.
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Fig. 6. Effect of(Sb203; - GO) NPs content on dielectric loss for (PMMA- PC) blend at 100Hz.
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Fig. 7. Variation of A.C electrical conductivity for (PMMA -PC/Sh,03-GO) nanocomposites with frequency at
room temperature.
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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.
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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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OnTuyHe NOrJIMHAHHSA KOMITIO3UTY 3 HAHOYACTHHKaAMHU, BKPUTHMH IIIapoOM
IIOBerHeBO-aKTl/IBHO.l. PE€I0BUHHA
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B po0oTi mocmimkeHo ONTHYHI BIACTHBOCTI HAHOKOMIIOZUTY 3 ABOIIAPOBUMHU CHEPHYHHMH BKIIOUCHHIMU
«MeTaneBe AApo — IIap MOBEPXHEBO AKTUBHOI PEYOBHHU». PO3INISHYTO NUTAaHHSA PO BIUIMB MPOIECIB HA
iHTepdeiici «meran — aacopbaT» Ha 30YMKCHHS IMOBEPXHEBHX IUIA3MOHHUX DPE30HAHCIB Y HAHOYACTHHIIL.
BcTaHoBIIeHO (akT po3MICIUICHHS! OBEPXHEBOTO IUIA3MOHHOTO PE30HAHCY BHACITIIOK BIUIUBY aJCOpOLiHHMX
3B’SI3KIB MOOJIM3Y IIOBEPXHI METaJeBMX HAHOYACTMHOK 1 BHUHHUKHEHHS JOJATKOBHX EHEPreTHYHHX CTaHiB.
OTpHMaHO CIIiBBiTHOIIECHHS JUTsl €()eKTUBHUX MTapaMeTpiB, 10 ONUCYIOTh BTPATH KOT€PEHTHOCTI ITPH PO3CiFOBaHHI
Ha XiMiyHOMY iHTepdeiici. [IpoBeieHO po3paxyHKH YaCTOTHHX 3AJISKHOCTEH JiarOHANbHUX KOMIIOHEHT TEH30pa
JieNeKTPHYHOT MPOHUKHOCTI ABOIIAPOBOi HAHOYACTUHKY Ta Koeilli€HTa MOTIMHAHH HAaHOKOMITO3uTY. [lokazaHo,
10 YaCTOTHI 3aJIEKHOCTI AIMCHOT 1 YSIBHOT YaCTHH IMO3/I0BKHBOT KOMITOHEHTH J[IeNEKTPUYHOTO TEH30pa OIHM3BKI
O aHAJOTIYHUX 3aJeKHOCTEH MIMCHOI W YABHOI YaCTHH [ieNeKTPUYHOI (YHKIII chepudHoi MeTaneBoi
HAHOYACTHHKH, B TOI Yac sK AiliCHa 1 ysIBHA YaCTHHU IMOIEPEYHOI KOMIIOHEHTH cJa0Ko 3alieKaTh BiJl YaCTOTH y
BUJIUMIH 00NacTi crekTpa i OCUWIIIOIOTE B iH(padepBoHiii oGnacti. BcTaHoBNeHO, M0 KOedillieHT TOTMMHAHHS
HAHOKOMITIO3UTY MOXK€ MaTH OJWH a00 JBa MakCHMyMH B 3aJIe)KHOCTi BiJl pO3MIpiB i Marepialy 4YacTHHOK-

BKJIFOUCHbB.

KiwuoBi ciioBa: nielekTpUYHUN TEH30p, KOS)ILiEHT MOTIMHAHHS, ancopOar, MOBEPXHEBUM TIA3MOHHUIA
pe30HaHC, HAHOKOMITO3UT, PO3MipHA 3aJIeKHICTh, e(eKTUBHA MIBUAKICTh peslaKcarlii.

Tooano do peoaxyii 26.08.2022; Accepted 10.03.2023.

Beryn

MeraieBi HAHOYACTHHKH BiAIrPatoTh BaXKJIMBY POJIb B
€JIeKTPOHHMUX, OIITOEJIEKTPOHHHX, TETIOBUX i
06loMeIMYHNX 3aCTOCYBaHHSAX i, caMe€ TOMY, BIIPOJOBXK
TPHUBAJIOT'O Yacy MPUBEPTAIOTh YBary JOCTIIHUKIB (IUB.,
Hampukiaf, [1, 2] Ta mocunaHHS B HUX). 3aBASKH IOMY
BUHHK HOBHI HAIIPSIM B ONTHILIl METAJIEBUX HAHOCTPYKTYP
— HaHOTUIa3MOHiKa. OIIHI€I0 3 BAXIMBUX MPOOIEM IIHOTO
HampsiMy € JIOCTI/DKEHHS ONTHYHOIO IIOTJIMHAHHA Yy
30BHIIIHBOMY €JIeKTpoMarHitHomy mnom [3, 4] i
HaJIAIITYBaHHS ONTUYHOTO BIATYKY, SIKMH € Ha/JI3BUYaHO
KOPUCHHUM JJIsl MPAaKTHYHUX 3acTocyBaHb [5]. Ontuune
NOTJIMHAHHA ~ METaleBUX HAHOYACTHHOK  BHKIIMKaHE
MTOBEPXHEBUMHU TUIa3MOHHUME pe3oHancamu (ITI1P), siki €
KOJICKTUBHUMHU KOJIMBAaHHSMHU €JIEKTPOHIB TPOBITHOCTI,
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30yKCHUMH €JIEKTPOMAarHiTHOIO XBIIIEIO [6].

JlokamizoBani IIIIP MeraneBHMX HAaHOYACTHHOK i3
HaWmpocTimow  reomerpiero  (cdepu,  emincoiny,
IIHAPY) € (QyHIAaMEHTAJbHUMH JUIS  PO3YMIHHS
BJIACTHBOCTEH MIOBEPXHEBHX TUIA3MOHIB 1 JIOCIIDKYIOTBCS
BXKE KUTbKa IECATHIITH (IuB. poOoTy [7] Ta mocHIaHHS B
Hiif). Ilpore, naHi CTOCOBHO pO3MIPHHX 3alleKHOCTEH
gactor II[IP i mmpuH pe3oHaHCHUX JIiHIHA, HasBHI B
JiTepaTypi, € BEJBMH CYNEPEWINBHMH, a JOMIHYIOUHH
Ghi3ngHEMA  MexaHi3M, KUl BH3HA4Yae€ Ii PO3MIpHI
3aJIeKHOCTI, € MPEIMETOM CEepHO3HHUX AWCKYCiH (IHB.
pobory [8] Ta mocunaHHA B Hiif).

[IupuHa pe3oHAHCHOI JiHII TPSAMO TpomNopIliiiHA
MIBUAKOCTI penakcallii (IIBUIKOCTI po3naay Imia3MoHa), a
aJUTHBHUIA BHECOK Y IMIBUIKICTh peJaKcallii TaloTh pi3Hi
MeXaHi3MH, 30KpeMa: 00’€MHe 3aracaHHs, pPO3CIIOBaHHS
Ha MMOBEPXHI HAHOYACTHHKHY Ta pajialiiine 3aracanus [9].
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O06’eMHe 3aracaHHs BU3HAYAETHCS MPOIECAMU EIeKTPOH-
€JICKTPOHHOTO, eNeKTPOH-(OHOHHOTO PO3CIIOBaHHS, a
TaKOXK PpO3CIIOBAaHHAM C€JEKTPOHIB Ha JJIOMIIIKOBUX
aToMax i geekrax kpuctanignoi ctpykrypu [10]. B cBoro
4epry, BHECOK pO3CiIOBaHHA €IIEKTPOHIB Ha IOBEPXHI
HAaHOYACTHUHOK 30LTBITYETHCS 31 3MEHIIEHHAM X PO3MIpy
[11], B Toi uac sik pajiamiiHe 3aracaHHs BiJirpae CyTTEBY
POJIb IS BITHOCHO BETMKUX YaCTHHOK [12].

Y Oingpmiocti  ekcrnepuMeHTambHHX  [13-15] i
TeopetnyHux poOit [11,12,16-19] BBaxanocs, mio
mmpuHa Jinii [P y MeraneBux HaHOYaCTHHKAX TJIAJKO
3MIHIOETBCS 31 3MIHOIO JIiEJIEKTPUYHOI TMPOHHKHOCTI
oTouyrodoro cepenosuma. [Ipote, B podoti [20] B pamkax
METONy KiIHETHYHUX PIBHAHb BCTAHOBJICHO, IO IIMPHUHA
migii [P ocummroe sk (QyHKOIA —JieTEKTPUIHOL
MIPOHUKHOCTI OTOUYIOUOTO cepenoBumia. B poborax [11,
12] 3 BUKOPUCTaHHAM IHOTO X METOAY OyII0 OTpHMaHO
BUpPA3W Il 9acy JKUTTS ITOBEPXHEBUX IIJIa3MOHIB 3
ypaxyBaHHSM IIOBEPXHEBOIO 1 pajialifHOro KaHaliB
penakcariii, a B [2]1] uHcendbHI HOCIIKEHHS, SKi
OazyBanucsi Ha 3aJeXHOMY BiJl 4Yacy HaOIMKEHHI
JIOKJILHOI T'YCTHHHM, BKa3aJd Ha ICHYBaHHS PO3MIipHHUX
ocuwsiii mupuay ninii [ITP.

[Ile omHUM BaxITHMBUM (HaKTOPOM 3CYBY W yHIMPEHHS
mikiB [1I1P € HasBHICTh TOBEPXHEBO-aKTUBHOI PEYOBHUHH
(Monekyn, amcopOOBaHMX Ha TOBEPXHI HAHOYACTHHOK),
0 BHUKOPHCTOBYETHCS M cTabimi3amii MeTaneBUX
HaHo4YacTUHOK [22]. Ile moB’s3aHe 3 TUM, IO BHACIIIOK
YTBOPEHHS afncopOIifHUX 3B’s3KIB MOONH3Y IOBEPXHI
METaJIeBUX HAHOYAaCTUHOK BHUHHMKAIOTh  JIOJATKOBI
€HEepreTUyHi CTaHH, SIKi COPUSIOTH po3nany 30yKEHUX Y
YaCTHHII MOBEpXHEBHX IUIa3MOHIB. ToMy HasBHICTh
XIMIYHO MOAM(IKOBaHOI TOBEPXHI NPHU3BOIAMUTH JIO
3HWO)KEHHS aMILTITy U 1 301b1ieHHs mupuay mikis [P y
METaJIeBUX HAaHOYACTHHKAX, LIO OYJIO MIITBEPKEHO 3a
JTOTIOMOTOI0 TBOOTOHHOI (POTOEMICIHHOT CIIEKTPOCKOITIi
[23]. Benmunna ymmpenss ginii [ITTP po3risimaerses sk
OJIVH 13 TOJIOBHUX ITApaMEeTPiB y TAKUX 3aCTOCYBAHHSIX SIK
ceHcopuKka [24], miAcuWieHe TMOBEpXHE PamaHIBChKe
po3cistHHA  [25], KOHIEHTpamis TMONsA Ha TOPILIX
HaHOApOTIB [26], mmasMoHHa HaHOmiTorpadis [27],
HaHoonTHka [28] Too.

Benukuit npakTH4HWI iHTEpec 3 TOYKH 30pYy

CTBOPCHHS ~ MaTepiayiB i3  Hamepea  3aJaHUMHU
BJACTUBOCTSAMH  BUKJIHKAE€ JOCIIKEHHS ONTHYHUX
XapaKTEPUCTHUK KOMITO3HUTIB i3 JIBOIIIAPOBUMU

HaHOYaCTUHKAMH-BKITIOUEHHSIMU pi3HOI Mopdororii. Taxk,
y mnonepenHix poborax [29-31] Oymo mociimkeHO
MOTJIMHAHHS KOMITO3UTaMU 3 TBOIIAPOBUMH C(hepHIHIMH
HAaHOYaCTMHKAMH, a caMme: MeTajl-OoKcuaHumu [29],
6imeranesumiu [30], obomonkoBumH [31]. 30kpema, B [29]
OyJI0 BCTaHOBJICHO, IO YHCENBHI PE3yNIbTATH B pPaMKax
MOJENli YAaCTHHKH 3 OKCHIHOI OOOJOHKOI J00pe
Y3rOKYIOTECS 3 CKCIEPUMEHTAIBHUMH Pe3yJIbTaTaMu
CTOCOBHO CIEKTpa MorauHaHHs. KpiMm Toro, BijoMo, 110
ONTHYHI BIACTUBOCTI K METAIEBUX HAHOYACTHHOK, TaK i
azcop0ariB, SIKUMH IIi YaCTHHKH (DYHKIIIOHATI3YIOTHCS,
CHJIBHO BiJIPI3HAIOTHCS BiJl BIACTUBOCTEH KOMITO3UTHOL
yacTUHKU. Tpeba BIAMITUTH, IO THTAHHS PO BIUIUB
Iapy NMOBEPXHEBO-aKTHBHOI PEYOBHMHHM HA TMOTIMHANBHI
BJIACTUBOCTI HAHOKOMIIO3UTY 3 BKJIIOUCHHSIMH THUILY
«MeTanm — azcopbar» € HemochHimKeHHM. Tomy
JIOCIIIJPKEHHS! BILIMBY XiMi4HOI B3aeMozii Ha iHTepdeici

«MeTaneBe sApo — wap ajacopbary» Ha CIEKTPH
MOTJIMHAHHS HAaHOKOMIIO3MTY 3 TaKUMHU IIapyBaTHMHU
YACTHHKAMH € aKTYaJIbHHUM.

I. OcHoBHI cIiBBiAHOLIIEHHSA

Po3risHeMO  KOMITO3HUT, SKHH  CKIAJA€ThCI 3
TENEKTPUIHOTO CEPEeNOBHINAa NPOHUKHICTIO €, Ta
3aHYpPEHUX Y 1€ CepeAOBHIIEC CPEPHUUYHUX METAICBUX
HAHOYACTHUHOK, BKPUTHUX LIAPOM aJCOPOOBAHMX MOJIEKYI

(puc. 1).

Puc. 1. 'eomerpis 3amadi.

Bracminok  HasBHOCTI mapy amgcopbaty  Ha
HAHOYACTHHIII  PO3CIIOBaHHS  EJIEKTPOHIB  MaTHMe
aHI30TPOITHUN XapakTep, a KOe(illieHT IOrIMHaHHS
TaKOro KOMIIO3UTY JIOpiBHIOBaTUME [32]

n(w) =3 (2n.(@) + ny(@)), (1)

e
9w , 3/2 meg (@)
(w) = E '
L) c Frm [Reeg(")(w)+zem]2+[Imeg(")(w)]2

2

TyT w — 9acTora magaro4uoi eIeKTPOMAarHiTHOI XBHIII,
a C — 11 mBuaKicTh, S — 00’eMHHMII BMICT MeTajeBol
(dpakmii B JieNeKTpUYHIN MaTpHIl; ect)(") — JiaroHaNbHI
KOMIIOHEHTH MJieJIEKTPUYHOTO TEH30pa KOMIIO3UTHOI
HAaHOYACTHUHKH «METajieBe sSIpo — aacopOoBaHWil Imap
MOJIEKYJI», SIKi BU3HAYAIOTHCS CITiBBiTHOMIEHHM [33]

E(J;(”)+265+236(6;_.L(”)—65)

EONPY Bc(ec“")-es) :

el — ¢,

©)

YV dopmyni (3) B. = (R./R)3~ 06’emuuii BMmicT
MeTally B KOMNO3WUTHIM wactmHii (R, — paniyc
MEeTaJeBoro sjapa, R — pamiyc BCi€l KOMITO3UTHOI
YACTHHKH), €,— JieIEKTpUIHA MPOHUKHICTD ajcopbary, a
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KOMITOHEHTH TEH30pa JIeJeKTPUIHOI MPOHUKHOCTI
METAJIEBOIO SIIpa B paMKax Mozedi Jpyae MatTh BUTIISLT

L) _ o w}
€. =€ —m (4)

e €°— BHECOK KPHUCTAIYHOI IPATKH B JICICKTPHUHY
TPOHUKHICTB; W,— 9aCTOTa 00’EMHMX IUIa3MOHIB, a BUPa3
U e(peKTUBHOI IIBUAKOCTI peslaKkcariil Mae BUTIISL

LN
VW =y F Vs + Vraa + vall, 5)

VY cmiBBigHOMEHHI (5) Ypux— MBHIKICTH 00’ €MHOT
penakcarii, Ky Ui KOXXHOTO METally MOXHA BBa)KaTh
CTaJIOI0 BEIHYMHOIO; ¥ 1 Vg — MIBHAKOCTI IOBEPXHEBOI
penakcariii i pafiamiiiHoro 3aracaHss. BigzHauumo, 1o
JUTS BITHOCHO HEBEJIHKHX YaCTHHOK BEIUYUHOK Vraq
MOXHa 3HCXTYBAaTH.

[IBuaKicTh  TMOBEpXHEBOI  penakcamii — MOXXHa
3arucaTy y BUTJISI
— - VF
Vs = éize R (6)
c

nie Vp— (epMiiBChbKa MIBHUIKICTD EJIEKTPOHIB,;

Ao :%(ﬁ)z [1_% —+2&(1—cosv%)] 7

w

— e(eKTUBHMI NapaMmeTp, SIKMH ONMHUCYE CTYIMiHb BTPATH
KOT'€PEHTHOCTI ITPH PO3CIIOBaHHI CIEKTPOHIB Ha MMOBEPXHI

OcranHit 1ogaHoK y dopMmymi (5) ommcye TpoIecH
penakcarii, 3yMOBJICHI HasBHICTIO iHTEpdeicy «meran —
agcopOoBanuii mapy» [34,35]

an _ terface v
Ychem = /n(ll) RI: (8)

Jns PO3paxyHKy napameTpiB /n(tlsrf ace
CKOPUCTAEMOCH MiJXOJIOM, 3ampornoHoBanuM y [34]. B
paMKax JaHOTO MiIXOAY JIOKadbHa TYCTHHA CTaHiB, IO
BUHHUKAE€ HABKOJO aacopOoBaHOTO aToMa (MOJIEKYJIH)
Moxke OyTu onucana gopmynoro Jloperna

_1 Ta/2
0al®) = 2o ©

ne €,1 [',— aMrmiTyna 1 mUpUHA CHIEKTPAIbHHUX JIiHIH,
BiJITIOBITHO.

OTxe, YacTOTHI  3aJIe)KHOCTI  KoedilieHTIB
/nrerface
ao BU3HAYAIOTHCS (OPMYJIaMH
_interface 4 Wsp
R =4n,— w 10
1 a VE E°°+26 ( ) ( )

R (220

Y dopmynax (10) i (11): 6y = 64wrQ /31N, Vg (No—
KOHI[CHTPALLiSI €TIeKTPOHIB,  — YUCIIO, SIKES 3ANICKHUTh BiJ|
cuMeTpil aacopObOBaHOro pe3oHAaHCHOTO craHy, @ = 0,2
s S- i py-craniB, @ =~ 0,33 — miA py- i p,-CTaHiB);
wp = gp/h (ep— eneprin Depmi); n,—

HaHOYACTUHKHU [11], s = Vg /2R~ 4acToTa ) ITOBEPXHCBA
IHMBITyaabHUX OCIMJISIIIINA CIEKTPOHIB. T'yCTHHa aIcCOPOOBAaHUX aTOMIB; wg,— vactota II1P, a
&
/(hw) = 4£Fhw fSFF no Q[T 004 (€ + hw) (e + Aw)T 04 ()], (12)
e &
A (hw) = f " —ho degy(e)oq (e + hw). (13)

Jed — Bincrans Mix ueHTpOM az[cop6OBaH01 MOJIEKYJIH 1 TUIOUIMHOIO 300pasKeHHSI.

Po3paxoByroun interpanu B (12) ta (13) 3 ypaxyBanHsM Bupasy (9), oTpumMaemMo

/nterface _ 3l

+¢,)arctg
2(epthw—e¢
sa)arctg(Fr—“)
a
jnterface _ (ed)® — Wsp & &
A =

2m2ey ¢ vp €®+2es h2w2+T%

1 In [(erthw—eq)?+(Tq/2)|[(ep—hw—e4)"+(Ta/2)?]

2
1+265) 2(er—¢€q)
Naoo\ —=— arctg———
16ep & 0(6°°+265 8

(SF hw=—¢4)

(£F+h(u—£a)2+(ra)2 1

(sF—hw—sa)2+(

a
T +8hwln

+ (hw —

(14)

» {i (arctg2(£p+hw—sa) _ arcth(SF—hw—sa)) +
Fa

Tq Tq

hw [(er—€q)?+(Tq/2)?]?

Hapami cnisBimHomenHus (1) — (3) 3 ypaxyBaHHSAM
dbopmyi (4) — (8) i (14), (15) BUKOPHUCTOBYBATUMYTHCSI
JUTsl OTPUMAHHS YUCEIIbHUX PE3YJIbTATIB.
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1. Pe3yabTaTu po3paxyHkiB Ta ix
00roBOpeHHs!

Po3paxyHKH TpOBOOMIHCS ML KOMIIO3HTIB i3
YaCTHHKAMHM PI3HOTO CKJIaJy i po3Mipy, BKPHUTHX LIapOM
oneinaMiHy pi3HOI TOBIIMHH, PO3TAIIOBAHUMH Y PI3HHX
Marpuusx. [lapamerpum  MertamiB 1 JieNeKTpUYHI
NPOHUKHOCTI MaTpullb HaBeAeHo B Tabm. 1 1 2, a
rapaMmeTpH oJieinaminy — B Ta0J1. 3, BIAMOBIIHO.

Ha puc. 2 HaBeIeHO YaCTOTHI 3aJICXKHOCTI TIHCHHUX
YacTUH JiarOHAJBHUX KOMITOHEHT JieJeKTPUYHOTO
TeH30pa c(epruyHOi YacTHHKH Au, BKPHUTOI IIapoM

oneimaminy. IloTrpiOHO BiAMITHTH, [0 XapakrTep
3aJIEKHOCTEN Reeg) (hw)i Reeg (hw) iCTOTHO
Bipi3HAEThCSI. Tak, YacTOTHI 3aJeXHOCTI MiHCHOI

YACTHHU TI03/I0BXKHBOI KOMIIOHEHTH JIi€NEKTPUUHOTO
TeH3opa (puc. 2,a) SKICHO TOAIOHI HO aHAJOTIYHUX
3aJIXKHOCTEH ISl METaNeBUX C(HEPUYHUX HAHOUYACTUHOK,
BKPUTUX IIapOM 3BHYalHOro pienekrpuka [36]. Lx
noAiOHICTh MOJsirae B HAasBHOCTI JBOX EKCTPEMYMIB
(MakcuMyMy 1 MiHIMyMy) 1 JIpiOHOMaciTabOHHX
ocUWIALIN B iH(ppauepBOHIN YaCTHHI CIEKTPa BHACIIIOK
NpOsIBY KIHETHYHHMX e(EeKTIB, a TAKOX B OJHAKOBOMY
XapakTepi 3CyBiB MakCHMYMIB 31 30UIbLICHHSIM pajiycy
4acTHMHKU (HocHifoBHicTh kpuBux 1—>2—>3) i
TOBLIMHYU 30BHIIIHBOTO Iapy (KpUBi Yy IOCIIIOBHOCTI
4—>2—>5). Crocopuo s3anexnocti Reeg(hw)
BiJI3HAYKMO, 10 Y BUIUMIH YaCTHHI CIICKTPA 1151 BEJIMYHHA
HE3HAYHO 3MEHIIYETHCS 31 30UIBIICHHSIM YacTOTH, B TOU
yac K B iHGpaYepBOHIN 00JACTI CHEKTpa IIi 3aJICKHOCTI
MarTh JeKigbka MiHIMyMiB i MakcumymiB (puc. 2, b).
Taka mTOBeniHKA TOSICHIOETBCS CYTTEBUM BIUIMBOM
JIOKAJILHOI TYCTHHH CTaHiB, CTBOPIOBAHOI 471COPOOBAHUMHU
MOJIEKyIaMu oJi€inamMiny Ha Re€g, Tomi sK momiGHMi
BILTUB Ha Ree%) Maibke BIJICYTHIH.

KpuBi 4YacTOTHHMX 3aJIe)KHOCTEH YSBHHX YacCTUH
MIAarOHaJbHUX KOMITOHEHT JIICJIEKTPHUYHOIO TEH30pa
yactuakn AU@OAM 306paxkeHo Ha puc. 3. 3a3HayuMo,
110, 5K 1 y BUIAJIKY 3aJI€KHOCTEM Reeg) (hw) 3anexuoCTI

Ime%) (hw) (puc. 3, a) sxicHo MOAIOH] aHAJOTTYHEM
00 : . :

a

I
@

Ree

=50}

i 2 3 4
ho, eV

Puc.2. YacroTHi 3ajeXHOCTI  JAIHCHUX  4YacTHH
no3moBXkHBOI (&) 1 momepeunoi (D) KOMIOHEHT
TENEKTPUIHOTO TEH30pa U YaCTHHOK Pi3HUX PO3MIpiB
i3 agpom Au: 1 —R, = 10nm; t=5 nm; 2 —R, = 20;
t=5nm; 3 R, =50; t=5nm; 4 -R,=20;

t=2nm;5-R,=20; t=10 nm.

3QJISKHOCTSIM JUISl METaI-IieJCKTPUYHUX HaHOYACTHHOK.
Taxk, 301IbIIEHHSI PO3MIPIB METaJIEBOTO s11pa (301IbIICHHS
BMICTy MeTaja B HaHOYACTHHI[) Mae HaCliIKoM
301IbIICHHS BETMYHHA max(lme&) Ta iX 3CyB B 00J1aCTh
MEHIIUX 4YacTOT («YCpBOHHIA» 3CyB) — KpHBI Yy
nociigoBHocTi 1 —> 2 —> 3, a 3i 36iNbIICHASM TOBIIUHH

Ta6auns 1.
[Tapamerpu metaniB (1uB., Hanpukian, [36, 37] Ta mocuIIaHHS B HUX)
<L Au Ag Cu Pd Pt Al
[TapameTpu
n,, 102 cm™3 5.91 5.85 17.2 2.53 9.1 18.2
e” 9.84 3.70 12.03 2.52 4.42 0.7
hawy,, eV 9.07 9.17 12.6 9.7 15.2 154
AY pur. €V 0.023 0.016 0.024 0.091 0.069 0.082
&p, eV 5.59 5.72 7.56 8.49 13.6 11.03
Ve, 108 m/s 1.41 1.49 1.34 2.84 2.98 1.91
Taéauus 2.
JlienekTpudaHi MPOHUKHOCTI MaTpHIlb [35]
PevoBuna [oBitps CaF, Tednon Al, 04 Tio, Ceo
€m 1 1.54 2.3 3.13 4.0 6.0
Tabéauus 3.
ITapameTpu oneinaminy [38]
d, nm n,, cm™2 £ eV T, eV €5
10 1.27 - 1012 1 1 2.13
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ancopOOBaHOTO APy — «CHHIH» 3CyB 3 OJHOYACHUM
3MEHIIEHHSM  BEIMYMHH  MakCUMyMy (KpuBi ¥y
nocnigosrocti 4 —>2—>5). o x crocyerhes
sanexnocreil Imeg(hw), To Tpeba BimmiThTH CnabKy
3aJICKHICTD BiJl YaCTOTH y BUOMMIi YacTHHI CIIEKTpa i

CKIaJAHy  3aJeXHICTh (HasBHICTP oOcCUWIILIN) B
inppadepBoHiit ob6macti (puc. 3,b). Taka mnoBeninka
ySIBHOT YaCTHHU HOTIepeYHOT KOMITOHEHTH

JIENIEKTPUYHOTO TEH30pa TAKOXK MOSCHIOETHCS BILIUBOM
IHyKOBaHOI a/cOPOOBaHMMHU MOJIEKYJIaMH JIOKaJIbHOT
I'YCTUHHM CTaHiB.

3

10

Ime,,

0.1

1 2 3 4

ho, eV
Puc.3. YactoTHi  3aNeXHOCTI  YSIBHHX  4YacTHUH
no3oBkHKOI (@) 1 momepeunoi (D) KOMIOHEHT

JUEeNeKTPUYHOr0 TeH30pa /ISl YaCTHHOK PI3HUX PO3MipiB
i3 sapom AU 3a THX K€ 3HAYCHb IapameTpiB, 10 1 Ha
puc. 2.

Ha puc. 4 i 5 mpoaeMOHCTPOBAaHO KPUBI YaCTOTHHX
3aJIeKHOCTEH JIMCHUX Ta YSIBHUX YacTHH JliarOHAIBHUX
KOMITOHEHT JII€JIEKTPUYHOTO TEH30pa sl YaCTHHOK
(ikcoBaHOTO pO3MIpy 3 SApaMH  Pi3HUX METaliB.
[MoTpiOHO BIAMITHTH, IO SKICHO KpPHUBI Reeg_b(ha)) Ta
Im Eél@(ha)) (puc. 4,a i 5,a) st 4aCTUHOK 13 sApaMu
pi3HMX MeTajiB IMOMAIOHI (HasBHICTH ABOX MakKCHUMYMIB i
MIHIMYMIB IS Ree%) 1 MakcUMyMIB i1 Im e'é)), npoTe,
KUTBKICHO IIi KPHBI BIAPI3HIIOTHCS SIK 32 BEJIMYHHOIO, TaK
1 3a posramyBaHHSAM ekcTpemyMmiB. Taki KijbKicHI
BiIMIHHOCTi IIOB’S3aHiI 3 CYTTEBOIO DPI3HUIICI0 BHECKIB
KPHUCTAJIIYHOI IPaTKM B Mi€JIEKTPUYHY IPOHUKHICTH 1
4acTOT 00’€MHHUX IIJIa3MOHIB /I pi3HUX MeTaiiB. Kpusi
Reeg(hw)ta Im €5 (hw) w1 4aCTUHOK i3 ApaMu Pi3HAX
MeTalmiB TakoX sKiCHO momiOui (puc.4,b i 5,b), y
BU/IMMIM YacTHHI CHEKTpa NPaKTUYHO HE 3ajeXkaTb Bil
YacTOTH Ta OCLWIIOITh B iH(pauepBoHiil o0bmacTi
CIICKTpa, MPUYOMY Y BCill TOCHIIXKyBaHill 00JacTi 4acToT
3HAaYeHHs K Re€d, Tak i Imeg s BCiX YAaCTMHOK
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MarOTh OJIHAKOBUH TTOPSI/IOK.

40

20

1 2 3 4

ho, eV
Puc.4. YactoTHi 3aleXHOCTI  MIHCHUX  YaCTHH
no3aoBXkHBOI (&) 1 momepeuHoi (D) kommoHeHT

JieJeKTPUYHOIO TEH30pa 1 YACTHHOK i3 AApaMH Pi3HUX
meTanis (R, = 20 nm; t =5 nm).

80

1 2 3 4

ho, eV
Puc. 5. YactoTHi 3ameXHOCTI YIBHHX YacTUH
no3moBXkHBOI (@) 1 momepeunoi (D) KOMMOHEHT

JIENIEKTPUIHOTO TeH30pa I YaCTHHOK 13 SIIpaMHu Pi3HUX
metanis (R, = 20nm; t =5 nm).

YacToTHI 3aJI€)KHOCTI TOMEPEYHOTO, TO3IOBXHBOTO
Ta {HTErpaTBbHOTO KOe(illieHTa NOTTHHAHHSA KOMIIO3UTY 3
HanoyactuakaMu AU@OAM (R, =20 nm, t =5nm)
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IOKa3aHO Ha puc. 6, a. Bracmizok Toro, mo 17, Mae
MaKCUMyM B iH(padepBoHiil obnacTi cmekTpa, a Ny — y
BHIMMIN, IHTETpaqbHUA KOCQII€EHT TOTIMHAHHI 7Ny
MaTHMe JIBa MaKCUMYMH, SIKi BiATIOBial0Th MAKCUMyMaM
N,y BigMitumo, mo max 1, AocATaeThCs HAa YaCTOTI
TOBEPXHEBOTO [Ia3MOHHOTO PE30HAHCY (), Ka OIH3bKa
N0 4acTOTH (g, I CHEPHYHOi MeTas-JieNeKTpPHIHOI
YaCTHHKH (y BHMAIKY Vihem = Vonem = 0 PO3IICIIICHHS

YaCTOT 3HUKAE | Wi, = W3y = Wgp).

10°

22

2.4 2.6

53 .
ho, eV

Puc. 6. YacToTHi 3aJ€KHOCTI: @ — TO3I0BXKHBOTO,

MIOTIEPEYHOT O Ta IHTErpabHOTO koedilieHTiB

MOTJIMHAHHS KOMIIO3UTY 3 dYacThHkamu AU@OAM B
tedaoni (S = 0.15);b — inrerpampHOrO KOEhimieHTA

TOTJIMHAHHA KOMIIO3UTY 3

yactuHKkamMu  AU@OAM

(8 = 0.15) y pizamx matpunax (R, = 20 nm; t =5 nm).

Busnauumo

Tenep

4acToTy

IIO310BXHBOT'O

MTOBEPXHEBOTO IUIA3MOHHOTO pe30HaHcy. Sk Bimomo,

ymoBoto 30ymkenns [TT1P e

m(w) = max
abo

Reegz) + 2¢, = 0. (16)

BukopucTtoByroun Bupasu (3) i (4) Ta BpaxoBy[OUH,
10 B ONTHYHOMY JIiana30Hi YacToT @ >> yé' £f» OLCPKUMO
criBBigHOIIEHH 11 yactoTu [1TTP

[ — Wp 17
@sp = (1-Bc) ' (n
JE°°+26 c)es+(2+Bc)em
S(1+2Bc)es+2(1-Bo)em
Po3zpaxynku uactor mnozpoBxHboro IIIP 3a

thopmymoro (17) amst yacTuHOK y TeioHi i Cgg 13 pi3HIMHA
METaJIEBUMH SIPAMH 32 PI3ZHOTO BMICTY MeTaJa HaBeIeHO
B Ta01. 4. BimmiTuMoO, 1110 31 301IBIIEHHSM JieNeKTPHYHOT
MPOHUKHOCTI MaTpPUYHOTO JieleKTpuKa Ta 00’€MHOro
BMiCTy MeTajeBol (paxiii (3MEHIICHHS TOBIIMHH LIapy
azcopbary) 3mentryethes gactota [II1P. B Toii sxe gac B
pany wmetaniB Au - Ag - Cu - Pt wd4actota IIIIP
30LIBIIYETHCS, OCKIIBKH wy™ < w;,q I <wf* < wpht

BignocHo max 1, B iHppauepBoHiii 001acTi criekTpa
NOTPiOHO BKa3aTH, IO BiH MOXke OYTH MOB’s3aHUM SIK 13
IIITP Ha wacroTi wsﬁ,, Tak i 3 KIHETHYHUMH e(peKTaMH B
it obmacti wactor. JleTtalbHOMY AOCIHIIKEHHIO I[HOTO
MUTAHHS 1 PO3BUTKY BiAIIOBIAHOT TEOPii aBTOPH IUIaHYIOTh
OPUCBATUTH CBOI HacTymHi poboru. Pesynbraru
PO3paxyHKIB BIUIMBY JICJIEKTPUYHHUX BIIACTUBOCTEH
MaTpulli Ha IHTETPAIBHUNA KOE(IUi€HT IOTJIMHAHHSI
KOMIO3UTY 3 yactTuHkamu AU@OAM (puc. 6, b) ciguars
NpO  HAasBHICTh YEPBOHOTO 3CYBY 1 HEBEIMKOTO
30UIbIIEHHS BEIMYMHM MaKCHMyMy  IHTErpajbHOTrO
Koe(DillieHTa NOTJIMHAHHS 31 30UIBIISHHSM JIeeKTPUIHOT
NPOHUKHOCTI MATPUYHOTO CEPEIOBHIIA.

PesynpraTH pO3paxyHKiB 4acTOTHOI 3aJeXHOCTI
IHTETPaIbHOTO Koe(ilmieHTa MOTIMHAHHS ST KOMITO3UTY
3 HaHo4acTrHKamMu AU@OAM pi3HKUX pO3MipiB BKa3yIOTh
Ha Te, W0 IIOJOXKEHHS MAKCHUMyMYy iHTErpajbHOro
KoedimieHTa NorMuHaHHA (Y BUAMMINA 00JacTi crieKkTpa)
NPaKTHYHO HE 3aJeKHTh BiJl pajiyCy METaJeBOro sjpa
YaCTMHKM 1 TOBLIMHHU IIapy aacopOOBaHUX MOJIEKYJ
(puc. 7, ). B Toii sxe gac, yuM OLTBIINM € BMICT METally B

Taoauns 4.
Yacrotu [P 11 HAHOYACTHHOK i3 SAPaMH Pi3HUX METANIB i 3 pi3HUM 00’€MHUM BMICTOM MeTaly
€En =23 €n =6.0
B. wly, eV wl,, eV
Au Ag Cu Pt Au Ag Cu Pt
0.1 2.413 3.242 3.118 5.159 2.385 3.176 3.086 5.062
0.2 2.410 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

186



OnTuyHe MOrJIMHAHHS KOMIIO3UTY 3 HAHOYACTUHKAMU, BKDUTHMH 1IapOM HOBerHCBO-aKTI/IBHO-I. pPCUOBHUHU

10°

2 1 — K 10 nm, = 10 nm
10" 2 20 nm, 1= 10 nm
3—R =50nm,7=10nm
4—-R =20nm,/=2nm
10 5-R =20nm,/=5nm
1 2 3 4

£
© 10
A
=
10°
b
10 6
ho, eV
10° =
I —m =1.06m,
2—m =1.48m,
10° F3—m =1.60m,
=
2 10’
:/J
wt 7

2

107

4
ho, eV
Puc. 7. YacTOTHI 3aJI€)KHOCTI IHTErPAIbHOTO Koe(ilieHTa
MOTJIMHAHHSA KOMIIO3UTY 3 YacTUHKaMH B TedJioHi
(B =0.15): a Au@OAM  pi3HUX  PO3MIpiB;
b — ¢ikcosanoro posmipy (R, = 20nm; t=5 nm) 3
sapamu pisaux metaniB; ¢ — AI@OAM dikcoBanoro
posmipy (R, =20nm; t=5 nm) 3a pisnux 3HaueHn
e(heKTUBHOI MacH.

HAHOYACTHUHIN, TUM OUIBIIOK Oyae BEIUYMHA I[HOTO
MaKCHMyMy, a TaKOXX IIOYMHAE TIPOSBISATHCS APYrHid
MaKCHMYM B iH(ppadepBoHiit 06macTi ciekrpa. Kpim toro,
MakCUMyMH 7)yz(Aw) 3CyBarOTBCS B «CHHIM» OiK, a iX
BEMYMHA 30UTBIIYETHCS B PALy MaTepiaiiB  siiep
YaCTHHOK-BKJIIOYEHb

Au - Cu - Ag - Pt (puc.7,b), ockinbku came B
TAaKOMY TOPSIIKY 30UIBIIYIOTBCSI YaCTOTH HMOBEPXHEBOTO
TUIA3MOHHOTO pe30HaHCy. Hpyruit MaKCHUMyM
IHTErpaJIbHOTO koedimienTa MOTJIMHAHHS (B
iH(ppagepBOHil 00JaCTi CIIEKTPa) € IOMITHUM JIMIIE IS
YaCTHHOK-BKIIIOUEHb 13 sapamu Au, Cu, Ag. Takox
BIIMITHMO, IO MAX Ny IS KOMIIO3UTY 3 YaCTHHKAMH
Al@OAM 3cyBaeTbcss B «CHHIW» OiK 31 3MCHINCHHIM
e(eKTUBHOI MacH elleKTpoHa (pHc. 7, C), OCKUIBKH IpH
BOMY 3pOCTa€ dYacTtora OO0 €MHHX IDIa3MOHIB 1,
BIZMOBITHO, 4YacTOTa IIOBEPXHEBOIO  IUIA3MOHHOTO

187

pe30HaHCYy.

Bucunosku

[ToOynoBaHO Teopito MOTJIMHAHHS CBITJIOBHX XBWJIb
KOMITO3UTOM 31 chepuuHIMHU JIBOILIAPOBUMHU
HAaHOYACTUHKAMH THIY «MeTajJeBe sApo — OOOJIOHKA
MOBEPXHEBO-AKTUBHOI PEUOBUHI».

[IpoananizoBaHO BHECOK YCiX MEXaHI3MIB perakcariii,
30KpeMa, 1 MexaHi3My, IIOB’S3aHOTO 3 HAsIBHICTIO
iHTepdeiica «metan — ancopOoBaHUl MIapy, B YIIUPCHHS
JHIA TOBEPXHEBOTO TUNIA3MOHHOTO PE30HAHCY.

BcranosieHo, 1110 MOBE/iHKA YaCTOTHUX
3aJICKHOCTEH MIMCHOT U YSBHOI YacTUH TO3J0BKHBOI
KOMITOHEHTH JIIEJIEKTPUYHOTO TEH30pa KOMITO3UTHHX
cheprYHUX HAHOYACTHHOK Taka caMa, K 1 4aCTOTHUX
3aJIeKHOCTeH JAIHCHOI i ysSBHOI YacTHH IieNeKTPUYHOT
¢yHkuii chepuyHoi MeTaneBoi HAHOYACTHUHKH, a caMe,
OJTHAKOBA KUIBKICTB EKCTPEMYMIB IIHCHUX ¥ YSBHHUX
YacTWH, HAABHICTH APIOHOMACINITAOHWX OCHWIALINA B
iHppadepBoHiIA  00JacTi  CHEKTpa, BHKITMKaHUX
KIHCTHYHUMH SIBUIAMH, a TaKOX UYEPBOHMH 3CYB
MaKCHUMYMIB 3i 301IBIICHHSIM pajiiyca YaCTHHKH.

ITokazaHo, 10 BIUIMB JIOKaJIbHOI T'YCTHHH CTaHIB,
CTBOPIOBAHOT MOJIEKyJIaMU afcopOaTy € CyTTEBUM s
JUCHOI ¥ ysIBHOI 4YacTWH MONEpPeYyHOI KOMIIOHEHTH
JUEJIEKTPUYHOTO TEH30pa JABOIIAPOBOT HAHOUYACTUHKH.

[IpogeMOHCTPOBAaHO HASIBHICTH JBOX MAaKCHMYMIB Ha
YAaCTOTHUX 3aJIS)KHOCTSX IHTETpAIbHOTO KoedilieHTa
MOTJIMHAHHS KOMIIO3UTY 31 C(EepHUYHMMH IapyBaTHMHU
HAaHOYACTUHKAMH «METAJEBE SIpo — MIap ajacopoary»,
pO3TalIOBaHMX y PpI3HUX YacTUHAX crekrpa. Lli
MaKCHMYMH BiNOBialOTh MAKCUMyMaM MONEPEYHOTO i
MO3IOBXKHBOTO KOC(QIIi€HTIB MOTIHHAHHA. [Ipudomy
MaKCHMYMH TI03/I0BKHBOTO KOe(ili€eHTa ITOTIIMHAHHS
JIOCSITAIOTHCSl Ha YacTOTaX MOBEPXHEBOTO IUIA3MOHHOI'O
pPE30HAHCY, OJIM3bKUX [0 AHAJOTIYHUX BEIUYUH IS
cepryHUX MeTa-AieNeKTPUIHUX HAHOYACTHHOK.

VY 0Oe3aucHIIAaTHBHOMY HAONMXKEHHI MPOCTEXEHO
€BOJIIOLII0 PO3MIipHUX 3aJIe)KHOCTEN YaCTOTH
110310BkHb0r0 I1ITP ABOIIApOBUX HAHOYACTUHOK «METajl
— map amcopOaTy» 3i 30iIMBIICHHSIM BMICTY METalIeBOi
(dpakmii A pi3HUX MieNEKTPUYHUX MATPHIb Ta sIep
PI3HHMX MeTaiB.

Cmupnosa H.A. — crapmmii BUKI1afad kadeApu Mikpo- Ta
HaHOeNeKTpoHiKKH HY «3amopi3bka MmosiTexHiKay,
Manrwk M.C. — Marictp 3 MIKpo- Ta HAHOCHUCTEMHOIL
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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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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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capacitance.

Received 2 October 2023; Accepted 11 March 2023.

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

190

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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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
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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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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).
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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
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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.
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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

[1] V.M. Kryshenik, Y.M. Azhniuk, V.S. Kovtunenko, All-optical patterning in azobenzene polymers and amorphous
chalcogenides, Journal of Non-Crystalline Solids, 512, 112 (2019);
https://doi.org/10.1016/j.jnoncrysol.2019.02.019.

[2] V.V. Podlipnov, N.A. Ivliev, S.N. Khonina, D.V. Nesterenko, A.Yu. Meshalkin, E.A. Achimova, Formation of
microstructures on the surface of a carbasole-containing azopolymer by the action of laser beams, J. Phys.: Conf.
Ser., 1368, 022069 (2019); https://doi.org/10.1088/1742-6596/1368/2/022069

[3] A. Priimagi, A. Shevchenko, Azopolymer-based micro- and nanopatterning for photonic applications, J. Polym.
Sci. B Polym. Phys., 52, 163 (2014); https://doi.org/10.1002/polb.23390.

[4] J.V. Grazulevicius, P. Strohriegl, J. Pielichowski, K. Pielichowski, Carbazole-containing polymers: synthesis,
properties and applications, Progress in Polymer Science, 28 (9), 1297 (2003); https://doi.org/10.1016/S0079-
6700(03)00036-4.

[5] S.G. Sorkhabi, R. Barille, S. Ahmadi-Kandjani, S. Zielinska, E. Ortyl, A new method for patterning azopolymer
thin film surfaces, Opt. Mater., 66, 573 (2017); https://doi.org/10.1016/j.0ptmat.2017.03.004.

[6] A. Andries, V. Abaskin, E. Achimova, A. Meshalkin, A. Prisacar, S. Sergheev, S. Robu, L. Vlad, Application of
carbazole-containing polymer materials as recording media, Phys. Status Solidi A, 208, 1837 (2011);
https://doi.org/10.1002/pssa.201084040.

[7] F.T. O'Neill, AJ. Carr, S.M. Daniels, M.R. Gleeson, J.V. Kelly, J.R. Lawrence, J.T. Sheridan, Refractive elements
produced in  photopolymer layers, Journal of Materials  Science, 40(15), 4129 (2005);
https://doi.org/10.1007/s10853-005-2567-6.

[8] T. Tanaka, Recording and reading temperature tolerance in holographic data storage, in relation to the
anisotropic thermal expansion of a photopolymer medium, Optics Express, 17(16), 14132 (2009);
https://doi.org/10.1364/0OE.17.014132.

[9] A. Khan, G.D. Stucky, C.J. Hawker, High-Performance, Non-diffusive Crosslinked Polymers for Holographic
Data Storage, Advanced Materials, 20(20), 3937 (2008); https://doi.org/10.1002/adma.200800776.

[10] J.T. Sheridan, M.R. Gleeson, C.E. Close, J.V. Kelly, Optical response of photopolymer materials for
holographic  data  storage  applications, J.  Nanosci.  Nanotechnol., 7(1), 232 (2007);
https://doi.org/10.1166/jnn.2007.18018.

[11] A. Gerbreders, O. Shimane, V. Kolobjonoks, J. Teteris, UV optical record and electron beam lithography in
polymer films, 10P Conf. Ser.. Mater. Sci. Eng., 38, 012027 (2012); http://dx.doi.org/10.1088/1757-
899X/38/1/012027.

[12] J. Guo, S. Liu, M.R. Gleeson, J.T. Sheridan, Study of photosensitizer diffusion in a photopolymer material for
holographic applications, Optical Engineering, 50(1), 015801 (2011); https://doi.org/10.1117/1.3526686.

[13] K. Curtis, L. Dhar, L. Murphy, A.J. Hill, Future Developments in Holographic Data Storage: From Theory to
Practical Systems, (Wiley, 2010).

200


https://doi.org/10.1016/j.jnoncrysol.2019.02.019
https://doi.org/10.1088/1742-6596/1368/2/022069
https://doi.org/10.1002/polb.23390
https://doi.org/10.1016/S0079-6700(03)00036-4
https://doi.org/10.1016/S0079-6700(03)00036-4
https://doi.org/10.1016/j.optmat.2017.03.004
https://doi.org/10.1002/pssa.201084040
https://doi.org/10.1007/s10853-005-2567-6
https://doi.org/10.1364/OE.17.014132
https://doi.org/10.1002/adma.200800776
https://doi.org/10.1166/jnn.2007.18018
http://dx.doi.org/10.1088/1757-899X/38/1/012027
http://dx.doi.org/10.1088/1757-899X/38/1/012027
https://doi.org/10.1117/1.3526686

Direct magnetic and surface relief patterning using carbazole-based azopolymer

[14] V.V.Bivol, S.V. Robu, A.M. Prisacari, A.Yu. Meshalkin, L.A. Vlad, M.l. Karaman, Study of sensitometric and
holographic properties of photoresist media based on carbazole-containing polymers sensitized with
trilodomethane and pyranphotochromic materials, High Energy Chemistry, 40(3), 178 (2006);
https://doi.org/10.1134/S001814390603009X.

[15] A.V. Stronski and M. VI¢ek, Imaging properties of AsiSa0Sezo layers, Optoelectronics Review, 8(3), 263(2000).

[16] A. Stronski, L. Revutska, A. Meshalkin, O. Paiuk, E. Achimova, A. Korchovyi, K. Shportko, O. Gudymenko,
A. Prisacar, A. Gubanova, G. Triduh, Structural properties of Ag—As-S chalcogenide glasses in phase separation
region and their application in holographic grating recording, Optical Materials, 94,393 (2019);
https://doi.org/10.1016/j.optmat.2019.06.016.

[17] A. Andriesh, S. Sergheev, G. Triduh, A. Meshalkin, Diffraction optical structures on the basis of chalcogenide
glasses and polymers, J. Optoelectron. Adv. M. 9(10), 3007 (2007).

[18] M. Vlcek, S. Schroeter, S. Brueckner, S. Fehling, A. Fiserova, Direct fabrication of surface relief gratings in
chalcogenide glasses by excimer laser interference lithography, Journal of Materials Science: Materials in
Electronics, 20(1), 290 (2009); https://doi.org/10.1007/s10854-008-9584-6.

[19] A. Stronski, E. Achimova, O. Paiuk, A. Meshalkin, V. Abashkin, O. Lytvyn, S. Sergeev, A. Prisacar,
P. Oleksenko, G. Triduh, Optical and Electron-Beam Recording of Surface Relief’s Using GesAssrSss—Se
Nanomultilayers as  Registering  Media, Journal of Nano Research, 39, 96 (2016);
https://doi.org/10.4028/www.scientific.net/JNanoR.39.96.

[20] A. Rahmouni, Y. Bougdid, S. Moujdi, D. V. Nesterenko, and Z. Sekkat, Photoassisted holography in azodye
doped polymer films, The Journal of Physical Chemistry B, 120(43), 11317 (2016);
https://doi.org/10.1021/acs.jpch.6b08855.

[21] A. Stronski, O. Paiuk, A. Gudymenko, V. Klad’ko, P. Oleksenko, N. Vuichyk, M. VI&ek, 1. Lishchynskyy,
E. Lahderanta, A. Lashkul, A. Gubanova, Ts. Krys’kov, Effect of doping by transitional elements on properties of
chalcogenide glasses, Ceramics International, 41, 7543 (2015); http://dx.doi.org/10.1016/j.ceramint.2015.02.077.

[22] J. Guo, M.R. Gleeson, J.T. Sheridan, A Review of the Optimisation of Photopolymer Materials for Holographic
Data Storage, Physics Research International, 2012, 803439 (2012); https://doi.org/10.1155/2012/803439.

[23] A. Stronski, E. Achimova, O. Paiuk, A. Meshalkin, A. Prisacar, G. Triduh, P. Oleksenko, P. Lytvyn, Direct
Magnetic Relief Recording Using AssSeo: Mn-Se Nanocomposite Multilayer Structures, Nanoscale Research
Letters, 12, 286 (2017); https://doi.org/10.1186/s11671-017-2060-6.

[24] O. Paiuk, A. Meshalkin, A. Stronski, E. Achimova, K. Losmanschii, A. Korchovyi, Z. Denisova, V. Goroneskul,
P. Oleksenko, Direct Surface Patterning Using Carbazole-Based Azopolymer, 5th International Conference on
Nanotechnologies and Biomedical Engineering, ICNBME 2021, IFMBE Proceedings, (Springer,
Cham,2022); https://doi.org/10.1007/978-3-030-92328-0_16.

[25] Yasuo Tomita, Naoaki Suzuki, and Katsumi Chikama, Holographic manipulation of nanoparticle distribution
morphology  in  nanoparticle-dispersed  photopolymers,  Opt.  Lett, 30(8), 839 (2005);
https://doi.org/10.1364/0L..30.000839.

[26] Yasuo Tomita, Eiji Hata, KeisukeMomose, ShingoTakayama, Xiangming Liu, Katsumi Chikama, Jiirgen Klepp,
Christian Pruner& Martin Fally, Photopolymerizable nanocomposite photonic materials and their holographic
applications in light and neutron optics, J.Mod.Opt., 63(53), 511 (2016);
https://doi.org/10.1080/09500340.2016.1143534.

O. Marok!, A. Memankin?, O. Ctponcekuiil, €. Akimosa?, K. JlommaHchKuii?,

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.
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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


mailto:yerojwar@gmail.com

Synthesis and Photoluminescence characterization of SrsLa(AlO)3(BO3)s:Eudt, Sm3* ...

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.

VEGA3 TESCAN|

Fig

x=0.1%|
x=0.3%
x=0.5%|
x=1%

Aem = 617nm

394 nm

Intensity (a.u.)

375
Wavelength (nm)

350 400

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.

575 650



A R. M. Yerojwar, N. S. Kokode, C. M. Nandanwar, D. K. Ingole

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

of

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].
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- x=1.5%
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566 nm

Aex =406 nm
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Intensity (a.u.)
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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

204

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].
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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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P. M. €ponxsap, H.C. Kokone, K.M. Hannansap, /[.K. Inrose

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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Tadopmaris s aBTOPiB

2. PACS a6o ko yHiBepcaabHOI 1ecATKOBOI KiIacudikamii .

3. Iuinianm, [Ipi3Buine aas Beix aBTopis.

4. Hazpa po0oTuH moBHHHa OyTH KOPOTKOIO Ta BiIoOpakaTW CyTh CTaTTi Ta TNO3HAa4YeHAa >XUPHUM
mpudrom (16 1T); 3aroT0BOK HE MOBHHEH MICTHTH BUPI3KHU (HABITh NPUHHATO).

5. TIpunaaexHuicTs (ycraHOBa IPHEIHAHHSI, IOBHA aapeca).

6. Pegpepam Brmouae 1o 200 criB.

7. KuawuoBi caoBa. KigbKicTh KJIIOYOBHX  CJiB HC  TIOBMHHA  IICPEBUINYBATH  JIECATH
onuHUI. MOKHA BUKOPHUCTOBYBATH TEPMIHH, IO CKJIAJAIOTHCS 3 IBOX-TPHOX HEPO3PUBHUX CIIiB.

8. CHMCOK JABOX peleH3€eHTIiB 3 1X eJIEKTPOHHOIO MOIITO Ta OPraHi3ali€ro.

OcHoeHull mexcm NOOAHHA 3 HOGOT CHODIHKU

9. Tekecr. IlocnigoBHICTh BUKIIAAy B POOOTI Taka: BCTYI, OCHOBHHH TEKCT (3 MOMIJIMBUM PO3OHBKOIO
Ha PO3iN Ta MiAPO3ALIN), BUCHOBOK.

CreniansHoro ¢opmatyBanHs He NoTpiOHO. Pekomennyemo BukopucroByBatu wwpudt Times New
Roman (posmip mpudty 12) 3 inrepBasiom 1,5 (mojst: 3Bepxy, 3HU3Y, 37iBa 1 crpaBa - 2 CM). 3arojIOBKH
PO3ILTIB PEKOMEHAYIOTHCS KUPHUM MPUPTOM. TeKCT HEOOXiAHO MHCaTH B OAHY KOJIOHKY. YCi OJMHUII
BUMIpIOBaHHS MaloTh OyTH B Mi>kHapoHii cuctemi oauauib (CI).

[ToBHMIT TEeKCT pOOOTH, BKIIOYAIOYN MAIIOHKH, TAOJNHUIN, HE TIOBHHEH IEPEBUILYBAaTH 8 CTOPIHOK; a JJIs
orsI0Boi pobotu 25 crop. Homyctumuii TekcroBuii popmar — MS Word (*.docx).

Pignanna cninm 3ammcyBatu 3a gomomororo MS Equation Editor. [Ins 3MiHHHX CiiJi BH3HAYUTH
MO3HAYEHHS, KOJIM BOHU 3’SBJISIOTHCS BIIEPILE B TEKCTI

Tabauyi cnim TomaBaTH Ha  OKpPeMHX CTOpiHKax y  Qopmari  BIANOBITHUX  TaONAIHHX
nporecopiB. BukopucTtanus nceBaorpadiuHX CUMBOJIB 3200pOHEHO.

Manonxku ueobxigHo 30epiratu y ¢popmarti TIFF a6o JPG.

TIFF (abo JPG): xonmbopoBi abo cipi ¢oTorpadii (miBTOHM): 3aBXKAUW BUKOPUCTOBYHTEe MiHiMym 300
dpi. TIFF (a6o JPG): pacTpoBi MadlOHKM JiHiii: BUKOpHcTOBYy#iTe Minimym 1000 dpi. TIFF (a6o JPG):
KoMOiHamii pacTpoBBIX JNiHi/MiBTOHIB (KoJip ab0 BiATIHKH Ciporo): moTpioHo MiHiMyM 500 dpi.

10. Indopmanisa npo aBTopiB : Ilocama, HaykoBe 3BaHHS Ta IHCTHTYIlIfHAa €JIEKTPOHHA ajpeca s
KOXKHOTO CIiBaBTOpA.

11. ITocujaHHs: HYMEpYIOTBCS B TOPAAKY iX ToaBH B Tekcti. JloBimka Mae OyTh HamucaHa
AHIJIIHCHKOI0 MOBOIO.

Hactymae popmaryBaHHS 11 TOBIAKH JOCTYIIHE:

Kawnra: aBrop(n) (iHimiamu, moTiM Tpi3BUINE), Ha3Ba KHUTH. (BumaBHUIITBO, MiCTO Ta piK BHIAHHS B
JTy’KKax).

nPUKIAo:

[1]. B.K. Pimni, KBanToBi nporecu B HamiBnposiguukax (Clarendon Press, Oxford, 1999).

Crarts B xypHam: aBrop(u) (iHiIliasu, MOTIM Tpi3BHINA), MOBHA Ha3Ba ITOCWIAHHS, HA3Ba >KypHAITY
(BHKOPHCTOBYIiTE CKOpPOYEHI HA3BH JIMIIE IS BiJOMUX YKYpHANIiB), TOM (Ta HOMEPH BHITYCKIB Y JYXKKax),
HOMeEp CTOpiHKH (pik mybrikarii B ayxkax); Homep DOL

npuKIao0:

[2]. 1O.0. Ceri, I.B. Boiiko, M.B. TlauskiB, Teopin ounamiunoi npogionocmi mpubap'eproi pesonancHo-
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