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Study of electrophysical properties of beryllium ceramics with the addition of micro-
and nanoparticles of titanium dioxide

In the present paper the research results of influence of nanoparticles TiO2 additions in the range 0,1 —
2,0 wt. % on electrophysical properties of oxide-beryllium ceramics (BeO + TiOz) made of micropowders are
presented. The electrophysical characteristics of synthesized ceramics modified with 30 wt. % TiO2 micro-
and nanoparticles in the electric current frequency range of 100 Hz — 100 MHz were studied by the total
complex resistance method (impedance). It is known that the introduction of TiO2 addition to the BeO-
ceramics after heat treatment in a reducing atmosphere is accompanied by a significant increase in electrical
conductivity and the ability to absorb electromagnetic radiation in a wide range of frequencies. According to
the results of the studies it was found that the addition of nanoparticles TiO2 into the (BeO + TiO2)-ceramics
significantly reduces its static electrical resistance in comparison with the serial sample, and the specific con-
ductivity of such ceramics significantly increases at high frequencies ~ 107 Hz. The addition of TiO2 nanopar-
ticles significantly increases the dielectric losses of the sample sintered in the temperature range 1530 —
1550 °C. The values of real and imaginary parts of dielectric permittivity of such ceramics and the tangent of
the angle of dielectric loss are two times higher compared to the serial sample — BT-30 (B — beryllium, T
— titanium). The obtained results are unique in their kind, due to the experiment with a rare and strategically
important material — beryllium oxide and the possibility of synthesizing new nanostructures based on it.

Keywords: dielectric permittivity, conductivity, electric current frequency, impedance, nanoparticles, berylli-
um oxide, titanium dioxide.

Introduction

Currently, industrial progress requires electronics to continuously increase the level of power, efficien-
cy, reliability and durability [1]. For modern devices, in particular powerful RF (radio frequency) and SHF
(super high frequency) transmitters, power transistors, power converters, reliability under conditions of high
currents and high temperatures is certainly a key factor [2]. Also, ceramic materials, often used to replace
metals and alloys, have not only heat resistance and high strength, but also special electrophysical properties
[3, 4], which contributes to their wide use in electronic engineering [5]. Such ceramics include beryllium
oxide, the effective component of dielectric permittivity of which is 6.9 — 7.5, the tangent of angle of die-
lectric losses tgd = 3 - 10 at frequency f = 1 MHz [6]. BeO-ceramic is a material of super refractory class,
which in addition to dielectric properties is characterized by high vacuum density, mechanical strength,
thermal conductivity, thermal stability and heat resistance. The unique combination of physical and chemical
properties of beryllium oxide (BeO) [7] determines a wide range of BeO-ceramics use in various fields of
modern technology and special instrumentation [8]. High radiation resistance [9], thermal conductivity [10],
dielectric strength and transparency to X-ray, ultraviolet radiation, visible IR (infrared) and SHF radiation

6 BecTHuk KaparaHguHckoro yHnsepcuteTta
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[11] make BeO-ceramics the most promising material for use in various devices of electronic engineering of
responsible purpose [12]. Along with high thermal conductivity — 280 — 320 W/(m-K), pure BeO-ceramics
have high electrical resistance (~1 - 10 Ohm c¢m at 300 K) [13]. This makes it possible to use BeO-ceramics
in high-power resistors, transistors and microcircuits as highly efficient dielectric substrates for creating elec-
tronic devices and resonator tubes for gas OQG (optical quantum generator) and much more. Thermal con-
ductivity of the BeO-ceramic is comparable with that of metals and is second only to diamond. The thermal
conductivity of BeO ceramics can reach values from 300 to 320 W/(m-K), which is comparable with that of
chemically pure copper, which has a thermal conductivity of ~ 400 W/(m-K) [14]. The specific electrical
resistance of beryllium oxide ceramic samples at room temperature is in the range from 10 to 10%
Ohm-cm. BeO-ceramic is a transparent material for vacuum ultraviolet (VUV), X-ray and super-high fre-
guency (SHF) radiation [15]. In turn, the presence of developed interfaces and intergranular interactions can
significantly affect the physicochemical and performance characteristics of the composite ceramics based on
BeO. One of such additives capable of essentially changing the conducting and other properties of the BeO-
ceramics is TiO; [16]. It is known that the addition of TiO, to the BeO-ceramics after heat treatment in a re-
ducing atmosphere is accompanied by a significant increase in electrical conductivity and the ability to ab-
sorb electromagnetic radiation in a wide range of frequencies [17]. The different ratio in the BeO-ceramics of
the TiO, component and the degree of its reduction allow to regulate the magnitude of electromagnetic wave
absorption by such ceramics. At present, the most effective material with the ability to absorb electromagnet-
ic waves is the composition of BeO + 30 wt % TiO.. It is experimentally established that the absorption
properties of (BeO + TiO)-ceramics are caused by many factors and, first of all, by its electrical conductivi-
ty [18].

The results of studies on the electrophysical properties of (BeO + TiOy)-ceramics modified by TiO; na-
noparticles indicate the existence of electric polarization processes and specific relaxation of spatial charges
that can accumulate at the boundaries of individual microcrystals. The experimentally observed increase in
the conductivity of the synthesized ceramics with an increase in the electric current frequency is explained
by the appearance of the current relaxation component accompanied by an increase in the dielectric losses
[19, 20].There are very few scientific publications on the study of the effect of TiO, nanoparticles on the im-
pedance characteristics of the mechanical mixture of BeO — TiO; oxides in the public domain, which may
be due to the uniqueness of beryllium production, which requires specialized equipment and special safety
conditions when working with powders of BeO. At present, the current production of beryllium oxide ceram-
ics is established in the USA, China and Kazakhstan, so the analysis and updating of knowledge on the re-
sults of research on the properties of nanostructured ceramics using this strategically important material
seems to be very important.

Thus, the main purpose of the present study is to establish the effect of titanium dioxide nanoparticles
on the impedance characteristics of sintered ceramics of 70 wt. % BeO(um) + TiO2(um) + TiO2(nano) with
the introduction of TiO, nanoparticles from 0.1 to 2.0 wt. %.

Materials and methods

As a standard sample of two-component ceramics the serial sample of composition BeO + 30 wt. %
TiO, (mark BT-30) was investigated. To produce nanocomposite ceramics, an annealed beryllium oxide
powder with an average crystallite size of 5 um and a micron powder of titanium dioxide TU 6-10-727-78
with the same particle size were used. From 0.1 to 2.0 wt % of nanodispersed TiO, powder was added to the
BeO and TiO, micropowders. Microphotographs of the particles of the powders used are shown in Figure 1.

Figure 1. Electronic images of microparticles of beryllium oxide powders, titanium dioxide and nanoparticles of titani-
um dioxide

Cepus «dunsukay. Ne 2(110)/2023 7
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Then, the samples were molded by the slip casting method, burned out the bond and sintered the blank
at temperatures of 1520 — 1550 °C with an interval of 10 °C. Thus, batches of ceramics based on beryllium
oxide and titanium dioxide micropowders modified by TiO, nanoparticles were obtained with the following
composition:

P.0 — BeO + 30 % Ti0L™ (BT-30 serial ceramic);

P.1 —BeO +29,9 % Ti0L ™+ 0,1 % Ti0}2"°;

P.2 —BeO + 29,5 % Ti0L "+ 0,5 % Ti0}2"°;

P.3 — BeO +29,0 % Ti04"+ 1,0 % Ti033n°;

P.4 — BeO + 28,5 % Ti0L™+ 1,5 % Ti0}2";

P.5 — BeO + 28,0 % Ti05™+ 2,0 % Ti0%3n°.

Particular attention should be paid to the sintering process of the workpiece, which was carried out in a
beryllium oxide crucible in a furnace with a graphite heater. The inner part of the crucible was lined with
0.5 mm thick molybdenum sheet, in which technological holes were provided for saturation of the billet with
reducing CO gas. The crucible was covered with a beryllium cover with technological holes after the laying
of workpieces. The beryllium oxide crucible was installed into the graphite rigging and covered with ballast
of sintered oxide-beryllium cast, fraction not more than 10 x 10 mm. After installing graphite tooling with
products in the furnace, sintering of the workpiece was carried out.

Measurements of impedance values were carried out on the AgilentE5061B spectrum analyzer designed
to measure the total complex resistance (impedance) of composite samples in the frequency range of 100 Hz
— 100 MHz. In this instrument model, error minimization and accurate repeatable measurement results are
provided by the shielded connector. The inputs of the digital multimeter are also shielded and are
optoelectronically isolated from the common case and computer interface circuits. This protection provides a
high degree of input isolation, withstanding voltages up to 300 V, which is very important for reducing errors
due to ground loops and common mode voltages caused by long wires and floating sources.

At least ten samples from each batch were measured in order to obtain reliable data and statistical
values. If the sample had defects in the form of cracks, cavities and pores, the sample was excluded from the
experiment. Some samples had relatively high electrical resistance, despite the absence of external defects,
most likely there were internal defects, the measurement results of such samples were also excluded.
Analysis and deciphering of the obtained data was performed using a personal computer and special software
developed on the basis of Excel in the laboratory of antennas and microwave technology, created on the
basis of the Department of Radio Engineering of the Institute of Engineering Physics and Radioelectronics of
Siberian Federal University (Krasnoyarsk, Russia).

Results and discussion

The results of impedance spectroscopy of a serial sample (P.0) sintered at 1530 °C without the addition
of nanoparticles show that such material is a conductive composite, Figure 2.

5- e — —-90
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— }« S
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0 2 e, 0
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f, Hz

Figure 2. Frequency dependences of impedance modulus IZI (1) (e) and ¢ phase angle (2) (o) for serial ceramic samples
of composition BeO + 30 wt. %, T = 1530 °C
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The values of impedance modulus and phase angle for the sample modified by TiO, nanoparticles
sintered at 1550 °C are shown in Figure 2. The sample with 0.5 wt % nanoparticles (Fig. 3, a) shows the
lowest resistance at low frequencies — 0.38 kOhm; at the maximum frequency of 108 Hz — 7.7 Ohm. The
phase angle has a single peak of 50° at 5.3-10° Hz and gradually decreases with increasing frequency of
electric current to -3° at the maximum frequency. When the concentration of TiO, nanoparticles is increased
up to 1.5 wt % (Figro 3, b), the values of electrical resistance of the sample are observed at low frequencies
— 0.45 kOhm and at the maximum frequency of electric current — 8.3 Ohm. The phase angle has exactly
the same one peak, which shows itself at the frequency of 4.3-10° Hz and is -56°, gradually decreasing with
increasing frequency to -4° at the maximum frequency of electric current.
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Figure 3. Typical frequency dependences of impedance modulus 1ZI(1) (®) and ¢ phase angle (2) (o), T = 1550 °C: a)
(P.2) BeO + 29,5 %Ti0, "+ 0,5 %Ti033%°; b) (P.4) BeO + 28,5 % Ti04™+ 1,5 % Ti052n°.

The effective component of specific conductivity of serial ceramics (P.0) at low frequencies (up to 10*
Hz) remains at the level of 2.4-10* Ohm™m, with further increase in frequency conductivity jumps to the
value 0.15 Ohm™m- (Fig. 4).

i

102 10° 10* 10° 10° 107 108
f, Hz

Figure 4. Frequency dependence of actual ¢' (1) and imaginary o' (2) components of specific conductivity of serial ce-
ramics (P.0) of BeO + 30 %Ti0, ", T = 1530 °C

Here, the imaginary component of the specific conductivity increases linearly over the entire
investigated frequency range, which corresponds to the real component at frequencies above 3 - 107 Hz.

By increasing the sintering temperature to 1550 °C (Fig. 5), the conductivity curves depending on the
content of TiO, nanoparticles are parallel to each other in the frequency range from 10 to 10° Hz. The
minimum conductivity value at this site is 6'(1.0 %) = 5.5-103, the maximum ¢'(0.1 %) = 4.8-102 Ohm™*m-,
With increase of frequency of electric field the specific conductivity on all samples sharply increases, at the

maximum frequency of 108 Hz conductivity curves practically coincide, here maximum value c'(0,5 %) =
1,36 Ohm™*m™.
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Figure 5. Frequency dependence of actual ¢' component of specific conductivity as a function of TiO2 nanoparticles
content, T = 1550 °C (P.1 — P.5)

The sintering temperature, which provides stable high conductivity in the range of electric field
frequencies from 10 to 10® Hz, is 1530 — 1550 °C. The conductivity mechanism can be explained by the
fact that during sintering of ceramics the TiO, nanoparticles are pushed to the surface of micron granules
(i.e., to the intercrystalline interlayers). Thus, the frequency dependence of the specific conductivity
depending on the nanoparticle content observed in Figure 5 can be explained by the fact that the conductivity
follows a random grid of interlayers between the crystals, as shown in Figure 8a. Some layers of neighboring
crystals may not interact, hence the finite resistance and jumping mechanism of conductivity from one layer
to another (between the layers) appear. As the concentration of titanium dioxide nanoparticles increases up to
2.0 %, they begin to adhere to each other or to titanium oxide microparticles inside the crystal and do not go
into the intergranular layers, so that the material becomes a dielectric.

Figure 6 shows the curves of change in the values of the real and imaginary components of dielectric
permittivity, the tangent of the angle of dielectric losses depending on the frequency of electric current in a
sample of serial ceramics (P.0).
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Figure 6. Variation curves of values of the actual and imaginary components of dielectric permittivity, dissipation factor
for the factory sample composition: BeO + 30 % Tiogm, T =1530°C (P.0)

For this sample at low frequencies both components of dielectric permittivity have anomalously high
values. With increasing frequency of electric field, we observe uniform fall of values €' and €". For €' after
107 Hz there is a sharper drop to ~ 80 at 108 Hz. The imaginary component " decreases more rapidly with
increasing frequency, at 8-10° Hz there is some rise and again a drop of value £" ~ 40 at maximum frequency.

Tangent of dielectric loss angle also has anomalously high values at low frequencies and sharply
decreases with frequency increase. At frequency 10* Hz tgd = 1,0, the minimum value of tgd = 0,1 is
observed at frequency 9-10° Hz, which increases with frequency and has a peak tgd = 1,0 at frequency
5,5-107 Hz. At the 108 Hz maximum frequency tgd = 0.63.

The maximum dielectric losses are observed in the sample of nanocomposite ceramics sintered
at 1550 °C (Fig. 7).
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Figure 7. Frequency dependence of the dissipation factor on the content of TiO, nanoparticles,
T =1550 °C (P.1 —P.5)

Thus, increasing the sintering temperature of ceramics containing nanoparticles in the range (0.1-1.5)
wt % leads to an increase in conductivity, dielectric permittivity, and, most importantly, the tangent of the
dielectric loss angle increases.

The increase in dielectric losses observed in Figure 7 can be explained by the fact that the nanoparticles
in the investigated ceramics are located on the crystal surface, where the charges can also shift to the
opposite crystal boundaries, which leads to the appearance of intracluster current. Such displacement of
charges can be accompanied by appearance of additional ceramic polarizability in its volume and growth of
dielectric permittivity mainly in the region of low frequencies. But as the electric field frequency increases,
the charges do not have time to shift to the cluster boundary, they lag behind the external field in phase,
which is the cause of dielectric losses.

The mechanism of electrical conductivity of such ceramics can be explained in terms of a composite
material in which the dielectric does not participate in current transfer after the p. percolation threshold [21].
Percolation theory, from Latin percolatio is a mathematical theory that is used in physics to study processes
occurring in heterogeneous media with random properties, but fixed in space and unchanged in time. Thus, it
means that, under any conditions, the electrical conductivity of the filler is much higher than that of the
matrix and no interfacial layers with other properties are formed in such a composite. When the
concentration p of the filler increases (in our case it is TiO2), the effective conductivity increases according
to:

o(p) = o0:(p —po)t, 1)

where t is the critical conductivity index; o1 is the specific conductivity of the dispersed conductive phase.
This formula is applicable to describe the electrical conductivity of the system after the percolation threshold
p > pc. The following complementary laws of degrees can be introduced into formula (1):

o(pc) = o;h%,atp = p; 2
o(p) = ox(pc —p) 4 =o0sh(p. —p)"%atp <pc, (3)

where s and q are critical indexes, h = 02/01.

The increase in ¢ with increasing p by (3) is associated with a gradual increase in the size of metal
clusters and the area of dielectric interlayers between neighboring clusters. Immediately in the region of pc
the power laws (1) and (3) are disturbed and by (2) pass into each other. If the disperse phase is randomly
distributed over the volume, then up to the percolation threshold (p < pc) the dielectric matrix interlayers,
whose local resistance is much greater than that of the disperse phase particles, participate in charge transfer
through the sample. Thus, in the region of the percolation threshold at direct current, dielectric interlayers
have the most significant effect on the electrical characteristics of the entire composite.
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On alternating current, in addition to the resistance of the matrix interlayers, it is necessary to take into
account the capacitances of the “capacitors” formed by the particles (cluster sites) of the electrically
conducting phase and the dielectric matrix interlayers.

A schematic representation of such a composite, up to the percolation threshold is shown in Figure 8, a.

Figure 8. Schematic representation of the composite material structure [21] (in the inset on the left is an electronic im-
age of the microstructure of a ceramic sample of composition P.3): a) up to the flow threshold; b) equivalent substitu-
tion scheme

Figure 8,a shows the resistive-capacitive coupling between the clusters and the particles of the
electrically conducting phase by parallel RC circuits.

In composites at p < pc the infinite cluster is not formed and the equivalent circuit of Figure 8 b must
contain two resistors connected in series. The first resistor corresponds to the resistance Rc of clusters and
particles of the electrically conductive phase. The second resistor takes into account the resistance of
dielectric matrix interlayers Rd, and the resistor Rd is shunted by a capacitor Cd, the capacity of which
corresponds to the capacitance of matrix interlayers.

To analyze the resistive-capacitive properties of the studied substances and to understand the
electrophysical processes occurring in them, we used the method of constructing suitable electrical circuits
impedance of which agrees with the experiment. For these samples of ceramics using a special program
EISA-analizer the most suitable equivalent circuits were selected, which are shown in Figure 9 a, b.

a) R CPE ]
o—] | > o
R2

a — sample of composition P.1; b — sample of composition P.0
Figure 9. Equivalent schemes for samples

As can be seen, both circuits contain the usual radio engineering elements R-resistance and C-
capacitance. In these circuits there is a linearly dependent parameter, an artificial constant phase element
(CPE), which to some extent reflects the electrical properties of a variety of structurally heterogeneous
materials. The impedance (Zcpe) of this element is written in the following form:

1 1 T\ .. T
Lepe = A(ia))” ~ Ay {cos (UEJ_ISM(UEH (4)

where A is the numerical multiplier, w is the circular frequency, i is the imaginary unit, and # is the
exponent determining the nature of the impedance frequency dependence (-1 <n < 1). The CPE element has
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both a real and imaginary component. For integer values of n =1, 0, -1 the CPE element degenerates to the
usual C, R, L elements. Fractional values of the index of degree m < 1 formally characterize the cluster
structure of the material.

The simplest electrical circuit for TiO2 nano-added ceramics Figure 9a contains only three elements:
resistance Ry = 2.9 Ohm, R, = 827 Ohm and element CPE; with numerical multiplier Ao = 5.32 - 10° and
exponent close to unity n = 0.92. The smaller number of resistances in the circuit for the nanophase sample,
explains the increase in specific conductivity and dielectric losses with increasing frequency of electric
current. It can be noted that the resistance R, almost coincides in magnitude with the low-frequency imped-
ance of this ceramic |Z| = 830 Ohm and naturally simulates the static resistance of ceramics. Resistance R =
2.9 Ohm in the region of radio frequencies remains virtually unnoticed, but with increasing frequency, when
the impedance of the sample decreases, this resistance makes a tangible contribution to the formation of the
impedance spectrum. In particular, it is this resistance in the region of high and possibly ultra high frequen-
cies leads to the observed in the impedance spectrum reduction of the phase of the AC current flowing
through the sample. The results of numerical approximation of the experimentally measured impedance
spectrum of these ceramics with the equivalent circuit are shown in Figure 10a with solid lines. As can be
seen the coincidence of the calculation with the experiment is quite satisfactory.
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a — sample of composition P.1; b — sample of composition P.0.
Figure 10. Frequency dependences of the impedance modulus Z (1) and phase angle ¢ (2) (white markers). The results
of numerical approximation using the equivalent scheme are shown by solid lines.

For a sample of ceramics with micropowder TiO,, the frequency dependence of impedance is shown in
Figure 10b, and the equivalent circuit is shown in Figure 9 b. As can be seen this scheme is more complex
and in addition to the element CPE; contains two parallel circuits one of which consists of a resistance
R4 = 4300 Ohm simulating the static resistance of ceramics. The second circuit is formed by series elements
C>=2,9-10® F and R5 = 4 Ohm which form impedance characteristics in the middle frequencies. The CPE;
element has a numerical multiplier Ao = 2.9 - 10 and power factor n = 0.72. This power factor means that
the CPE; element can be treated as a frequency-dependent capacitance and simultaneously as a frequency-
dependent resistance. Resistor Rs, as for the previous sample, serves to simulate high-frequency electrical
losses. To simulate impedance in the decimeter and centimeter wavelength range it may be necessary to
introduce additional elements. Thus, the different ratio in the ceramic of TiO, nanoparticles and the degree of
its reduction allow to significantly reduce the static impedance, thereby improving the conductivity and
regulating the magnitude of electromagnetic radiation absorption by such ceramics.

Conclusion

Analyzing the experimental results obtained in the work, we can make the following conclusions:

— It is established that the introduction of nanoparticles TiO; in an amount (0.5 — 1.5) wt. % in the
composition of (BeO + TiOz)-ceramics significantly reduces its static electrical resistance in comparison
with the serial sample. So at high frequencies, ~ 10" Hz, resistance decreases three times (from 0.024 to
0.008 kOhm), with the introduction of nano-particles (0.5 — 1.5) mass % and sintering temperature of ce-
ramics 1530 — 1550 °C. The sample made of micropowders at the same frequency has an electrical re-
sistance of 0.036 kOhm.

— It is established that the specific conductivity of ceramics modified by TiO, nanoparticles (0.5 — 1.5)
mass % at high frequencies ~ 107 Hz increases from 0.3 to 1.4 Ohm™m™ in samples obtained in the tempera-
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ture range of sintering ceramics 1530 — 1550 °C. The conductivity of the sample made of micropowders at
the same frequency is 0.68 Ohm™m™. The increase in sintering temperature is associated with the formation
of new phases.

— The addition of nanoparticles TiO (0,5 — 1,5) wt. %, in composition of (BeO + TiO2)-ceramics es-
sentially increases dielectric losses of the sample sintered in the interval of temperatures 1530 —
1550 °C. Values of real and imaginary components of dielectric permittivity of such ceramics &' = 58 — 120,
g" =52 — 314. For the sample made of micropowders at the same frequency &' = 60, €” = 40. The tangent
angle of dielectric losses in nanocomposite ceramics is twice as high.

— It is shown that the ceramic samples have electrical conductivity, which increases in proportion to the
angular frequency with a fractional index of degree. This allowed us to identify the conductivity of the sam-
ple with microparticles as a jump-type conductivity. In the sample with TiO2 nanoparticles the conductivity
dispersion is not detected, and the observed in the experiment non-monotone growth of conductivity with
increasing frequency is explained by the appearance of the current relaxation component accompanied by an
increase in dielectric losses.
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A.B. ITaBnoB, A.M. XKunkammunaosa, C.C. I'ept, H.M. Marazos, XK.C. Typap, A.b. Habnonauna

TuTan AMOKCHII MHKPO K9He HAHO0OJIIIeKTepi KOChLIFaH OepuJLiuii
KEePAMHKACBIHBIH 3J1eKTPO(GU3NKAIBIK KACHETTePiH 3epTTey

Makanaza MUKpOYHTaKTapIaH KacalFaH OKCHA-Oepmwunii kepamukachHbIH (BeO + Ti02) snexkrpodusuka-
neIK Kacuerrepine 0,1-2,0 macc% apansireiaaarel TiO2 HaHOSMIIEMAI OOIIIEKTEPIIH KOCIATAPBIHBIH oCepiH
3epTTey HoTibkenepi kenripiareH. TonbIk kemeHnai kexepri (mmmenanc) omiciMeH 30 macc% Memmiepinme
TiO2 MuKpo koHe HaHOGOIIIEKTEPIMEH MOAU(UKAIMSIaHFAH CHHTE3IeNreH KepamukanbiH 100 T — 100
MTI11 31€KTp TOTBIHBIH JKUUTIK AHAITa30HBIHIA 3JIeKTPO(U3NKAIBIK CHIIaATTaMaaphl 3epTTeiai. TOThIKChI3aa-
Hy aTMocdepachiHaa TepMHUSIBIK oHaeyaeH KeitiH Ti02 kocnackiH BeO-kepamMukara eHIi3y 3JCKTp ©TKI3Tilll-
TITiHIH alTapibIKTail KoFapbUIaybIMEH KSHE JKUUTIKTIH KeH JHala3oHbIH/A YICKTPOMArHUTTIK CoyJIeNneHy i
ciHipy KabineTiMeH Oipre ypeTiHi Oenrini. 3eprrey HoTIXKeNepi OoiibiHIIa TiO2 HaHOGeMmeKTepiHiH (BeO
+ TiO2)-kepaMuKachlHa CHIi3y OHBIH CTaTHKAJBIK JJIEKTP KEICPriCiH CepUsUIBIK YITIMEH CalbICTBIPFaHAA
€10yip TOMEHICTETiHI aHBIKTAIBI, all MyH/Iail KePAMHUKAHBIH HAKTBI OTKI3rimTiri ~ 107 Il sKoFaphl sKUiTiKTe
alitapiabikrait apransl. TiO2 HaHOGemmekTepin enrizy 1530—1550 °C temneparypa apaiblFbIHAA arjioMepa-
LVSUTAHFaH YATIHIH JUAJICKTPIIK OIBIFBIHBIH €O0Yip apTThIpaabl. MyHIail KepaMUKaHBIH AUMIEKTPIIK OTKi3-
TIIITITiHIH HAKTHI K9HE JKOpaMal KOMIIOHCHTTEPiHIH MOHI )KOHE TUAJICKTPIIIK KOFAITY OVPHIIIBIHBIH TAHTCH-
ci BT-30 (b-6epmwmnii, T-TuTaH) CepUSUIBIK YITIMEH CalBICTBIPFAHJA €Ki ece YKOFaphl. 3epTTey HOTHXKeNepi
CHPEK Ke3/IeCETIH )KaHE CTPATEeTHsIIBIK MaHBI3Ibl MaTepruaIMeH — OSpUIUTHH OKCHJIIMEH JKOHE OHBIH Heri3iH-
Jie )kaHa HaHOKYPBUIBIMAAP/IbI CHHTE3IeY MYMKIHITIMEH SKCIIepIMEHTTeyre OailIaHbICTEI OOJIBI TaObLUIa b

Kinm ce30ep: mUANEKTPIIK OTKITIIITIK, OTKI3TIIUTIK, MEKTP TOTBIHBIH KHLJIIri, Keaepri, HaHOOeIIeKTep,
OepIIUTHIf OKCHI, THTAH JTHOKCHI.

A.B. ITanos, A.M. XKunkamuuosa, C.C. I'ept, H.M. Marazos, XK.C. Typap, A.b. Habuonauna

HccaenoBanne 31eKTPO(PU3NIECKUX CBOICTB OepULINEBOIl KEPAMMKH € 100aBKOMH
MHKPO- M1 HAHOYACTHII JUOKCHIA TUTAHA

B craTbe mpeacTaBieHbl pe3yabTaThl UCCIIEIOBAHMS BIHSAHUSA 100aBOK HaHOopa3MepHbIX yactull TiO2 B MH-
tepBane 0,1-2,0 macc. % Ha 31MeKTPO(U3UUECKHE CBOWCTBA OKCHAHO-OCPHIUIMEBONM KEPAMHUKH COCTaBa
(BeO+TiO2), M3roTOBICHHOW M3 MHKPOIIOPOLIKOB. METOI0M MOJHOTO KOMIUIEKCHOTO COIPOTHBICHUS (MM-
MeaHca) MCCIIeNOBAaHbI 3IeKTPO(U3MIECKIE XapaKTePHCTHKN CHHTE3NPOBAHHOW KEPaMHKH, MOAU(PHUIIPO-
BaHHOHM MHUKpO- 1 HaHo4acTtunamu TiO2 B kommdectse 30 macc. % B AnMana3zoHe 9acTOT HIEKTPUIECKOTO TOKa
100 I'm—100 MTI'u. H3BectHO, uTo BBeneHue B BeO-kepamuky mo6asku TiO2 mocne TepMooOpaboTKu B BOC-
CTaHOBHUTENBHON aTtMocdepe COMpOBOXKAACTCS 3HAUYUTENBHBIM YBEIHIECHHEM 3JIEKTPONPOBOJHOCTH U CIO-
COOHOCTBIO MOTJIOMIATh IEKTPOMArHUTHOE U3JTydeHHE B IIUPOKOM JHana3oHe 4acToT. [lo pesynbratam uc-
ClIeZIOBaHUil ycTaHOBIEHO, 4To BBeaeHne B coctaB (BeO+TiO2)-kepamuku HaHoyactun TiO2 3HAYUTENBHO
CHI)KAET €€ CTaTHYECKOe IEKTPOCONPOTHBICHHE 110 CPABHEHHIO C CEPUITHBIM 00pa3IoM, a y/elbHas IIPOBO-
JIUMOCTbL TaKOW KEPAMUKH 3HAYMTENBHO BO3PAcTaeT Ha BBICOKMX uyactoTax ~ 107 T'u. JloGaBka HAHOYACTHIL
TiO2 cylecTBeHHO YBEIMYHMBACT JUAJIEKTPUYECKUE ITOTEPH 0Opaslia, CIIEYCHHOTO B MHTEpPBAJE TEMIIEpaTyp
1530-1550 °C. 3HaveHHs NEHCTBUTEIFHOW W MHUMOW KOMITOHEHTHI ITUAJICKTPHUYECKON MPOHUIIAEMOCTH Ta-
KOW KepaMUKH W TaHTEHC yTJia JUAIEKTPUIECKUX ITOTeph BHIIIE B J[BA pa3a B CPAaBHEHUH C CEPHHHBIM 00pas-
oM bT-30 (b — Gepmnmii, T — turan). [lomydeHHBIE pe3yIbTaThl HCCICAOBAHUN SBISIOTCS YHUKATEHBIMHI
B CBOEM POJIe, YTO 00YCIIOBJIEHO 3KCIEPUMEHTOM C PEAKUM U CTPATErHYeCKH BaYKHBIM MAaTepPHATIOM — OKCH-
JIOM OeprILIHs ¥ BO3MOXKHOCTBIO CHHTE3a HOBBIX HAHOCTPYKTYP Ha €r0 OCHOBE.

Kniouegvle cnosa: nuanekTpuyueckasi MpOHULAEMOCTh, TPOBOJAUMOCTD, YACTOTA AIEKTPUIECKOTO TOKA, UMIIE-
JTAHC, HAHOYACTHIIBI, OKCH]T OCPUILIHS, THOKCHI TUTAHA.
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Effect of the thickness and surface interface of In>Os films on the transport and
recombination of charges in a polymer solar cell

Indium oxide films were obtained by spin coating from a solution of indium nitrate in ethylene glycol
followed by annealing at 300 °C. The influence of the thickness and surface interface of In20z films on the
optical and photo-electrophysical properties of a polymer solar cell has been studied. It is shown that the
surface roughness of the film gradually decreases with a decrease in the thickness of the film to 60 nm, and a
further decrease in the thickness of the films leads to its increase. The absorption spectra of the films were
measured. The values of the optical band gap width are determined. It was found that with a decrease in the
thickness of the films, the width of the forbidden zone (Eg) also decreases. It was found that the parameters of
the current-voltage characteristics (VAC) and electrophysical measurements also depend on the thickness and
interface of the surface of the In203 films. It was found that with an In20s film thickness equal to 60 nm, a
maximum efficiency value of 3.42 % is observed, at the same time, electrons in the photoactive layer have a
maximum charge carrier lifetime and a low recombination rate.

Keywords: 1n20s3 films, polymer solar cell, current-voltage characteristics, impedance spectra.

Introduction

The conversion of solar energy into electrical energy is one of the ways that in the near future can pro-
vide a rapidly growing demand for clean energy. Among the currently existing various photovoltaic convert-
ers, organic solar cells are of great interest among various international scientific groups [1-3]. In an organic
solar cell, to minimize charge recombination at both interfaces and increase the efficiency of charge extrac-
tion, a photoactive layer is placed between the electron transfer layer (ETL) and the hole transfer layer
(HTL). The ETL layer in OSC plays an important role in performance. The ETL layer can not only affect the
efficiency of electron extraction and charge recombination, but also has an effect on the morphology of the
photoactive layer. The ETL layer based on metal oxides has attracted huge attention due to its high transpar-
ency in the visible spectral region [4, 5].

Among the known metal oxides, indium oxide (In;O3) is the most commonly used for organic solar
cells. Indium oxide (In2Os) is a transparent semiconductor that has a wide band gap of ~ 3.7 eV, high trans-
parency for visible light and chemical stability [6, 7]. In.Os; films are produced by various physical and
chemical methods. The most common method is sol gel technology, which is characterized by versatility,
cheapness and simplicity. However, there are almost no studies on the effect of the technology of obtaining
on the effectiveness of OSC.

This paper presents the results of a study of the technology for obtaining an ETL layer based on In,0;
on the effectiveness of an OSC with an inverted structure.

Experimental

To obtain indium oxide films on the FTO surface (the FTO substrates were successively washed with
ultrasound in detergent, deionized water and ethanol, then dried in air), a solution was prepared in
accordance with the procedure described in our other work [8]. To obtain In,Os films, the resulting solution
was applied to the FTO surface by spin-coating (SPIN150i model, Semiconductor Production System) at
rotational speeds of 1500 — 5000 rpm. After that, the films were annealed in an air atmosphere at a tempera-
ture of 300 °C for an hour and gradually cooled to room temperature.

To obtain organic solar cells, a photoactive layer was applied to the surface of the In,O3 film by the
method shown in article [9], then an HTL layer of PEDOT: PSS (d~30 nm) was applied to the surface by
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spin-coating (3000 rpm) and by thermal deposition at the CY-1700x-spc-2 installation (Zhengzhou CY Sci-
entific Instruments Co., Ltd) sprayed a current-removing electrode (Ag, d~120 nm).

Morphological and topological studies of the surface were carried out using the atomic force micro-
scope (AFM) JSPM-5400 (JEOL, Japan). A special modular scanning probe microscopy data analysis pro-
gram (Win SPMII Data-Processing Software) was used to process the images obtained on the AFM. Optical
absorption spectra are recorded in the range of 200-800 nm using the AvaSpec-ULS2048CL-EVO spectro-
photometer (Avantes). The impedance spectra were measured using a potentiostat-galvanostat P45X in the
impedance mode. The VAC of photosensitive cells was determined by the Sol3A Class AAA Solar Simula-
tors (Newport) with PVIV-1A I-V Test Station device.

Results and Discussion

The thickness of the In,O3 layer was determined by SEM images of the transverse cleavage of the film.
Figure 1 shows SEM images of the transverse cleavage of the studied films. The average thickness of the
In,O3 films depends on the rotation speed of the substrate on the centrifuge. With an increase in the speed of
rotation of the substrate, a decrease in the thickness of the film is observed (Figure 1).

42.85nm

Figure 1. SEM images of transverse cleavage of In;O; films.

Figure 2 shows AFM images of the surface of the studied In,O3 films obtained by centrifugation. It can
be seen from the AFM data that the thickness of the film affects the morphology of the surface of the In,0Os;
films. The surface roughness of the films is determined by the formula:

Where, Rq represents the root-mean-square roughness, i.e. the average value of the measured height de-
viations taken within the length of the estimate and the measurement from the median line. According to the
AFM data, it can be seen that the surface roughness of the studied In,Os; films has a non-unambiguous
dependence on the thickness.

18 BecTHuk KaparaHgmMHCKOro yHusepcureTa



Effect of the thickness and surface interface of In20s films...

a) 1500 rpm; b) 2000 rpm; ¢) 3000 rpm; d) 4000 rpm; €) 5000 rpm.
Figure 2. Images of the morphology of the surface of In,O; films

Thus, the roughness of the films decreases to 0.48 nm with a decrease in the film thickness to 60 = 5
nm. However, a further decrease in the thickness of the films leads to an increase in the roughness of the
In,O3 films. The dependence of the roughness of In,Os films on the thickness is shown in Figure 3.

1.0

bt
*x
1

Roughness [nm]

‘-—___--‘

0.4

1045  84+5 605 535 4245
Film thickness In,O; [nm]

Figure 3. Dependence of the roughness of In,O3 films on the thickness

It is known that the morphology of the surface of thin films during growth is determined by two
parameters: energy and kinetic. The energy factor is determined by the excess surface energy of the growing
film, and the kinetic factor is determined by the diffusion mobility of the atoms of the deposited substance,
which depends on temperature. The ratio of these parameters determines the roughness of the deposited film
[10]. The observed ambiguous dependence of roughness on the thickness of the In,Os film is related to the
dependence of the boiling point and viscosity of the rasterizer used for the preparation of films.
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Absorption spectra were measured to determine the effect of film thickness on optical characteristics
(Fig. 4). The parameters of the absorption spectra of In,O; films at different thicknesses are given in Table 1.
The absorption spectrum is typical of the absorption spectrum of wide-band semiconductors such as TiO2,
ZnO, Sn02, etc. The edge of the fundamental absorption band falls at 212 nm, which corresponds to the
optical transition of the In,O3; band gap. Measurement of absorption spectra showed that the absorption of
films decreases with a simultaneous decrease in thickness (Fig. 4). At the same time, the thickness of the
films does not affect the shape of the absorption spectrum [11].

5.
0.4 1 ——104+5 nm
— 41 ——— 8445 nm
i) ——60=5 nm
D- E3{ ——535mm
< 0.3 = 4245 nm
(S = 5]
S 2
-
2 0.2 - N
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40 45 5.0
é 0.14 hv [ev]
0 L] L
400 600 800
Wavelenght (nm)

Figure 4. Optical characteristics of In,O3 films

The optical band gap width of In,O3 films was estimated by the Tauc ratio [12]. The change in the
width of the Eg band gap depending on the thickness of the In,Os films is shown in Figure 4. The 104 nm
thick film has the highest band gap of 3.71 eV, with a decrease in the thickness of the films, the width of the
Eg band gap also decreases to 3.34 eV (Table 1). The observed decrease in the optical width of the band gap
with a decrease in thickness is due to the presence of surface defects in the film, the concentration of which
increases with a decrease in thickness.

Table 1
Parameters of optical absorption spectra of In20s films

Ne Film thickness D, AU. Bandgap, eV
In203, NM

1 104+5 0.40 3.71

2 84+5 0.33 3.59

3 60+5 0.30 3.44

4 53+5 0.27 3.40

5 42+5 0.22 3.34

To determine the effect of the thickness of In,Os films on the transport and recombination of charges in
a polymer solar cell, an In,O3/P3HT: ICMA/PEDOT: PSS/Ag cell was assembled. Upon photoexcitation of
the photoactive OSC layer, an electron-hole pair is formed, which then decays into free electrons and holes at
the interface In,Os/ P3HT: ICMA and P3HT: ICMA/PEDOT: PSS. The electrons are injected into the ETL
layer In,Os, and the hole into the HTL layer PEDOT: PSS.
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Figure 5. Current-voltage characteristic of a polymer solar cells In,O3/P3HT: ICMA/ PEDOT: PSS/Ag

The current-voltage characteristics of solar cells at different values of In,O3 thickness are shown in Fig-
ure 5. Table 2 shows the photovoltaic parameters of the OSCs. As can be seen from Figure 5 and Table 2, the
VAC parameters depend on the thickness of the In,O3 films. Thus, when the thickness of the In,Os film de-
creases to 60 nm, the efficiency of OSCs increases to 3.42 %. However, further reduction of the film thick-
ness to 42 nm leads to a decrease in the values of current, FF, voltage and efficiency of OSCs.

Table 2
Parameters of the VAC solar cells

) . Voe (V) Jse(MA/cm?) Viax(V) | Imax(MA/Ccm?) FF PCE %

Film thickness

In,O3, Nm

10445 0.49 8.38 0.3 5.25 0.38 1.58
84+5 0.53 12.41 0.34 7.91 0.41 2.69
60+5 0.58 12.74 0.39 8.78 0.46 3.42
53+5 0.51 11.25 0.32 7.04 0.39 2.25
4245 0.5 10.67 0.31 6.68 0.39 2.07

The observed changes in the VAC are due to the effect of the surface interface of indium oxide films
with a decrease in thickness on the transfer of charge carriers to OSCs. For a detailed study of the detailed
study of this issue, the impedance spectra of OSCs were measured. The impedance spectra of solar cells
In,O3/P3HT: ICMA/PEDOT: PSS/Ag are shown in Figure 6. The equivalent electrical circuit is
characterized by impedance spectra, shown in the inset of Figure 6, where Ry, is the resistance of the film
In,03, Rrec C describes the boundary of the photoactive layer/ In,Os. A decrease in the thickness of In,Os3
contributes to the rapid transfer of electrons to the cathode (FTO), but it also contributes to an increase in the
recombination of injected electrons at the boundary with the photoactive layer, which affects the
photoelectric characteristics of OSCs.
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Figure 6. Equivalent electrical circuit and impedance spectra of cells

Table 3 shows the values of the film parameters, where ket and zrr are the recombination index
characterizing the recombination rate and the effective lifetime of charge carriers in In;Os.

Table 3
The value of electrophysical parameters of films

. . Rw, Rrec, ! Teff, Kef,
104+5 174.39 1093 3.3751 0.6 1666
8445 133.3 1982.7 6.8205 1.3 769
60+5 117.81 2681.7 2.3751 1.7 588
53+5 145.88 1694.3 4.047 1.1 909
4245 159.22 1362.8 1.2928 0.9 1111

It can be seen from the table that with a decrease in the thickness of the films, the resistance Ry also
decreases, this improves the transport of injected electrons to the FTO. At the same time, a decrease in the
thickness of In,O3 leads to an increase in the recombination resistance, which leads to a decrease in the
recombination of injected electrons. The lifetime of the charge carriers terr increases and the recombination
efficiency ke decreases. However, a further decrease in the film thickness d <60 nm leads to an increase in
the resistance Rw, and to a decrease in the resistance Rrc, which indicates an increase in recombination
processes. The observed changes in the electrophysical characteristics of the OSCs are associated with a
decrease in the thickness of the In,Os films are associated with a change in the interference. Thus, the results
of impedance spectroscopy correlate with AFM microscopy data and VAC data.

Conclusion

This paper presents the results of the influence of the thickness and surface interface of In,Os films on
the optical and photo-electrophysical properties of a polymer solar cell. It was found that with a decrease in
the film thickness to 60 & 5 nm, the roughness of the films decreases to 0.48 nm, and a further decrease in the
thickness of the films leads to an increase in the roughness of the In,Os films. It is shown that the optical
width of the band gap also decreases to 3.34 eV with a decrease in the thickness of the films. The decrease in
the optical width of the band gap is explained by the presence of surface defects in the film, the
concentration of which increases with decreasing thickness. It is shown that the parameters of the VAC de-
pend on the thickness of the In,O3 films. It is established that with the thickness of In,Os films equal to
60 nm, the highest parameters of the VAC and efficiency of the polymer solar cell are observed. The nonlin-
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ear dependence of electric transport characteristics on the thickness and surface interface of In,Os films is
established.

References

1 Che X. High fabrication yield organic tandem photovoltaics combining vacuum- and solution-processed subcells with 15 %
efficiency / X. Che, Y. Li, Y. Qu, S.R. Forrest // Nature Energy. — 2018. — Vol. 3. — P. 422-427. https://doi.org/10.1038/541560-
018-0134-z1.

2 Zhang S. Over 14 % Efficiency in Polymer Solar Cells Enabled by a Chlorinated Polymer Donor / S. Zhang, Y. Qin, J. Zhu,
J. Hou // Advanced Materials. — 2018. — Vol. 30. — P. 1800868. https://doi.org/10.1002/adma.201800868.

3 Li S. Wide Band Gap Polymer with a Deep Highest Occupied Molecular Orbital Level Enables 14.2 % Efficiency in Polymer
Solar Cells / S. Li, L. Ye, W. Zhao, H. Yan, B. Yang, D. Liu, W. Li, H. Ade, J.A. Hou // Journal of the American Chemical Society.
— 2018. — Vol. 140 — Issue 23. — P. 7159-7167. https://doi.org/10.1021/jacs.8002695.

4 Yang G. Recent progress in electron transport layers for efficient perovskite solar cells / G. Yang, H. Tao, P. Qin, W. Ke,
G. Fang // Journal of Materials Chemistry A. — 2016 — Vol. 4. — P. 3970-3990. https://doi.org/10.1039/C5TA09011C.

5 Aimukhanov A.K. The impact of SnO2 photoelectrode’s thickness on photovoltaic properties of the solar cell FTO: SnO2:
PTB7-TH: ITIC/Mo/Ag / A.K. Aimukhanov, T.E. Seisembekova, A.K. Zeinidenov, D.S. Kambar // Bulletin of the University of
Karaganda-Physics. — 2022. — No. 2 — Issue 106. — P. 86-91. https://doi.org/10.31489/2022PH2/86-91.

6 Kraini M. Properties of In20z films obtained by thermal oxidation of, sprayed In2S3 / M. Kraini, N. Bouguila, I. Halidou,
A. Timoumi, S. Alaya // Mat SciSemiconProc. — 2013. — Vol. 16. — P. 1388-1396. https://doi.org/10.1016/j.mssp.2013.04.021.

7 Savarimuthu E. Synthesis and materials properties of transparent conducting In203 films prepared by sol-gel-spin coating
technique / E. Savarimuthu, K.C. Lalithambika, A. Moses Ezhil Raj, L.C. Nehru, S. Ramamurthy // J PhysChem Solids. — 2007. —
Vol. 68. — P. 1380-1389. https://doi.org/10.1016/j.jpcs.2007.02.038.

8 Omarbekova G.I. The role of surface defects in the charge transport in organic solar cells based on oxidized indium thin films
/ G.1. Omarbekova, A.K. Aimukhanov, B.R. llyassov, D.T. Valiev, A.K. Zeinidenov, V.V. Kudryashov // Surfaces and Interfaces. —
2022. — Vol. 31. — P. 102026. https://doi.org/10.1016/j.surfin.2022.102026.

9 Seisembekova T.E. Competitive charge transport processes in inverted polymer solar cells based on ZnO thin films
/ T.E. Seisembekova, A.K. Aimukhanov, A.K. Zeinidenov, B.R. llyassov // Applied Physics A. — 2022. — Vol. 128. — P. 407.
https://doi.org/10.1007/s00339-022-05560-7.

10 TTanun A.B. O mpupoje MIEpOXOBATOCTH MOBEPXHOCTH TOHKHMX IHAJICKTpHYecKuX IuieHoK /| A.B. IMTanun, A.P. Iyrypos,
JL.H. Tlyukapesa // ®uznueckas mezomexanuka. — 2000. — Ne 3. — C. 53-60.

11 Ismail R.A. Preparation of colloidal In20s nanoparticles using nanosecond laser ablation in water / R.A. Ismail // Micro &
Nano Letters. — 2011. — Vol. 6. — P. 951-954. https://doi.org/10.1049/mnl.2011.0459.

12 Ma Q. Atomic-Layer-Deposition of Indium Oxide Nano-films for Thin-Film Transistors / Q. Ma, H.-M. Zheng // Nanoscale
Research Letters. — 2018. — Vol. 13. — P. 1. https://doi.org/10.1186/s11671-017-2414-0.

I".'". Omap6ekoBa, A.K. Aiimyxanos, b.P. nbscos, A.M. Anekcees, A.K. 3eiiHieHOB,
A.M. Kakanona

IHoumepti KYH 3J1eMeHTiH/Ieri 3apAATAPAbIH TaChIMAJIAAHYbI MEH
pexomMOnHanusicbiHa In20O3 KaObIPIIAKTAPBIHBIH KAJBIHABIFBI KOHE
OeTTik MHTepQeiiciHiH dcepi

Wuauii okcuIiHIH KaObIpIIaKTapbl STHISHIINKOIBAETT HHIWNA HATPATHIHBIH epiTiHaicinen Spin coating omi-
cimeH, comad keilid oHbI 300 °C Kyiaipy apKpUIbl aidbHIBL [lommMepiti KyH 3JIEMEHTiHIH ONTHKAIBIK JKOHE
tdoto smexTpodmsukanbik Kacuerrepine IN203 KaOBIpIIaKTapPBHIHBIH KANBIHIBIFE MEH OeTKi HmHTep(eiiciHig
acepi Typausl 3epTreyiep xyprisinai. Kabsipiak O0eTiHiH Keaip-OyabIpiIbiFbl KaObIpIIAK KaabIHABIFE 60 HM-
re JeliH jxyKapraHzaa OipTiHIen a3asThIHBI, ajl KaOBIPIIaK KaJIbIHABIFBIHEIH OJJaH api JKYKapraHIa KalTa ece
GacraiiTeiHbl Kepcetinai. KaObIpurakrapasly KYTBUTy CHEKTpiepiHe edmiey >Kypridingi. ThIibIM canblHFaH
afiMaKThIH ONTHKAIBIK CHIHIH MOHAEP] aHBIKTAIIbl. KaObIpIiakTapablH KaabIHABFBI KYKApFaH Ke3/¢ THIHBIM
cabIHFaH aiiMakThiH onTUKaibIK (Eg) eHi 1e a3asThiHbl aKbIHAANIBL. BOJNbTaMIEpIiK CHIATTaMaIap b
(BAC) xoHe 35eKTpOpH3HKAIBIK emeMaepaiH mapaMerpiepiniy INn203 KaObIpIIakTapbIHBIH KaJTBIHIBIFB
MeH OeTki mHTepdeiicine e Toyenai ekenairi 6enrini 601asl. 1N203 KaObIpIIaKTapBIHBIH KATBIHIBFE 60 HM-
re TeH OOJFaH Ke37e THIMAUTIKTIH MaKCUMalIbl MoHi 3,42 % OoNnaThHABIFEL, COHBIMEH KaTap (oTobernceHi
KabaTTarbl IEKTPOHAP 3apsl TACHIMAIAYLIbUIAPIBIH MAaKCUMAJIBl OMIp CYpy Y3aKTBIFbIHA JKOHE PEKOM-
OMHALUAHBIH TOMEH JKbLUIIAM/IBIFbIHA He OOJaThIHABIFbI AHBIKTAJIIBI.

Kinm co30ep: In203 xaOwIpmiakTapbl, MOJMMEPI KYH 3JEMEHTI, BOJIBTAMITEPIIK CHIIATTaMajIaphbl, HMIICIaHC
CIIEKTpJIepi.
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I".'1. Omap6ekona, A.K. Aiimyxanos, b.P. Unbscos, A.M. Anekcee, A.K. 3eiiHiIeHOB,
A.M. XKakanoBa

Biinsinue TOJIMHBI M MOBEPXHOCTHOr0 HHTepdeiica nienok 1N203 Ha TpaHCOPT U
PEeKOMOMHALMIO 32PS/I0B B IOJJMMEPHOM COJTHEYHOM 3JIeMeHTe

TlneHky OKCHAA HHIKSA OBLUIH MOJTyYeHbI METOIOM SPIN coating u3 pacTBOpa HUTpATa UHAWS B STUIICHTIIHKOIIE
¢ nocnexyronmm omkurom mpu 300 °C. IIpoBeeHbl UCCIEIOBAHUS BIMSHHS TOJIIMHBI U MOBEPXHOCTHOTO
unrepdetica wieHok IN203 Ha onTuueckue U HOTOINIEKTPOPU3NUECKHE CBOMCTBA TIOJMMEPHOTO COIHEYHOTO
sneMenTa. 110Ka3aHo, YTO MIEPOXOBATOCTh MOBEPXHOCTH IUICHKU TTOCTEIIEHHO YMEHBINAETCS CO CHIDKEHHEM
TOJIIMHBI TUIEHKH 10 60 HM, a JajbHelllee YMEHbIICHUE TOJIIMHBI TIEHOK MPUBOJHUT K €€ BO3PACTAHHIO.
TIpoBeneHbl W3MEpeHHs] CHEKTPOB MOIJIOLICHHs IUIeHOK. OnpeeneHbl 3HAYCHUs] ONTUYECKOH IIUPUHBI
3aMpEIICHHON 30HbL. Y CTaHOBJIECHO, YTO MPH CHIXKEHHUH TOJIIMHBI TUICHOK IIMPHHA 3anpenieHHo# 30Hb1 (EQ)
TaKKe YMEHBIIAETCs. B0 YCTaHOBIICHO, YTO MapaMeTpPbl BOJBTAMIICPHBIX XapaKTEPUCTHK U 3IEKTpOodu3u-
YEeCKHX U3MEPEHHH TakKe 3aBHCST OT TONIIMHBEI U HHTep(deiica moBepxHOocTH ieHOK IN203. JJokazano, uto
npu tomuuHe mwieHku IN203, paBroii 60 HM, Habmomaercs MakcuManbHoe 3HadeHue KII/ 3,42 %, B To xe
BPEMsI JIEKTPOHBI B (JOTOAKTUBHOM CJIO€ UMEIOT MAKCUMAJIbHOE BPEMsI )KU3HU HOCHTENEH 3apsijia U HU3KYIO
CKOPOCTh PEKOMOUHAITUH.

Knrouesvie cnosa: TieHKH |n203, HOJ'IPIMCpHBIﬁ COJTHCYHBIN OJIEMEHT, BOJIBTAMIICPHBLIC XapaKTCPUCTUKH,
CIICKTPbI UMII€IaHCa.
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Microstructure and mechanical properties of HA/Ti composite coatings applied by
detonation spraying

This work presents the results of experimental studies of the structure and mechano-tribological properties of
composite coatings based on hydroxyapatite (HA) and titanium in different ratios (wt. %): 30HA-70Ti,
50HA-50Ti, 70HA-30Ti. Composite coatings with a thickness of 40-50 um were applied to a substrate made
of Grade 2 titanium by detonation spraying. Microstructures and phase compositions of as-sprayed coatings
were analyzed by scanning electron microscopy and X-ray diffraction. The deposition mechanism of HA-Ti
composite coatings was also examined. The results of the study showed that during detonation powder spray-
ing from a mixture of HA-Ti, porous coatings are formed, consisting of the phases of hydroxyapatite
Ca10(PO4)s(OH)z, tricalcium phosphate, titanium, and titanium oxide. It was found that with a decrease in the
content of hydroxyapatite in the composite, there is a decrease in the relative content of B-type carbonate ions
in the structure, as well as a decrease in the content of the mineral phase as a whole. Composite coating
30HA-70Ti wt. % is the closest in structure to stoichiometric crystalline HA (Ca/P = 1.67). At ratios of coat-
ings 50HA-50Ti wt. %, an increase by 1.5-2 times in wear resistance is observed.

Keywords: hydroxyapatite, titanium, detonation spraying, coating, microstructures and phase composition,
mechanical properties.

Introduction

With the development of new concepts in the technology, production and application of implants for the
bioengineering of bone tissue, the requirements for the functional, strength and aesthetic parameters of or-
thopedic structures have increased significantly [1]. First, this refers to the task of creating biocoatings,
which are close to the structure of human bone tissue [2]. In order to stimulate the structure of natural bone,
in recent years, the synthesis of hydroxyapatite Caio(PO4)s(OH). has attracted considerable attention [3, 4].
Bioactive coatings based on hydroxyapatite and calcium phosphates are promising due to their biocompati-
bility and compositional proximity to bone tissue [5]. Hydroxyapatite (HA) provides ideal biocompatibility
by actively stimulating osteogenesis and bone regeneration. However, HA coatings exhibit poor tribological
properties, such as a strong tendency to adhesion, high and unstable coefficients of friction, and low re-
sistance to wear during fretting. Therefore, it is also interesting to modify and progress the properties of the
HA coating by including a metal in it [6]. HA/metal composite coatings are characterized by high mechani-
cal and tribological properties [7]. Detonation technologies can be used to obtain HA/metal composite coat-
ings [8]. The detonation gas spraying method has good prospects for the use in medicine, primarily due to
the identity of the phase composition of the initial material and the formed coating. In this regard, the aim of
this research is to study the effect of the ratio of the components on the structural-phase states, hardness and
wear resistance of HA/metal composite coatings obtained by detonation spraying.

Experimental

To obtain coatings, CCDS2000 detonation complex was used, having a system of electromagnetic gas
valves that regulate the supply of fuel and oxygen, and control the purging of the system (Fig. 1). An acety-
lene-oxygen mixture, which is the most demanded fuel for detonation spraying of powder materials, was
used as a fuel gas. The deposition was carried out at the O./C,H; ratio of 1.856. The volume of filling the
barrel with a mixture is of acetylene-oxygen 50 %. Nitrogen was used as a carrier gas. The distance between
the treated surface of the sample and the detonation barrel was 70 mm; the diameter of the straight barrel was
20 mm [9]. Commercially pure Grade 2 titanium (99.5 %) was used as a substrate. Before spraying, Grade 2
plates with dimensions of 30x30x3 mm were ground and polished, after which they were subjected to sand-
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blasting. Sandblasting was carried out on the detonation unit using corundum powders with grain sizes of
0.5-1.3 mm with a volume of filling the barrel with an acetylene-oxygen mixture of 30 %. For spraying coat-
ings, a mixture of titanium powders (grain size 10-12 microns) and HA (grain size 0.5-0.6 microns) were
used in the ratios of 30/70, 50/50 and 70/30 (wt. %). Mechanical activation treatment was used to obtain a
composite powder consisting of HA-Ti [10]. Mechanical activation of HA-Ti mixtures was carried out in a
planetary ball mill PULVERISETTE 6 at a frequency of 380 rpm. The mechanical activation time was 60 s.

9 2 .
m @ ’7 ?"E::::::::;:::' 1 13
ﬂ|:O2 rHO: ]l ‘%4 10 @ 1114\ 12
= = : —
2 T )
— F1 ] L TF | D\
3
E F> Heg ‘6 5 spraying distanceI1 =|I

Figure 1. Scheme of the detonation complex CCDS2000: 1 — control computer, 2 — gas distributor, 3 — mixing-
ignition chamber, 4 — spark plug, 5 — barrel valve, 6 — fuel line, 7 — oxygen line, 8 — gas valves, 9 — gas supply
unit, 10 — part of the trunk, 11 — powder dispenser, 12 — sample; 13 — manipulator, 14 — muzzle.

The study of surface morphology was carried out by scanning electron microscopy (SEM) using
backscattered electrons (BSE) on JSM-6390LV scanning electron microscope. The structure of the obtained
samples was studied using Raman spectroscopy on AFM-Raman Solver Spectrum, NT-MDT spectrometer.
To excite vibrational modes, a blue laser with a wavelength of 473 nm and a maximum laser power of 35
mW was used with a x100 objective with a spot size of 2-10® m. The obtained spectra were processed by the
Savitsky-Golay method [11] using a second-order polynomial. The error in recording the spectra was 4 cm™.
The phase composition of the samples was studied by X-ray diffraction analysis on X'PertPro diffractometer
using CuKa-radiation. The study was carried out in the following modes: voltage across the tube was U = 40
kV; tube current was | = 30 mA; exposure time was 1 s; shooting step was 0.02°. The measurement of the
tribological characteristics of the coatings was carried out in the sliding friction mode according to the “ball-
disk” scheme on Anton Paar TRB3 tribometer. The sample rotation speed was 2 cm/s, the load was 5 N; a
ball made of 100Cr6 steel with a diameter of 6 mm was used as a counterbody. Nanoindentation was carried
out on NanoScan-4D nanohardness meter. In accordance with GOST R 8.748-2011. Using the Berkovich
indenter, 10 injections were made at a load of 100 mN. Young's modulus and hardness were determined by
the method of Oliver and Pharr [12].

Results and Discussion

Figures 2-4 show diffraction patterns of the composite powder in different ratios of 30HA-70Ti, 50HA-
50Ti, 70HA-30Ti (wt. %) and coatings obtained by detonation spraying. X-ray phase analysis showed that
composite HA/Ti powder consists of two phases: HA and titanium. The diffractogram of composite
50HA/50Ti, 70HA/30Ti (wt. %) coatings (Fig. 3-4) is characterized by the appearance of peaks of the a-
Casz(PO.), (tricalcium phosphate) phase, while the main phase component of the coating retains the
HA phase [Caio(PO4)s(OH)2]. However, in the diffraction pattern of coatings (Fig. 2b) with a powder
composition of 30HA/70Ti the phase of tricalcium phosphate (a-Cas(PO4)2) was not detected. Cas(PO.), has
a narrow mechanical strength compared to cortical bone, which limits its use in areas subject to low
mechanical stress. However, when interacting with the environment, the body is completely replaced by
biological tissues [13]. In addition, after detonation spraying of composite 50HA-50Ti and 70HA-30Ti
coatings, intense phases of titanium oxide TiO were found (Fig. 3b, Fig. 4b). Titanium oxide is not
considered a disadvantage in the biocompatibility of the implant, while the growth of the titanium oxide
layer can improve adhesion to the bone tissue [14, 15]. The change in the phase composition of calcium
phosphate coatings during detonation spraying is explained by high reactivity of titanium with respect to any
substances at high temperatures [16].
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Figure 2. Diffraction patterns of the composite powder (a) and coating of 30HA-70Ti (wt. %), obtained by detonation
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Figure 3. Diffraction patterns of composite powder (a) and coating of 50HA-50Ti (wt. %), obtained by detonation
spraying (b).
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Figure 4. Diffraction patterns of (a) composite powder and coating of 70HA-30Ti (wt. %) obtained by detonation
spraying (b).

To assess the microstructure of the surface of the composite coatings, the samples were analyzed by
SEM. Figure 5 a-c shows SEM images and elemental analysis of composite 30HA-70Ti, 50HA-50Ti, 70HA-
30Ti (wt. %) coatings. The morphology of the composite coatings (Fig. 5) showed the formation of a layered
porous structure, which, in turn, promotes the effective growth of bone tissue into the pores of the implant. In
the obtained coatings, pores are observed, which are formed when the coating particles melt. The formation
of a porous structure and a pronounced relief is a feature of detonation technology, which can contribute to

the widespread use of detonation coatings in medical implants.
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Figure 5. SEM image and EDS analysis of composite coatings (wt. %): 30HA-70Ti (a), 50HA-50Ti (b), 70HA-30Ti (c).

Figure 5 also shows the energy dispersive X-ray spectra of the coatings. Analysis of the elemental com-
position did not reveal the presence of other elements, except for the basic composition of the substrate and
composite powder. According to the obtained results of the elemental analysis of composite coatings, it can
be argued that detonation spraying does not cause a change in the chemical composition of the coating, and
this factor is of decisive importance for the biocompatibility and preservation of the service life of the coat-
ing. The Ca/P ratio in coatings is one of the main parameters determining bioactivity. Elemental analysis al-
lows comparing the concentrations of elements that make up composite coatings and calculate the Ca/P ratio.
The atomic ratio of Ca/P in composite coatings ranges from 1.67-2.6. Table 1 shows the Ca/P atomic ratio
for each group of composite coatings with a different content of hydroxyapatite. The atomic Ca/P ratio in
composite coatings (30HA-70Ti) is 1.67; this result proves the possibility of obtaining a bioactive composi-
tion by detonation spraying.
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Table 1.

Atomic Ca/P ratio in composite coatings with different content of hydroxyapatite (wt. %):

Coatings Ca/P
30HA-70Ti 1.67
50HA-50Ti 2.56
70HA-30Ti 2.60

Figure 6 shows the Raman spectra of composite 30HA-70Ti, 50HA-50Ti, 70HA-30Ti coatings obtained
by detonation spraying. The most noticeable intense band observed at 961 cm™ for all groups indicates that
HA is the main phase component of the coatings. This band belongs to the P-O symmetric extension mode
(v1) of the PO4 group and is the most characteristic band of carbonized apatites. The sharpness of this band
confirms the good crystallinity of the HA coating [17]. Similarly, the bands associated with the
antisymmetric stretching mode (vs) of PO4 groups show a shift from 1045 cm™ to the shoulder at 1033 cm™*
(Table 2) [18]. With a decrease in HA-substitution (Fig. 6 ¢), the main apatite band at 961 cm™* demonstrates
a broadening and a decrease in intensity, which indicates a decrease in the crystallinity of the formed mineral
phase. In addition, it should be emphasized that this change in the carbonate content in the coatings is closely
related to associated with changes in the growth morphology and size of crystallites, which occur with a
change in temperature — higher atomic disorder corresponding to smaller crystal sizes (on a nanometer
scale), the lattice becomes more and more ordered with increasing temperature.
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Figure 6. Raman spectra of composite coatings with different content of hydroxyapatite (wt. %): 70HA-30Ti (a); 50HA-
50Ti (b); 30HA-70Ti (c).

The region of peaks at 2880-3070 cm™, as a rule, is correlated with vibrations of C — H bonds (2880-
2935, 3070 cm). Thus, according to the Raman spectroscop data, the structural features of the composite
coatings have been revealed with a decrease in the content of hydroxyapatite, a decrease in the relative con-
tent of B-type carbonate ions in the structure of hydroxapatite is observed, as well as a decrease in the con-
tent of the mineral phase in general.

Table 2.
Results with different frequencies of the corresponding lines
Raman shift (cm™) Assignment
423 PO,% v,(P-O deformation)
585 PO,% v, (P-O deformation)
950-965 PO.* v1 (P-O deformation)
1030-1045 PO - v3 (P-O asymmetric valence)
1245-1270 Amide I II, C-N-H valence
1665-1675 Amide I, C-C-H valence
2880-2935, 3070 C-H vibrations
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Hardness and elastic modulus are the main parameters determining the plasticity, an important charac-
teristic of the material for practical application. Figure 7 shows the data on nanoindentation obtained on
transverse thin sections of the coatings.
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Figure 7. Curves of loading and unloading of composite coatings with different content of hydroxyapatite (wt. %).

To assess the resistance of a material to elastic deformation of fracture, the value of the ratio of
hardness to Young's modulus H/E, also called the plasticity index of the material, was used [18]. In addition,
to assess the mechanical properties of materials, the H3/E? parameter was used, which describes the
resistance to plastic deformation [19]. It was found that the plasticity of the HA-Ti coating increases with an
increase in the HA concentration. High values of H/E and H®/E? are indicators of high wear resistance,
therefore, composite coatings with a composition of 70HA-30Ti, formed on Grade 2 titanium by detonation
spraying, exhibit high performance properties of abrasive wear. The values of hardness, modulus of
elasticity, elastic deformation of destruction (H/E) and resistance to plastic deformation (H3/E?) of composite
coatings are given in Table 3.

Table 3.
Hardness and elasticity modulus of composite coatings with different content of hydroxyapatite
Sample H, GPa E, GPa H/E H3/E?
30HA-70Ti 4.65+0.8 154.4+7 0.03 4.22-10°°
50HA-50Ti 7.5+0.9 129.3+8.8 0.05 25.23-10°
70HA-30Ti 8.3=1.1 135.545.5 0.06 31.14-10°%

Figure 8 shows micrographs of the surface and the results of measuring the roughness of composite
coatings with different contents of hydroxyapatite (wt. %): 30HA-70Ti; 50HA-50Ti; 70HA-30Ti. The sur-
face of all coatings has a heterogeneous structure with pores, typical layered, wavy arrangement of structural
components. The surface roughness of the composite coatings was measured by the Ra parameter using a
profilometer 130 on a 7 mm section on the sample surface. From the data obtained, the roughness of the
composite coatings varies from 5.79 to 8.61 um with a change in the HA in the composite. Comparison of
these dependences allows concluding that coatings obtained at low concentrations of HA in the composite
have reduced values of the roughness parameter Ra, and as the concentration of HA in the composite in-
creases, the roughness of the coatings increases. Composite coatings obtained by detonation spraying have a
developed surface, which will serve as their improved fusion with bone tissue.
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8.61

Figure 8 Micrographs and roughness of composite coatings with different content of hydroxyapatite (wt. %): 70HA-
30Ti (a); 50HA-50Ti (b); 30HA-70Ti (c).

To determine the wear resistance of the coatings, tribological tests were carried out according to the
“ball-disk” scheme. The coefficient of friction of HA-Ti composite coatings with different content of hy-
droxyapatite is shown in Figure 9. The coefficient of friction of composite 30HA-70Ti coating was 0.510.
An increase in the HA content to 70 wt. % leads to an increase in the coefficient of friction and the rate of
wear of coatings. According to the obtained results of tribological testing of detonation 50HA-50Ti coating,
low values of the friction coefficient of 0.352 and high wear resistance under sliding friction conditions were
observed.
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Figure 9. Intensity of wear (a) and coefficient of friction (b) of HA-Ti coatings (wt. %)

The study of the microstructure of the cross-section of the composite 50HA-50Ti coating showed the
formation of a layered-porous structure with a thickness of 40-50 microns (Fig. 10 a). Elemental analysis data
obtained from the coating layer correspond to the initial composition of the composite powder (Fig. 10 b).

Weight percentage  spectrus

Figure 10. SEM image of a cross-section (a) and elemental analysis (b) of the composite 50HA-50Ti coating
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Conclusion

Crystalline composite coatings with a thickness of 40-50 um were obtained by the method of detonation
spraying of 30HA-70Ti; 50HA-50Ti; 70HA-30Ti composites on the surface of Grade 2 titanium. Composite
HA-Ti coatings have a layered porous structure. The results of X-ray phase analysis of detonation 50HA-
50Ti and 70HA-30Ti coatings showed the formation of a-Cas(PO.), and TiO. Composite 30HA-70Ti coating
is the closest in structure to stoichiometric crystalline HA (Ca/P = 1.67). According to the results of Raman
spectroscopy, the following structural features of the composite coating were revealed: with a decrease in the
HA content, a decrease in the relative content of B-type carbonate ions in the structure of hydroxyapatite is
observed, as well as a decrease in the content of the mineral phase in general. Based on the phase analysis
and mechanical properties, the optimal content of the Ti additive was 50 wt. % for HA-Ti composite coatings
sprayed with the CCDS2000 detonation complex used in experimental conditions.
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K.b. Carnonnuna, [{.P. baiixan, b.K. Paxanunos, /I.b. ByliTkeHos,
H.E. bepaimyparos, M.C. Xamnapora

JeToHanusabIK OYpKy daiciMen ajbiHFaH HA/Ti koMIO3UIIHAJIBIK Ka0bIHAAPAbIH
MHUKPOKYPBLIBIMBI K9HE MEXAHUKAJIBIK KacueTTepi

Makanazna ruapokcuanatut (I'A) jxoHe opTypii KatbiHacTapaa (Mac. %): 30I'A-70Ti, 50I'A-50Ti, 70T’ A-30Ti
TUTAH HETi31HJeri KOMIO3UIMSUIBIK JKaOBIHIAPIBIH KYPBUIBIMBI MEH MEXaHHKAaIBIK-TPHOOIOTHSIIBIK KacHeT-
TepiHiH HoTmkenepi kenripinreH. KamsiHasrel 40-50 MKM KOMITO3UTTIK KaObIHAAP JETOHAIMSUIBIK OYPKY
onicimen BT1-0 (Grade 2) TuTaHHaH kacanFaH cyOcTpaTKa ajiblHIbL. JKaObIHIAPIBIH MUKPOKYPBUTBIMBI MCH
(aszanpIK Kypambl CKaHepI eyl 3JeKTPOHAbI MHUKPOCKOIHS JKOHE PEHTIreH K Audpakiys oaicTepiMeH Tai-
nauapl. HA-Ti KOMIOO3HUTTIK KaObIHAAPBIHEIH OYPKY MeXaHu3Mi 1e 3epTreifi. 3eprrey Hotmxenepi [A-Ti
KOCITAChIHAH YHTAKTHI NETOHAIMSUIBIK Oypky kesinme Caio(PO4)s(OH)2 rumpokcnanarut dasanapsiHaH, TpU-
KaJIbIMI (GocdaThiHaH, THTAHHAH KSHE TUTAH OKCHIIHCH TYPATHIH KEYeKTi )kaObIHIap TY31IETiHiH KOPCEeTTi.
KomrmosuTreri ruapokcHanaTuT MeJepi a3alifaH Ke3[e KypbUIbIMAarel B TunTi kapOoHAT HOHAAPHIHBIH ca-
JIBICTBIPMAJIbl KypaMbl TOMEHIICHTIHI, COHIaii-aK JKaJbl MUHEPaJIbl (a3aHblH a3aiobl aHbIKTANIBL. 30HA-
70Ti mac.% KOMIO3UIUSUIBIK JKAaObIH KYPBUIBIMBI OOHBIHINA CTEXHOMETPHUSUIBIK Kpuctanasl HA-Fa eH KakblH
(Ca/P = 1.67). 50 HA-50 Ti sxa0biH1apbIHBIH apaKaThIHACHIHA TO3yFa TO3IMALTIKTIH 1,5-2 ece aprysl Gaiika-
Tagpl.

Kinm cesoep: TMIpOKCHANIATUT, TUTAH, AETOHAIMSUIBIK OYPKY, *aObIH, MHKPOKYPBUIBIMBI JKOHE (pa3allblK Ky-
paMbl, MEXaHHUKAJIBIK KACHETTepi.

K.b. Carnonnuna, /{.P. baiixkan, b.K. Paxanunos, /[.b. ByliTkeHos,
H.E. bepaimyparos, M.C. JKanaposa

MuUKpOCTPYKTYpPa U MeXaHUYeCKHe CBOMCTBA KOMNO3MIUOHHBIX NOKpbITHil HA/TI,
HAHECEHHBIX METOJA0M [IeTOHAIIMOHHOT0 HANbIJICHU I

B cratee mpencraBiIeHBl pe3yabTaThl IKCIEPUMEHTAIBHBIX MCCIEIOBAHUH CTPYKTYPHI M MeXaHo-
TpHUOOJIOTNYECKHUX CBOMCTB KOMIIO3UIIMOHHBIX ITOKPBITHI Ha ocHOBe ruapokcuanarurta (I'A) u Tutana B pas-
HBIX cOOTHOIIeHusX (Macc. %): 30I'A—70Ti, 50’A—50Ti, 70I'’A—30Ti. KOMIO3UIIHOHHBIC TOKPHITUS TOJIIIH-
Holt 40—50 MKM ObUTH HaHECEHBI Ha MOJUTIOKKY U3 TuTaHa Mapku BT—0 (Grade 2) MeTooM IEeTOHAITMOHHOTO
HambUIeHnsI. MUKPOCTPYKTYpY M (a30BBIH COCTAB HANBUICHHBIX IOKPHITHI aHATH3UPOBAIN METOJAMH CKa-
HUPYIOUIEH AIIEKTPOHHONW MHUKPOCKOIIMM M PEHTICHOBCKOM mudpaknun. Taxxke ObLT HCCIEIOBAaH MEXaHH3M
HanbUICHHUS KOMIO3UTHBIX MOKPbITHA HA-TIi. Pe3ynpraTsl HccieoBaHus TTOKa3aiM, YTO MPH JACTOHAI[MOH-
HOM HarblIeHnu noporuka u3 cMecu I'A—Ti hopMupyIOTCs: HOPUCTBIE TOKPBITHUS, COCTOSIINE U3 (a3 THAPOK-
cuanarura Cai0(PO4)s(OH)2, Tpukanbimiidpocdara, TMTAaHA ¥ OKCHIA THTaHA. BBUIO OOHAPYXKEHO, YTO MPHU
YMEHBLICHUH COJIep KaHMs THAPOKCHANATHTA B KOMIIO3UTE HAOMIOAAeTCsl CHIPKEHNE OTHOCHTEIIBHOTO COJep-
JKaHWsl KapOOHAT-MOHOB B-THIa B CTPYKTYype, a Takke yMEHBIICHHE COAEPKaHHUs MUHEPAIBLHOW (a3bl B 1ie-
noM. Komnozuimonnoe nokpeitue 30I'A—70 Ti mace. %, Hanbosree OIM3KO MO CTPYKTYpE K CTEXHOMETpUIe-
ckomy kpuctammaeckomy I'A (Ca/P=1,67). IIpu coornomenusax mokpsituit S0I'’A-50Ti mace. % nabmoxa-
eTcs yBEIWYEeHNE H3HOCOCTOWKOCTH B 1,5-2 pasa.

Kniouesvie crosa: TMIPOKCHANIATAT, TUTAH, AETOHAIIMOHHOE HANBUICHHUE, TOKPHITHE, MHKPOCTPYKTYpPHI U (a-
30BbIi COCTaB, MEXaHUYECKHE CBOICTRA.
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Influence of zinc oxide morphology on its photocatalytic properties

The rapid development of industry, in addition to the positive impact, has led to environmental problems. The
release of polluting waste containing substances such as dyes, pesticides, heavy metals and pharmaceutical
waste leads to contamination of water reservoirs, that has a negative impact on humans and aquatic organ-
isms. In this regard, the development of an inexpensive, effective, environmentally friendly method of waste
water treatment from organic pollutants is an urgent research priority. Zinc oxide (ZnO) is one of the most ac-
tive semiconductor photocatalysts. In this paper, the influence of the morphology of nanostructured zinc ox-
ide synthesized by effective methods on photocatalytic properties with respect to the rhodamine-B dye (RhB)
was investigated, and the influence of the length-to-thickness ratio (aspect ratio AR) of ZnO samples on its
structural and optical properties was studied. The results of the study showed that an increase in the annealing
temperature of zinc acetate in the atmosphere leads to an increase in the size of zinc oxide crystallites, while
an increase in the concentration of alkali in the growth solution (synthesis of ZnO by chemical deposition
from 0.4 M to 0.7 M) makes it possible to synthesize thinner extended 2D plates. It is shown that an increase
in the AR value of the synthesized samples makes it possible to increase their photocatalytic activity.

Keywords: chemical deposition, zinc oxide, calcination, optical and structural properties, photocatalyst, rho-
damine-B.

Introduction

In recent years, the production and use of dyes has increased dramatically, for example, azo dyes, reac-
tive, solvent and sulfur dyes are widely used in the textile, food, adhesive, cosmetic, construction, paint, cel-
lulose, glass and ceramic industries [1, 2]. The release of organic dyes into the environment is a source of
harmful pollution of the ecosystem [3].

These organic pollutants have high chemical stability and low biodegradability, which complicates the
search for an appropriate method for the purification of wastewater and water reservoirs [4]. There are many
different technologies that are used for wastewater disinfection, including such as electrodialysis [5], mem-
brane filtration [6], precipitation [7], adsorption [8], electrochemical reduction [9] and electrodeionization
[10]. But traditional chemical, physical and biological processes of wastewater treatment containing dyes
have such disadvantages as high cost, high energy consumption and the formation of secondary pollutants
during the treatment process [4].

However, the process of photocatalysis, as an advanced oxidation technology, attracts highest attention
of researchers to the decomposition of organic dyes [11, 12]. Such processes are based on light amplification
of highly reactive hydroxyl radicals generation, which oxidize organic substance in solution and completely
convert it into water, CO2and harmless inorganic compounds.

During the photocatalysis reaction, electrons and holes are generated under the action of ultraviolet or
visible light falling on the surface of semiconductors, which act as charge carriers. Heterogeneous semicon-
ductor photocatalysts such as ZnO, ZnS, and TiO- are of particular interest to researchers [13-16]. Among
the presented semiconductor compounds, zinc oxide attracts special attention as a photocatalyst due to the
environmental friendliness of its production, optical properties, low cost synthesis, photosensitivity and high
thermal stability [17-19].

One of the advantages of ZnO as a photocatalyst is the high mobility of electrons (200-300 cm?-B?-s™%),
which contributes to greater photodegradation efficiency of pollutants due to rapid electron transfer. Fur-
thermore, the rate of recombination of photogenerated electron-hole (e / h*) pairs is also large. It decreases
their availability to the oxidation-reduction reactions with the surrounding material and increases the dissi-
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pated energy as heat [13]. Zinc oxide, possessing a wide band gap (3.37 eV) and a high exciton binding en-
ergy (60 meV), can absorb most of the UV spectrum, effectively oxidizing and decomposing harmful organic
substances in wastewater [20].

Zinc oxide, used as an effective photocatalyst for the decomposition of persistent organic pollutants,
must have a high specific surface area to allow the diffusion of active particles and electron transfer. Previ-
ous studies of the photocatalytic activity of ZnO have shown high efficiency in the decomposition of dyes
[21-23].

Traditionally, ZnO nanoparticles (NPs) are synthesized by various physicochemical methods, but many
of these methods have such disadvantages as high cost, the need for high temperature, high pressure, special-
ized equipment, the use of toxic and environmentally hazardous chemicals, which leads to high energy con-
sumption and the formation of a large amount of waste that is dangerous to the environment [24].

This innovative research used effective, one-step, environmentally friendly and inexpensive synthesis
methods of ZnO nanoparticles. These methods make it possible to control the size and shape of nanoparti-
cles, which is useful for improving their chemical, physical, and photocatalytic properties. The close rela-
tionship between the morphology and properties of ZnO nanoparticles provides a wide range of its scientific
and practical applications [25-29].

Experimental

In this work, the synthesis of ZnO nanoparticles was carried out by two environmentally friendly meth-
ods: direct thermal decomposition route [30, 31] and chemical deposition from solution [22].

Direct calcination was performed at cheap zinc acetate salt (CH3;COQ),Znx2H,0 annealing in a muffle
furnace in the atmosphere at temperatures of 400 °C and 700 °C. The annealing duration was 10 hours. Dur-
ing annealing zinc acetate salt was placed in a ceramic crucible covered with a ceramic lid. At the same time,
the mass of the obtained ZnO NPs sample was (1/4-1/3) of the initial mass of zinc acetate. According to [32],
the main weight loss occurs due to the combustion of acetone ((CH3).CO) and carbon dioxide (COy) in the
precursor. The sample # 1 (annealing at 700 °C for 10 hours) and sample # 2 (annealing at 400 °C for 10
hours) were synthesized by this method.

During low-temperature chemical deposition of ZnO, the growth solution contained zinc acetate dihy-
drate (CH3C0OO),Znx2H,0 and sodium hydroxide NaOH, dissolved in distilled water. The concentration of
zinc acetate (ZnAc;) was 0.1 M. Initially, salt and alkali were dissolved in water separately for 30 minutes.
For the formation of zinc oxide nanoparticles (ZnO NPs) sodium hydroxide solution at room temperature
was added dropwise into a beaker with a solution of zinc acetate. Then the entire solution was thoroughly
stirred on a magnetic stirrer for 15 minutes. The synthesis of ZnO samples was carried out at room tempera-
ture at all stages. The resulting precipitate was washed with distilled water, separated by centrifugation, and
then dried in an oven at 100 °C for 12 hours. The synthesized ZnO powders were finished annealing in a
muffle furnace at 450 °C for an hour. The alkali concentration during the synthesis of the sample # 3 was 0.4
M, and for the sample # 4 it was 0.7 M NaOH.

Morphology (FESEM), X-ray diffraction analysis (XRD), optical properties and photocatalytic activity
were studied for all synthesized ZnO NPs samples.

Results and Discussion

The morphology of synthesized samples was studied by Quanta 200i 3D scanning electron microscope
(FEI Company). Figure 1 shows the morphology of synthesized ZnO nanoparticles. An electron microscopy
analysis showed that at zinc acetate calcination at 400 °C and 700 °C, ZnO grows in the form of rods, the
geometric parameters of which increase with longer annealing of ZnAc; (Fig. 1 a, b). The thermal decompo-
sition route at 400 °C allows to obtain more thin long ZnO rods (Fig. 1 b) then at 700 °C (Fig. 1 a). The
method of chemical deposition from a solution with 0.4M and 0.7M an alkali concentration in the growth
solution makes it possible to synthesize ZnO in the form of thin 2D plates (Fig. 1 ¢, d). Commercial ZnO
NPs (sample # 5, Sigma-Aldrich, USA) with high purity 99,999 % have an irregular rectangular form (Fig.
le).

The physicochemical characteristics of all ZnO samples are presented in Table 1. Table 1 shows that
ZnO NPs sample # 2, synthesized in the form of rods, and sample # 3, synthesized by chemical deposition
from solution, possessed by highest aspect ratio.
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Figure 1. FESEM images of ZnO samples:a—#1,b—#2,c—#3,d —#4,e —#5
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Physicochemical characteristics of ZnO samples

Table 1

Sample FESEM Aspect ratio, Cell parameters, A
Thickness d, nm Length I, nm I/d a c
#1 140+20 670+£50 4.8 3.243 5.197
#2 70420 900+50 12.9 3.245 5.200
#3 2545 520+5 20.8 3.253 5.209
#4 3345 270+£5 8.2 3.251 5.208
#5 170+20 390450 2.3 3.251 5.208

The structural properties of the all ZnO samples were studied by X-ray diffraction analysis. X-ray dif-
fraction measurements were performed under the same conditions for all samples on an X-ray diffractometer
X'pert MPD PRO (PANalitical) (Fig. 2). The XRD peaks have been labelled according to the reference
spectra (JCPDS Card No. 80-0075) of ZnO wurtzite structure with P63mc space group. We see that the (101)
reflex is more intensive among all the others observed diffraction peaks that demonstrates a good crystalline
quality of all considered samples. All ZnO samples show a slight difference in the intensity and width of the
diffraction peaks, therefore the half-width of X-ray reflections (100), (002), and (101) was considered in
more particular (Table 2).
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Figure 2. X-ray diffraction of ZnO samples

40 45

50 55 60

2e(Degrees)

65

70

The results of the study showed that an increasing of the annealing temperature of zinc acetate in the
atmosphere leads to an increasing in the size of zinc oxide crystallites along the (002) and (101) directions. It
is noted that an increase in the concentration of alkali in the growth solution from 0.4 M to 0.7 M during the
ZnO synthesis by chemical deposition makes it possible to obtain thinner extended 2D plates.

Half-width of X-ray reflections of ZnO samples

FWHM
Sample
(100) (200) (101)

#1 0,18 0,16 0,19
#2 0,18 0,19 0,20
#3 0,34 0,20 0,34
#4 0,31 0,22 0,32
#5 0,14 0,16 0,16

Cepus «dunsukay. Ne 2(110)/2023

Table 2

37



D.B. Tolubayeva, L.V. Gritsenko et al

The ZnO crystallites sizes (d) were estimated based on the XRD analysis for the most intense peak
(101) by employing the Scherrer’s formula,

d=kr/Bcos6, (1)

here k=0.89 is a dimensionless coefficient (Scherrer's constant), A = 1.54 A is the wavelength of CuKa radia-
tion, 0 is the diffraction angle, and 3 is the half-width of X-ray reflections in radians. The obtained results are
consistent with the data of electron microscopy (Table 1).

The optical absorption spectra were measured by a double-beam UV / Vis Lambda 35 spectrophotome-
ter (PerkinElmer). Figure 3 shows the absorption spectra in the UV-visible region of all considered ZnO
samples. All samples are transparent in the visible spectrum and absorb light in the UV range. The maximum
absorption is observed at a wavelength of 375 nm, that is corresponds to ~ 3,31 eV optical band gap accord-

ing to Tauc’s extrapolation [33].

Absorbance (a. u.)

300 350 400 450 500 550 600 650 700 750
Wavelength (nm)

Figure 3. Absorbance spectra of synthesized ZnO samples

Photocatalysis is a change in the rate of chemical reactions under the action of catalytic substances that
are activated at light irradiation, and participate in the reaction, but they are not included in the final prod-
ucts. Measurement of the photocatalytic activity of all synthesized ZnO NPs samples was carried out while
observing the decomposition of the test substance, the dye rhodamine-B (CzsH31CIN2O3, IMP, OAS “Reac-
tive”, Russia). Photocatalytic decomposition usually includes photoexcitation, charge separation and migra-
tion, and surface redox reactions [34]. Figure 4 is a schematic diagram illustrated the photocatalytic mecha-
nism of dye decomposition in the presence of ZnO.
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Figure 4. Scheme of the RhB decomposition mechanism on the ZnO NPs surface
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Under UV light illuminated, an electron (e”) from the ZnO valence band passes into the conduction
band, and a hole (h*) is formed in the valence band. The formed e~ (h*) reacts with a water molecule (atmos-
pheric oxygen), because of which hydroxyl radicals OHe and superoxide anions *O." are formed, and at the
same time protonation gives HOOe radicals. The radicals are oxidized, leading to the production of interme-
diate compounds. The intermediate compounds eventually destroy the organic dye, forming CO- and H2O as
shown in Figure 4, while the following reactions are possible [35, 36]:

Zn0 + hv— ZnOcg (€7) + ZnOve(h®),
ZnOVB(h") +H,O0—->ZnO + H "+ OHe,
ZnOVB(h") + OH™ — ZnO + OHe,
*O;” + H* - HOOe,

HOz¢ + HO2e — H,0, + Oy,

ZnOcsg (¢7) + H20.— OH-+ OH", (2)
H20; + +0;” — OHe + OH™ + Oy,
H,0; + hv — 20He-,

Organic pollutants + OHe — Intermediates,
Intermediates — CO; + H20.

An aqueous dye solution, containing 0.08 mg RhB in 500g of distilled water was used at the investiga-
tion of the photocatalytic activity of the synthesized and commercial ZnO NPs under ultraviolet radiation.
9 mg of the ZnO sample was added to this solution. The prepared solution was treated in an ultrasonic bath
for 30 min, followed by stirring on a magnetic stirrer at room temperature. A mercury arc lamp (LEH Ger-
many UL Q 14 4P SE) with a power of 14 W, which was placed in a flask with a prepared dye solution, was
used for ultraviolet illumination.

It was noted that with an increase in the exposure time, the absorption intensity of RhB gradually de-
creases in the presence of ZnO NPs, which indicates a decrease in the concentration of the RhB dye. The
comparative concentration of RhB dye decreases with increasing exposure time, while for all the presented
samples, RhB dye significantly decomposes on the ZnO NPs surface under the influence of UV illumination
in the first 30 minutes of exposure and almost completely disappears after 150 minutes. Figure 5 is a photo
of initial RhB solution and after each subsequent 30 minutes of UV exposure in the presence of a sample # 3.

Figure 5. Photo of RhB solution in the presence of # 3 after each 30 min of UV exposure

In order to perform a quantitative analysis of the photocatalytic activity of all synthesized samples of
ZnO NPs, the ratio R = C / Cp was calculated as a function of the time of UV illumination (Fig. 6). In this
ratio, C is the dye concentration after irradiation with UV radiation at the maximum intensity, Co is the initial
concentration of the RhB dye.
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Figure 6. Photodegradation curves of RhB solution by using ZnO NPs as catalysts under irradiation with UV light

The Langmuir — Hinshelwood kinetic model was used to estimate the photodegradation rate k of ZnO
NPs [36, 37]:

In (Co/C) =kt, 3)
hence
k = lj_f - M (4)

The dependence of In(Co/C) as a function of the UV illumination time is shown in Figure 7. The values
of both the minimum kmin, maximum Kmax, and the average degradation rate kay of the dye in the presence of
ZnO photocatalysts, calculated after each 30 minutes, are shown in Table 2. Based on the ratio R* = 100 (1
— R), the percentage of the decomposed RhB dye in an aqueous solution for 2.5 hours of exposure in the
presence of considered ZnO samples was calculated.

3,5

0] 30 60 20 120 150
Irradiation time (min)

Figure 7. Plots of In(Co/C) as function of UV light irradiation time for the degradation of RhB dye in the presence of
ZnO samples as photocatalyst
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Figures 6 and 7 show that all studied samples have high photocatalytic activity. It was noted that the
highest activity corresponds to samples # 3 that has the highest AR of considered ZnO samples (Table 1).
Others ZnO samples demonstrate a slightly less photoactivity. The smallest photoactivity has commercial
ZnO sample #5 with smallest AR.

Table 3
Photocatalytic efficiency of ZnO samples
in-1
Sample R" after 150 min, % ___k min Kav, mint Kav, hrt
min max
#1 95.9888 0.0214 0.0226 0.0219 1.3131
#2 96.9607 0.0228 0.0249 0.0237 1.4241
#3 97.3601 0.0242 0.0337 0.0289 1.7312
#4 97.0830 0.0236 0.0280 0.0256 1.5331
#5 93.6376 0.0146 0.0188 0.0176 1.0534

As follows from Figure 7 and Table 3, in the presence of all considered ZnO samples, a high rate of
RhB decomposition in an aqueous solution under UV radiation is observed. The average degradation rate of
the dye varies from 0.0176 min (for the commercial ZnO sample) to 0.0289 min (for the sample # 3). It
was noted that ~ (94 — 97) % of the initial dye concentration in the aqueous solution decomposes after 150
minutes of exposure in the presence of these samples. The highest percentage of RhB decomposition corre-
sponds to the sample # 3 (~ 97.4 %) with Kmax = 0.0337 min, synthesized at room temperature by a low-cost
chemical deposition from a water grow solution with 0.4M NaOH.

Conclusions

The effect of the morphology of ZnO NPs samples synthesized by simple, low-cost, environmentally
friendly synthesis methods: direct thermal decomposition route and chemical deposition, on their optical and
photocatalytic properties with respect to the degradation of the rhodamine-B dye in an aqueous solution un-
der the action of UV radiation was studied. It is shown that during thermal decomposition of zinc acetate in
the atmosphere at 400 °C and 700 °C for 10 hours, ZnO particles are formed in the form of rods of different
diameters. The used parameters of chemical deposition from solution at an alkali concentration of NaOH in
the growth solution of 0.4 and 0.7 M make it possible to grow ZnO in the form of thin 2D plates. The results
of X-ray diffraction, analysis of the half-width of X-ray reflections, as well as consistent with them scanning
electron microscopy data of synthesized ZnO samples showed that the determining factor for photocatalytic
activity is the value of the AR parameter. Thus, an increase in the aspect ratio of ZnO NPs makes it possible
to obtain more photocatalytically active ZnO samples. All studied samples demonstrate high photocatalytic
activity. Within 2.5 hours of UV exposure in the presence of these samples ~ (94 — 97) % of the initial con-
centration of dye in the aqueous solution decomposes. The highest percentage of RhB decomposition corre-
sponds to the sample # 3 synthesized at room temperature by a low-cost chemical deposition from a solution
with 0.4 M NaOH in the growth solution. This sample has the highest value of the AR parameter. In the
presence of all the considered samples of ZnO NPs, a high rate of degradation of the RhB dye in an aqueous
solution under the influence of UV radiation is noted (0.0176 min™ —0.0289 min™). Hence, all considered
methods used for the synthesis of ZnO NPs with the indicated parameters make it possible to obtain highly
active photocatalysts for the decomposition of organic dyes under UV radiation. These methods are econom-
ical, easy to implement, do not require complex expensive equipment, and are appropriate for large-scale
production.
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J.b. Tonybaesa, JI.B. I'punienko, E.1O. Kenpyk, K.K. Myctaduna,
M.B. AiiTxanoB, X.A. AOayuinH

Mbipbii OKcHIi MOP(OTOTUSICHIHBIH OHBIH (POTOKATAJIUTHKAIBIK
KacHeTTepiHe dcepi

OHEepPKACINTIH KapKbIHIBI JaMyBl OH 9CepiH TUTI3yMeH KaTap SKOJOTHSIIBIK Macelenepi e Tyasipasl. Kypa-
MBIHJa OOSIFBIIITAp, IIECTUIUATED, ayBIp MeTajap skoHe (apManeBTUKAIBIK KAIIBIKTAap CHAKTHI 3aTTaphl 6ap
JacTayllbl KaJIABIKTapAbIH LIBIFAPbUTYBl CY/IbIH JaCTaHYbIHA OKEIIIl COFaIbl, OYJI aaamMaap MEeH Cy OpraHu3M-
nepiHe Kepi ocepiH turizeni. Oceiran OalTaHBICTHI aFBIHABI CYJIAPbl OPTaHUKAJIBIK JACTAYIIBI 3aTTapAaH Ta-
3apTYABIH ap3aH, THIMAIL, SKOJIOTHSJIBIK Ta3a 9MICiH XkKacay FBUIBIMHU 3€pTTEYJIEpIiH ©3eKTi MiHIeTi OOJbIT Ta-
Obutazbl. Meipei okenai (ZnO) — e OenceH i skapThliaid oTKi3rim (oTokaranuzaTopiapabH Oipi. Maka-
Jaja THIMII SAICTepMeH CHHTE3AeNTeH HAaHOKYPBUTBIMABI MBIPBIII OKCHIIHIH MOP()OJIOTHSICHIHBIH POJaMiH-B
(RhB) GosiFbIIIBIHA KATBICTHI ()OTOKATATUTUKAJIBIK KacHeTTepre, conaai-ak ZnO yirinepiHiH y3bIHIBIK MeH
KJIBIHJBIK (Ar) KaThIHACHIHBIH OHBIH KYPBUIBIMIBIK JKOHE ONTHKABIK KaCHETTepiHe acepi 3epTTenreH. 3epT-
Tey HOTHXKeNepi atMocdepasarsl MBIPBIII alleTaThIHBIH KYHIIpY TeMIlepaTypachiHbIH JKOFapbUlaybl MBIPBIIIT
OKCHII KPHCTAJUTUTTEPiHIH MOJIIECPiHIH YIFAIObIHA OKEJIETiHIH jKOHE ©Cy epiTiHAiCIHAEeri CINTUTIK KOHIIEH-
TPaUHUACHIHBIH XOFapbuiaysl (ZnO XUMUSITBIK BIOBIpay opiciMer 0,4 M-nen 0,7 M-Te neilin cuHTe3Ienyi) Ky-
Ka, y3apTeuraH 2D miacTHHaAMapIsl anyFa MyMKiHIIK OepeTiHiH kepcerti. CuHTe3nenren yarinepaig AR
MOHIH apTTHIPY OJapIbIH (POTOKATAIMTHKANIBIK OSJICEHAUIITIH apTThIPYFa MYMKIHIIIK OepeTiHi aHBIKTaJIFaH.

Kinm co30ep: XUMUSUIBIK, TYHIBIPY, MBIPBIII OKCHI, TEPMUSIBIK bIABIPAY, ONTHKAJIBIK JKOHE KYPbLIBIMIBIK
KacueTTepi, hoToKaranusaTop, poaamuH-B.

I.b. Tonmyb6aesa, JI.B. I'punienko, E.1O. Kenpyk, K.K. Mycraduna, M.b. AiiT:)xaHoB,
X.A. A6nynnuH

Biausinue Mop(oJI0ruy OKCUAA HMHKA HA ero (OTOKAaTATUTHYECKHE CBOMCTBA

BypHOe pa3BUTHE MTPOMBIIUIEHHOCTH, IOMUMO TOJIOKUTEIBHOTO BIHSAHHS, MPUBEIO K 3KOJIOTHYECKUM MpO-
6nemaM. BrIOpoc 3arps3HSIOMNX OTXOJ0B, COAEPKAIMNX TaKHe BEIIECTBA, KAK KPACHTENH, MIECTUINABI, Ts-
JKeJIble METAJUIBI U (papMareBTHUECKUE OTXO/BI, IIPHBOJUT K 3arpsi3HEHAIO BOJIOEMOB, YTO OKa3bIBaeT Hera-
THBHOE BO3/CICTBHE Ha 4YeJIOBEKa M BOAHBIC OPTaHM3MEL B cBsA3M ¢ 3THM pa3paboTka Hemopororo, 3¢hdek-
THUBHOTO, 3KOJIOTHYECKH YHUCTOTO CII0c00a OUYMUCTKH CTOYHBIX BOJ OT OPTAaHUUECKUX 3aTPSI3HUTENCH SBISETCS
aKTyaJbHOH 3aJa4eil Hay4yHbIX ucciaenoBanuid. Okcun unHka (ZnO) sBiseTcs: OAHUM U3 HauOoJiee aKTHBHBIX
TMOJTyIPOBOJJHUKOBBIX (poTOKaTanmn3aTopoB. B crathe mccienoBaHo BiaMsHHE MOPGOJIOTHH HAHOCTPYKTYPH-
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POBAHHOTO OKCHJA LIMHKA, CHHTE3UPOBAHHOTO 3()(EKTHBHBIMU METOAAMH, Ha ()OTOKATAIMTHYECKUE CBOM-
CTBa MO OTHOLICHMIO K Kpacuteno poaamuHa-B (RhB), a Taxke M3ydeHO BIMSHUE COOTHOIIECHMS IJIMHBI K
tonmuHe (AR) o6pa3uoB ZnO Ha ero CTpyKTypHBIE U ONTHYECKHE CBOMCTBA. Pe3ynbTaThl Hccie10BaHus MO-
Ka3aJI, YTO MOBBIIICHUE TEMIIEPaTyphl OTXKHUIa arerara MUHKA B aTMOc(epe NPHUBOJINUT K YBEIHICHHIO pas-
MEpOB KPHCTAJUIUTOB OKCHJAa [IMHKA, a yBEJIMUCHNE KOHIIEHTPAUH IIEIOYN B POCTOBOM pacTBOpe (CHHTE3
ZnO mertonoM xuMmudeckoro ocaxiaerus ot 0,4M o 0,7M) no3BosseT nosry4aTs 0ojiee TOHKHE IIPOTSKEH-
Hble 2D mnactuHbl. Jloka3aHo, YTO yBelIWdeHHe 3HaueHHss AR cHHTe3MpoBaHHBIX 00pa3lOB MO3BOJSET IO-
BBILIATH UX (POTOKATATHYECKYIO aKTHBHOCTb.

Kniouesvie cnoga: XuMH4IecKoe OCaKIEHHE, OKCUJ LIMHKA, TEPMUUECKOE Pa3I0KEHHE, ONTHUECKUE H CTPYK-
TYpHBIE CBOMCTBA, pOTOKATAIM3ATOD, poAaMUH-B.
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Effect of ZnO in various alcohols on photoelectric characteristics of OSC

The paper presents the results of a study of the effect of alcohols on the electron transport of the ETL layer of
a ZnO polymer solar cell with an inverted structure. To obtain films, zinc acetate was dissolved under the
same experimental conditions in isopropanol, butanol and ethanol. According to the SEM data, it was found
that the use of various alcohol solvents in the synthesis of the film shows a change in the morphology of the
surface. The observed changes in the interface of the surface of the films are associated with the formation of
ZnO aggregates depending on the polarity used of the alcohols. It is shown that the optical width of the ZnO
band gap also depends on alcohol solvents. It is shown that the aggregation of ZnO has an effect on the elec-
tron transport and efficiency of the polymer solar cell. The voltage characteristics of the solar cells FTO/
ZnO/P3HT: IC60MA/PEDOT: PSS/Ag were measured. It is shown that the smallest aggregation of ZnO is
observed in Isopropanol, in which the organic cell showed the highest efficiency of converting solar energy
into electrical energy. The polymer solar cell has been the efficiency 2.5 %. From the obtained ETL imped-
ance measurement data, the ZnO based layer obtained in Ethanol has the lowest electron transport parameters.
This is due to the high degree of aggregation of ZnO, as a result of which the resistance to increases of the in-
terface ZnO/FTO. The solar cells based ZnO in Ethanol demonstrated an efficiency value of 0.9 % compared
to ZnO in Butanol with an efficiency of 1.6 %.

Keywords: ZnO, Isopropanol, Ethanol, Butanol, surface morphology, thermal annealing, optical spectrosco-
py, impedance spectroscopy.

Introduction

Obtaining electrical energy from the sun is one of the ways that in the near future can provide a rapidly
growing demand for clean energy. Among the currently existing various phototransverters, organic solar
cells are of great interest. Currently, the efficiency of organic solar cells (OSC) already exceeds 15 % [1-3].
The photoactive OSC layer is a volumetric heterojunction in which electron and acceptor materials are mixed
in the active layer, forming an interfacial region where excitons are separated. To minimize charge recombi-
nation at both interfaces and increase the efficiency of charge extraction, a volumetric heterojunction is
placed between the electron transfer transport layer (ETL) and the hole transfer layer (HTL). The inverted
structure is widely used in OSC due to the simple manufacturing technology, good stability and efficient
phase separation [4].

The ETL layer based on metal oxides has attracted great attention due to its high transparency in the
visible spectral region, as well as the possibility of changing energy levels and electrical properties by doping
or chemical modification [5]. Among the known metal oxides used in OSC, ZnO [6], TiO2 [7], etc. can be
distinguished. In inverted OSCs, the morphology and structure of ZnO have a strong influence on the effi-
ciency of organic solar cells [8].

ZnO is a multifunctional semiconductor with a straight wide band gap (3.37 eV for ZnO wurtzite). ZnO
has a fairly high exciton binding energy (60 MeV), which makes the semiconductor thermally and chemical-
ly stable [9]. However, the high reactivity in water leads to a rapid growth of ZnO crystallites, which makes
it difficult to control the synthesis of nanometer-scale particles. Alcohol solvents are used to prevent the
growth of ZnO nanoparticles [10]. It is known that the morphology of the surface of ZnO films depends on
the length of the alkyl chain of alcohols [11].

In this work, the influence of alcohol solvents of different polarities on the morphology, optical and
electrophysical characteristics of ZnO films was studied. The results of the study of the effect of ZnO films
obtained in alcohols of different polarities on the efficiency of OSC are presented.
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Experimental

To obtain compact layers of ZnO, the following materials were used: Zns(OH)sCl,, Isopropanol, Etha-
nol, Butanol (pure 99.9 % Sigma Aldrich). At first the FTO covered glass substrates were rigorously
cleaned [12]. The preparation of solutions was carried out in accordance with the method. For this
Zns(OH)sCl, (weighted m =49.3 mg) was dissolved separately in volume (V= 0.5 ml) in Isopropanol, Etha-
nol, Butanol. After Monoethanolamine (Sigma Aldrich) was added to the obtained solutions after 20 minutes
in an amount (V = 38 ul). Further, the solutions were mixed at a temperature of T = 60 °C for 2 hours, and
then kept for 24 hours at room temperature.

At the next stage, the solutions were applied to the FTO surface by spin-coating at a speed of 4000 rpm.
After the film was annealed in an air atmosphere at a temperature of 200 °C for 15 minutes, then annealed at
a temperature of 450 °C for one hour. A photoactive layer of P3HT: IC60MA (pure 97 % Sigma Aldrich) at
a concentration of 1:0.8 was applied to the surface of the resulting ZnO film by spin-coating. After that, the
samples were annealed in an air atmosphere at a temperature of 140 °C for 10 minutes, then PEDOT: PSS
was applied to the surface of the photoactive layer by spin-coating in volume (V=25 pl) after annealing in an
air atmosphere at a temperature of 115 °C for 10 minutes, then to the surface of the film by thermal deposi-
tion silver electrode was sprayed on the CY-1700x-spc-2 installation (Zhengzhou CY Scientific Instruments
Co., Ltd).

Microstructural characterization of the obtained samples was carried out using a scanning electron mi-
croscope MIRA 3 LMU(TESCAN). The absorption spectra of the studied samples were recorded using an
AvaSpec-ULS2048CL-EVO spectrometer manufactured by Avantes, which registers absorption spectra in
the range of 200-1100 nm and has an optical resolution of 0.04 nm. Measurements of the impedance spectra
were carried out using in the impedance mode a potentiostat-galvanostat P45X. The VAC of photosensitive
cells was determined by the Sol 3A Class AAA Solar Simulators (Newport) with the PV IV-1A IV Test Sta-
tion.

Results and Discussion

Figure 1 shows SEM images of ZnO films obtained in isopropanol (a), butanol (b) and ethanol (c). It
can be seen from the figures that the surface interfaces of the films differ. This is due to the influence of al-
cohol solvents such as isopropanol, butanol, and ethanol. So, in isopropanol, the grain sizes on the surface of
the film are about 10 nm. Further, it can be seen that the ZnO grains obtained in butanol are less than 20 nm
(Fig. 1b). At the same time, the coarse-grained structure of ZnO is obtained in ethanol with a size greater
than 20 nm (Fig. 1c).
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_ d=27.42 im - 9 =27.43.nm
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Figure 1. SEM images of a) Isopropanol; b) Butanol; c) Ethanol

The influence of alcohol solvents of different polarities is associated with the aggregation of ZnO nano-
particles due to non-covalent interactions, such as hydrogen bonding, which provides a weaker electrostatic
interaction in the film.

Figure 2 shows the absorption spectra of ZnO films obtained with different alcohols.The absorption
spectrum is typical of the absorption spectrum of wide-band semiconductors.The edge of the fundamental
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absorption band falls at 380 nm, which corresponds to the optical transition of the ZnO band gap. The figure
shows the dependences of the ZnO band gap width depending on alcohol solvents. The graph shows that the
aggregation of ZnO in the film leads to a decrease in the optical band gap from 3.2 eV to 2.8 eV. A decrease
in the optical band gap leads to a decrease in the degree of crystallinity of ZnO.
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Figure 2. Absorption spectra and Tauc plots (the inset) of films

To determine the effect of alcohol solvents on the transport and recombination of charges in the ZnO of

a polymer solar cell, an organic cell FTO/ZnO/P3HT: IC60MA/PEDOT: PSS/Ag was assembled. The volt-

age characteristics of ZnO in different alcohols are shown in Figure 3. Photovoltaic parameters of organic
solar cells are presented in Table 1.
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Figure 3. a) the architecture of the inverted PSC; b) current — voltage characteristics of FTO/ZnO/P3HT:
IC60MA/PEDOT: PSS/Ag devices

Data analysis showed that the values of short-circuit current densities vary depending on alcohol sol-
vents, so for Isoproponol (Js) 8.6, Butanol (Jsc) 7.1 and Ethanol (Jsc) 4.7 mA/cm?, respectively. The no-load
voltage (Uoc) also depends on alcohol solvents (Table 1). The change in the values of the current density is
associated with the process of aggregation of ZnO depending on alcohol solvents. The lowest aggregation of

ZnO is observed in Isopropanol, in which the organic cell showed the highest efficiency of converting solar
energy into electrical energy.
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Table 1
Photovoltaic characteristics of organic solar cells
Sample Uoe (V) Jse(MA/cm?) Umax(V) Jmax(MA/cm?) FF PCE %
Isopropanol 0.58 8.6 0.40 6.33 0.50 2.5
Butanol 0.48 7.1 0.32 5.04 0.47 1.6
Ethanol 0.38 4.7 0.24 3.2 0.43 0.9

Studies of the mechanisms of transport and recombination of charge carriers of the electron transport
layer of the ZnO film in different alcohols were carried out by the method of impedance spectroscopy. The
impedance spectra of the ETL layer in Nyquist coordinates based on solid films are shown in Figure 4. Ta-
ble 2 shows the electron transport parameters of the ETL layer calculated using the EIS-analyzer software
package, where (Rw) is the equivalent resistance of the film; (Rr) is the resistance characterizing the recom-
bination of localized electrons with holes; (ker) is the effective recombination rate of charge carriers; (zer) is
the effective lifetime of charge carriers; (Der) is the diffusion coefficient.
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Figure 4. Impedance spectra of ZnO

From the obtained impedance measurement data, it follows that the ETL layer based on ZnO obtained
in Ethanol has the lowest electron transport parameters. This is due to the high degree of aggregation of ZnO,
as a result of which the resistance to increases interface of the ZnO/FTO.

In polymer solar cell with ZnO in Isoproponol, due to the low degree of aggregation, rapid electron
transfer to the cathode (FTO) and a decrease in recombination of injected electrons at the boundary with the
photoactive layer are observed, as a result, the photovoltaic characteristics of the polymer solar cell increase
compared to other alcohols.

Table 2
The value of electrophysical parameters of films
Ry, Rz, Teff, Ker, Def,
Sample (ohm) (ohm) Ro /R (ms) ) | (emecd)
Isopropanol 51 406 7.9 10.2 807 1.7-107
Butanol 59 1662 28.1 5.1 1937 1.5-108
Ethanol 82 4020 49.0 4.2 2329 3.3-10°
49

Cepus «dunsukay. Ne 2(110)/2023



T.E. Seisembekova, A.K. Aimukhanov et al

Conclusions

The paper presents the results of a study of the effect of different alcohols in the synthesis of ZnO films
on the electron transport of a polymer solar cell. The analysis of experiments showed that depending on al-
cohols, there is a change in the morphology of ZnO, which in turn affects the efficiency of electron transport.
It is established that the optical band gap of ZnO in isopropanol is 3.2 eV and in ethanol decreases to 2.8 eV.
It is shown that changes in the morphology of the ZnO surface affect the parameters of the VAC polymer
solar cell. So for Isopropanol (Jsc -8.6 mA/cm?), Butanol (Jsc -7.1 mA/cm?) and Ethanol (Jsc -4.7 mA/cm?)
respectively. ZnO based photocells in Isopropanol have shown the highest efficiency of converting light en-
ergy into electrical energy.
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T.E. CeiicembekoBa, A.K. Aiimyxanos, b.P. Unbscos,
J1. Banues, A.K. 3eitnugeros, A.M. XKakanosa

Op typJi cnuprrepaeri ZnO-nin OSC ¢doTornekTpIrik cumarramMaiaapbiHa acepi

JKymbicTa mHBepTTENTEeH KYPBHUIBIMEL 6ap ZnO momuMepii KyH aneMeHTiHiH ETL xaGaTbIHBIH 31€KTPOH Tachl-
MaJlIayblHa CIHPTTEPIiH JCEPiH 3epTTey HOTIKenepi OepinreH. [lmeHkamapael aiy YIOiH MBIPBIII AIleTaThl
M30MPOMAaHoIIa, OYTaHOIAA JKOHE dTaHoIaa Oipaeit Toxipubenik sxaraaiiinapaa epitiani. COM momimerTepi 60-
BIHIIA TUIEHKA CHHTE31HAe SpTYPJIi COUPTTI epiTKiTepai KonaaHy OeTTik MOp(OJIOTHSHBIH ©3repyiHe SKeNeTiHi
anplkTanabl. [Inenka OeriHiH UHTepQEHCiHIH e3repyi KOIAaHbUIaThIH CIIUPTTEPAiH MOIAPIbIFbIHA xKoHe ZnO ar-
perarTapblHbIH Maiga GosnybiMeH OaitnaHblCThl. ZnO THIABIM CajbIHFAH aliMaKThIH ONTHKAJBIK €Hi CIUPT epit-
KIIITepiHeH ToyeNai eKeH iri kepceTinren. ZnO arperanuschl IeKTPOH/IB! TachIMalllayFa )KoHe MMOJIUMEpPII KYH
3NIEMEHTIHIH THIMIiIriHe acep eteTini ganenneHreH. ZnO:P3HT:IC60MA/PEDOT:PSS/Ag KyH yAIIBIKTapbIHEIH
BOJIbTAMIEPIIiK cHIaTTamMaiapsl enmenyi. Kepcerinren en a3 ZnO arperamuscs! Isopropanol-na Gaiikananst, oH-
Jla OPTaHUKAJIBIK YSIIBIK KYH SHEPIHSACHIH SJIEKTP SHEPTHACHIHA aifHATBIPY/IBIH €H KOFapbl THIMIUIITIH KepceT-
Ti. [Toaumepni KyH ySIIBIKTapbIHBIH THIMALTITT 2.5% Kypaabl. AJTBIHFaH NMIEIaHCOMETPHS MATiMETTepi KopceT-
kenzeit Ethanol-na ZnO wmerizinneri anpinran ETL kabaT eH TeMeHTri 3JIeKTp TackiMajgay rnapameTpliepiHe ue.
Bbyn ZnO arperaisiCbIHbIH KOFapbl IeHreiine OainanpicThl, HoTHXKeciHAe ZnO / FTO untepdelicinin keaeprici
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aprazsl. Ethanol-marer ZnO werizinperi kyH siementrepi 1,6% 6onarsin [TOK Butanol-marer ZnO-meH casibic-
teipranzia [TOK mani 0,9%-Fa TeH 00IaTHIHBIH KOPCETTI.

Kinm ce30ep: ZnO, u3omponaHol, 3TaHol1, OyTaHOI, 6eTTiKk MOP(OIOTHs, TEPMUSIIBIK KYHIIPY, ONTHKAIIBIK CIIEK-
TPOCKOIINS, IMIIEAAHC CIIEKTPOCKOIHSCHL.

T.E. CeticembekoBa, A K. Aiimyxanos, b.P. Unbscos,
J1. Banues, A.K. 3eiinnnenos, A.M. XKakanosa

Bausinne ZnO B pasjMYHbIX CIUPTAX HA (GOTOIIEKTPUIECKHE
xapakrepucTuku OSC

B craTbe mpencTaBieHbl pe3yabTaThl HCCICAOBAHUS BIUSHHSA CIUPTOB Ha 3IEKTPOHHBIA TpaHcnopT ETL crost
ZnO moJMMEPHOrO COJHEYHOTO BJIEMEHTa C WHBEPTUPOBAHHOW CTPYKTYpoW. [l MOJydeHMs IUICHOK alerar
IIMHKA PacTBOPSUIM NPH OJMHAKOBBIX YCJIOBHAX 3KCIIEPHMEHTA B M30IpomNaHoie, OyraHosie M staHoine. 1o naH-
HbIM COM, OBUIO YCTaHOBIICHO, YTO MCIOJIb30BAaHUE PA3IMYHBIX CIIUPTOBBIX PACTBOPHUTENEH IIPU CHHTE3€E IUICH-
KU BEJET K U3MEHEHHIO Mopdonoruu nosepxuoctu. Habmonaemple n3MeHeHus: HHTep¢elica MOBEPXHOCTH ILIe-
HOK CBsi3aHBI C 0Opa3oBaHueM arperatoB ZNO B 3aBHCHMOCTH OT MOJIIPHOCTH HCIOJIb3YeMbIX crupToB. [Tokasa-
HO, YTO ONTHYECKAs IIMPUHA 3aMpelleHHOH 30HbI ZNO TakKe 3aBUCUT OT CITUPTOBBIX PACTBOPUTEINCH, M arpera-
st ZnO oKka3bIBacT BIMSIHUE HA AJICKTPOHHBI TPaHCHIOPT U 3)(HEKTHBHOCTH MOJMMEPHOTO COIHEYHOTO DIICMEH-
Ta. M3MepeHbl BOJBTAMIIEPHBIC XapaKTEPUCTUKH cONHEeUHbIX stueek ZnO:P3HT:IC60MA/PEDOT:PSS/Ag. O6-
Hapy»XeHO, YTO HaUMEHbIas arperanus ZnO Habmomaercs B 1soproponol, B koTopoit opranudeckas siueiika mo-
Kazana HanOospIIyro 3((GEeKTHBHOCTH MPeoOpa3oBaHms COHEUHON 3Hepruu B anekrpuyeckyro. KII mommmep-
HOTO COJIHEYHOTO 3JIEMEHTa cocTaBul 2,5 %. M3 nmomydeHHbIX JaHHBIX nMmnenancomerpuu ETL cnoii Ha ocHOBe
ZnO, nony4erHom B Ethanol, umeer cample HU3KHE 3IEKTPOTPAHCIIOPTHBIC TAPAMETPBI. ITO CBA3AHO C BBICOKOIT
crenenbio arperaieil ZnO, B pe3ysbrare 4ero Boszpacraer conporusienue uurepdeiica ZNO/FTO. ConHeuHble
anemeHTHl Ha ocHoBe ZNO B Ethanol npoxemonctpupoBanu 3Hadenue KI1JI, pasaoe 0,9 %, mo cpaBHeHHIO C
ZnO B Butanol (KI1[ 1,6 %).

Kniouesvie crosa: ZnO, H30mpoIaHo, 3TaHOI, OyTaHO, MOP(HOIOTHS NOBEPXHOCTH, TEPMUUECKUI OTXKUT, OI-
THYECKasl CIIEKTPOCKOMHS, CHEKTPOCKOIHS UMITEJaHCa.
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Study of the scalar-fermionic model containing linear lagrangian fields of matter
within the framework of minimal coupling

In this article, we study a model of the universe with the scalar field and the fermionic field interacting via a
Yukawa-type potential. In the model, the component contributions of each of the fields are determined to the
total density and pressure of dark energy. We have considered the solution of the cosmological model for the
scale factor with two functional time dependences. The Yukawa-type field does not give its input to the gen-
eral pressure. In the power law case, there is a significant contribution to the total increase in pressure, to the
exponential — the scalar field. There are many cases when the universe makes a transition between succes-
sive epochs in various models of cosmological expansion. These regularities impose some restrictions on the
profile of the scalar- fermionic field interaction and the general cosmological dynamics. Energy conditions
were found to check the model under the study. In the studied model, the null energy condition, the strong
energy condition, the dominant energy condition are fulfilled, and the weak energy condition, which is not
mandatory, is not fulfilled. It is shown how it is possible to connect the cosmographic parameters — parame-
ters of deceleration g, jerk j and snap s with the power low the scale factor. We investigated these restrictions
using cosmological solutions with an evolving equation of state, such that a smooth transition between differ-
ent epochs can always occur in the universe. The scalar-fermionic model under study describes the accelerat-
ed modes of expansion of the universe. The obtained solutions correspond to the results predicted by the theo-
ry and observational data.

Keywords: scalar field, fermionic field, Yukawa-type interaction, minimal coupling, energy condition, the
cosmography.

Introduction

It is known that the universe is expanding with an acceleration, which is confirmed by the observational
data. One of the simplest candidates for the description of the dark energy, which causes acceleration, is the
cosmological constant A, introduced by Einstein in the theory of GR to describe the static universe. Space-
time with a positive cosmological constant is known as the de Sitter space-time. Therefore, the universe can
be described by the de Sitter geometry. The fermionic fields in cosmological models can be responsible for
accelerated periods in the evolution of the universe. In most of these models, the fermionic field plays the
role of inflation in the early universe and the role of dark energy in the later universe. These fermionic fields
have been studied using several approaches, the results of which include numerical solutions, exact solutions,
scenarios from anisotropy to isotropy, and cyclic cosmology [1-3]. The fermionic fields can be combined
with other components, such as the canonical and non-canonical scalar fields. In particular, inflation and
dark energy can be modeled in several ways. One subclass of these models considers this component as the
tachyon field, and this idea goes back to the models of string theory. Compared to the usual canonical the
scalar field, the resulting physics becomes richer as a whole, due to nonlinear effects. Depending on the ini-
tial conditions and interaction with other sources, these tachyons could contribute to the accelerated period of
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the later universe and be considered as a contribution of the dark energy. They can be permanent even in the
early universe, where they can be associated with the inflationary period. In works [4-13] the scalar and fer-
mionic fields were considered responsible both for the inflationary period and for the modern accelerated
expansion. This effect is recognized as a consequence of the dynamics of the model itself. The exotic nature
of these components does not contradict the observational data, and an important point of discussion is their
comparison with the canonical scalar field [14-18].

The work is structured as follows: we construct a model through an action, which represents the sum of
the Lagrangian densities of gravitational, the scalar fields, the fermionic fields and Yukawa-type fields. The
field equations of Dirac, Einstein, and Klein-Gordon are derived from the variation of the field action [19-
21].

The dependence of the scale factor on time reflects the main events in the history of the universe.
Moreover, it is the deceleration parameter that dictates the rate of the expansion of the Hubble sphere and
determines the dynamic change in the number of observed galaxies: depending on the sign of the decelera-
tion parameter, this number either increases (in the case of slow expansion), or we remain completely alone
in space (if the expansion is accelerated).

When checking fermionic sources as responsible for the accelerated expansion of the universe, different
regimes appear. In the scenario of the early universe, the fermionic field grows rapidly and the matter is cre-
ated until it begins to dominate and as a result, the initial accelerated expansion slows down. When the uni-
verse enters the domain of matter dominance, then the fermionic field again dominates, which leads to an era
of accelerated growth rates of the scale factor. In this case, the fermionic field is responsible for inflation in
the early universe and dark energy for the later universe, without the need for a cosmological study of con-
stant terms or a scalar field. In the later universe, energy again begins to dominate and there is a gradual tran-
sition to dark energy, the so-called fermionic energy period, in which the accelerated regime begins and con-
tinues into the modern era [22-33].

Methods

Let us consider the general action in the form

S = [ J=gd*x {5 +350"0, — V() + 5 [PT*D,p — (DDTHP] — Vo) — Popp}. (1)

Here the sources of gravity are: the density of the Lagrangian of the scalar field ¢

1
Ly = 50443, ~ Vi(),

where V; (¢) is the scalar field self-interaction potential. ~
The fermionic field with the potential of self-interaction V, (yy)

Ly = S [BrD,p — DB — Vo (i),

where 1 and ¥ = Ty represent the spinor field and its adjoint, respectively.
The Lagrangian density corresponds to the Yukawa type interaction showing the relationship between
the scalar and the fermionic fields

Ly = =)y,
where A is the coupling constant of the Yukawa potential.
From the variation of the action (1) on the spinor field v and its conjugate 1) follow the Dirac equations

iT*D,p — —26(;1"11) — gy =0,

V2(by)

iD, yTH +
: Y

+ A = 0,
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in addition, variation of action (1) with respect to the scalar field ¢ gives the Klein-Gordon equation for the
scalar field, which has the form

V, Vi) +Vi(P) + Apyp = 0.
The Einstein equations are obtained by varying the action (1) with respect to the metric tensor
1
Ruv - EngR = _Tuw
where T,,,, the energy-momentum tensor which is equal to the following expression

o = g0 - 9] 000% -
1 - » b b
—g"|50790:¢ — Vi(d) — 1y + % WriD;p — DYriy) — v, (ww)].

In order to study the evolution of a homogeneous and isotropic spatially flat universe, we use the
Friedmann-Robertson-Walker metric

ds? = —dt? + a(t)?(dx? + dy? + dz?), )
where a(t) is the scale factor of the universe. In this metric, the components of the tetrad are given by the
formulaase, = 6(‘,‘ and ei” = 61.”/a(t), Dirac matrices and spin connectivity are equal

re = YO’
1
r’ = l’
"
QO = 0,

1. .
Q; =5 a()y"o.
Here, the dot means the time derivative, and in what follows we will use the bilinear function u =
and let us introduce the notation V,,, = %. Then the Lagrangian of the model under study (1) will take the
form

L=-3ad? +a* ¢ — a*Vy(§) + a* ;(Pr°Y — Py°Y) — ¥V (u) — a*dug. ®)

From the Euler-Lagrange and energy-momentum tenzor, the complete system of equations of motion
corresponding to the Lagrangian (3) is

3H? = p, 4
2H + 3H? = —p, (5)
W+~ Hp + iy Vautp + iy = 0, (6)
P+ 2 Hp — iy Vo — iAphy© = 0, (7
$+3Hd +Vip+ Au=0, (8)
where _
p=L 1 V,(@) + Vo (w) + dug, ©
p =L - V(@) + V(W) ~ Vo), (10

For further calculations, we need an expression that follows from the definition of the bilinear function

u and equations (6)-(7), valid for an arbitrary potential V
C
u = E,
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where c is the constant of integration.

Results
Example 1
The system of equations (4)-(10) can have the following solution in the form of an exponential function
of the scale factor and the scalar field
a = age®, (11)

d) = (I)Oe_yt!
where ag,¢q, @ and y are some constants and a > 0, y > 0. Then from the Klein-Gordon equation (8) the
potential of the scalar field V; is equal
/1¢0cye—(3a+]/)t
aiBa+7y)
where V;, is the constant of integration. From equations (8) and (9) we find the potential of the fermionic
field V,

1 3
vy = _Ed)(z)yze—z)/t + Ea¢§ye—2yt - Vios

1 - Ace~Batnt
V, = =3agyy (5%6_ 4 +m> + Va0

The total energy density and pressure of the model under study from the Friedman equations (4) and (5)
are

where the conditions 3a? = V,, + V,, are satisfied for the constants.
The componentwise contributions of each of the fields to the total density (9), respectively, are equal to

/1¢OYC€_(3a+y)t
aiBa+y)

d)z 3 2 =2yt
pp =— + Vi(d) :Ea‘f’oye -

5 + 3a? =V,

1 - /166’_(3a+y)t
=1V,(u) = -3a —pge™ VN +——— |+ 1,,,
pPg (W) ‘lbo)’(Z ®o a3(3a+y)> 20

Acgo e~ Batyt
3 .
0

py = Augp =

Figure 1. The energy density p and the componentwise contributions of the densities versus time t, at o = 4,c =
2,a0 = 1,a = 1,)/ = Z,A = 6,V20 =1.
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Figure 1 shows the scalar field pj, (solid line), the fermionic field density p, (dotted line), Yukawa type

field density py, (dash line), the total dark energy density p (dash-dotted line). The figure shows that the
componentwise contributions of the densities in the early epoch change with time, while the total density of
dark energy remains constant.

The componentwise contributions of each of the fields to the total pressure (10) are respectively equal

to
d‘,z 3 /1¢0yce—(3a+y)t
=——V(¢p) = pdy2e V" — - piye ¥ + —3a? + Vg,
Pp ) 1(¢) = doy 2¢0Y ag(Sa ) 20
Acgg 1 Apyyce=Batnt
= Vo (W) — Vo (u) — pay2e ™2Vt — —— e~ BNt 4 3¢ | = p2ye 2Vt + — Vao.
193 20 (W) 2(u) — Pgy ag 2 boy ag(Ba ) 20

~10d 1

= Bif——p|

Figure 2. Total pressure p and componentwise contributions of the pressures versus time t, at oy = 4,¢c = 2,a4 =
La=1y=2,1=6,V,, =1.

Figure 2 shows the scalar field pressure p (solid line), the fermionic field pressure p (dotted line), the
total pressure p (dash line). The Yukawa-type field does not contribute to the total pressure. As seen from
Figure 2, the scalar field has a greater effect on the total pressure.

The solution for the fermionic field will be sought in the form

Yr () = A (£)ePx® k =0,1,2,3, (12)
where A, (t) and Dy (t) in the arbitrary functions of time.

Let us substitute the general form of the fermionic field function (12) into the Dirac equation (6), as a
result we obtain
piyiay 1

c 3a-2y

3
Yo (t) = Aooe_iateXp [i ( eGa=2nt 4 Doo)],

3 2,243 1
_ —5at [ PoY " Ag (Ba-2y)t
PY1(t) = Apqe exp [l < c 3a—2y e + Do1 |1,
=4 _fat [ _ %o 0 (Ba-2y)t D
P2 (t) 028 exp[z( c 3a—2ye + Doz ||,
3 2,203 1
H=A _Eat [ 70 0 (Ba-2y)t D ’
P3(t) 03€ 2 €xp [l< c 3a—2ye + Dos

where Ay, and Dy, at k = 0,1,2,3 are the integration constants. Conjugated field 1 = 1Ty respectively
equal to
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- 3 v%ad
H=A _Eat 0 0 (Ba-2y)t D ’
Po(t) 00€ 2 €xp|— < 3a—2ye + Doo
- 23 Psvia3
H=A Zat 0 Ba-2v)t 4 p
P1(t) 01€ 2 exp|[— ( 3a—2ye + Doy ||
- 3 2v2ad
) =—A _fat 0 0 (Ba-2y)t D ’
P2(t) 02€ 2 €xXp|— < c 3a—2ye + Doz
— 3 2y2q3 1
)= —A —itxt 0 0 (Ba-2y)t D
P3(t) 03 2 exp|— < . 3a—2ye + Dos ||,

where the conditions for the constants are satisfied % = A3, + A%, — A%, — A3, the definition of a bilinear

0

function that follows from u = ¢y =
0

Example 2
The system of equations (4)-(10) can have the following solution in the form of the power low the scale
factor and the scalar field
a = ayt?, (13)

¢ = ¢ot?,
where ay,¢,, @ and y are constants and a > 1, y < 0. Then from the Klein-Gordon equation (8) the poten-
tial of the scalar field V; is
20r - 1) ag(y —3a)
where V;, is the integration constant. From equations (9) and (10) we find the potential of the fermionic field
£

1
vy = —§¢(2)V2t2(y_1) - + Vio,

PoyPP Y a Aggct? 3¢
V, = 3a<— —2—3—) o
2r—1) t* ag(y —3a)

The total energy density and pressure of the model under study from the Friedman equations (4) and (5)
are

_ 3a?
==

(14)
p= %(2 - 3a),

where the conditions V;4 + V,, = 0 are satisfied for the constants.
The componentwise contributions of each of the fields to the total density (14) are respectively equal to
¢2 Vi) = Bagdyt* @D Aggyct 3
p [ — [ — p—
' 20— qir-3a)

+ Vlo,

3agiy?t?r-1  3¢2 _ 3adpyct¥—3%) v
200 - 1) 2 ajy-30)

pr=Va(w) =

Acpot? 3%
py = hugp = =0
ap
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Figure 3. The energy density p and the componentwise contributions of the densities versus time t, at Vo = 0, ¢y =
l,c=1lay=2,a=3,y=-2,1=0.5,q0y = 2.

Figure 3 shows the scalar field density p;, (dash-dotted line), the fermionic field density p, (dotted

line), Yukawa-type field density p, (dash line), the total dark energy density p (solid line).
The componentwise contributions of each of the fields to the total pressure (10) are respectively equal

to
i 2 2.2:2(y-1 -3
by =2 v (9) = piyre2n § FGETD Moyl 70,
2 20— 1) a3 (y — 3a)
2a  Apot’c 3agdy?t?0-D 302 3adgyct 3%
=V —Vo(w) — p3y2t20-D 4 — — - - + + Vio-
pr 2u(W) 2(u) — oy %) PIRPED 20y — 1) %) @ - 3a) 10

[——pb-- pf—p|

Figure 4. Total pressure p and componentwise contributions of the pressures versus time t, at Vi = 0,¢o = 1,¢c =
l,ap =2, =2,y =-2,1=0.5.

Figure 4 shows the scalar field pressure p,, (dash line), the fermionic field pressure p (dotted line), the

total pressure p (solid line). In this case, the fermionic field contributes more to the total pressure.
The solution for the fermionic field will be sought in the form (12). We substitute the general form of
the fermionic field function (12) into the Dirac equation (6), as a result, we obtain
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_.<¢(2)y2a8t(3a+2y) _ 2aa8t3“‘1 5 )

Ago
t) = ==
Yo(®) t%“ exp _l c(3a+2y) c(Ba—1) *

~

'_<¢§y2a8t(3“+2’/) ~ 2aa8t3“‘1 5 >

Aoq
t) = —— +
$(® t%a exp _l c(Ba + 2y) c(Ba—1)

~

'<_¢(2)y2a8t(3a+2y) Zaagt?’“_l 5 )

AOZ s
=== +
2(0) t%a exp _l c(Ba + 2y) c(Ba—1)

~

A [ 2 2a3t(3a+2y) 2aa3t3a—1 1
t,lg(t)z%exp i<—¢0y 0 0 +D )
2 i c(Ba + 2y) c(Ba—1)

where Ay, and Dy, at k = 0,1,2,3 are the integration constants. Conjugated field 1 = ¥ Ty° respectively
equal to

Yo(t) = 5—exp|—
t2¢

_ A01 2 2 3t(3a+2y) Zaa t3a 1 ]
Y (t) =Texp ( + Dy >

gy2a3t(3a+2y) Zaa t3a 1 D 1
c(Ba +2y) cBa—-1)

~

L c(3a + 2y) c(3a -1

Yo(t) = ———exp|—
t2%

~

¢2 2 3t(3a+2y) N 2aa8t3a—1 D ]
c(Ba + 2y) cBa—1)

Y3(t) = ——5—exp|—
t2%

3t(3a+2y) 2aa3t3a—1 ]
s +D
c(3a + 2y) cBa—1)

Cosmography

Cosmography makes it possible to test cosmological models that do not contradict the cosmological
principle [33]. The components of dark energy introduced by us in the model change the equations of mo-
tion, but they do not affect the relationship between kinematic characteristics. Another approach to finding
different models of dark energy is to use a pair of state determinants (j,s). It is known that the rate of expan-
sion of the universe can be expressed through the scale factor, and the deceleration parameter g corresponds
to the second derivative of the scale factor. The jerk parameter j corresponds to the fourth derivative of the
scale factor, and the third snap parameter (s). Expansion of the scale factor in a Taylor series in the vicinity
of the current moment of time ¢t leads to an expression that depends only on the metric (2) and is completely
independent of the model [34].

a(t) = ag + a(te) +;d(te) (t — to)? + 5, d(te) (t — t)* + 1 d(te)(t — to)*, (15)

where 0 means the current value of the quantity and terms above the fifth order have been omitted. The sign
of j determines the change of the universe’s dynamics, a positive value indicating the occurrence of a transi-
tion time during which the universe modifies its expansion. Moreover, the value of s is necessary to discrim-
inate between an evolving dark energy term or a cosmological constant behaviour.

Let us represent relation (15) in the form

a(t) q
oty = L+ Ho(t —to) = THE(t — t)*+

where deceleration parameter
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ia®) a1
az(t)  a(t)H2(t)

qt) =—

where a is the scale factor of the universe, and the dots denote derivatives with respect to proper time. The
expansion of the universe is considered to be accelerated if & > 0, in which case the deceleration parameter
will be negative.

For the most complete description of the kinematics of the cosmological expansion, it is useful to con-
sider the expanded set of parameters. The function in terms of derivatives of the scale factor and their value
at the power low the scale factor (13) is equal to:

Hubble parameter

lda «
H(t) = Pl
Deceleration parameter
1d%a /1day?
10 =gz (ca) =7

Jerk parameter
) = 1d3a(1da>‘3 . 3 2
j® = adt3 \adt

Snap parameter

1d*a /1da\™* 6 11 6
s(®) = adt* (a dt) 1

The parameters of deceleration, jerk and snap are dimensionless. These parameters are used to study the
dynamics of the later universe. The physical properties of the coefficients can be deduced in the form of the
Hubble expansion. In particular, the sign of the parameter g indicates whether the Universe is accelerating or
decelerating. The positive sign j defines a change in dynamics, indicating the emergence of a transitional
time during which the universe modifies its expansion [35]. The meaning s is necessary to distinguish the
evolutionary term of dark energy or the behavior of the cosmological constant. Using them, you can rewrite
expression (15) as

1 2 2 1 ; 3 3 1 4 4
a(t) = ao [1 + Ho(t — to) — EqOHO (t—to)" + 5]01‘10 (t—to)” + ESOHO (t—to)*|-
Accelerated growth of the scale factor occurs at g < 0. Accelerated increase in the speed of expansion,
H > 0, corresponds to g < —1.

Energy conditions

In the GR theory and modified theories of gravity, the distribution of mass, the momentum and the an-
gular momentum must have values for any field described by the energy-momentum tensor or the matter ten-
sor. However, Einstein's field equation does not impose restrictions on the types of states of matter or non-
gravitational regions allowed in the space-time model. This is a strong point, since general relativity should
be as independent as possible from any assumptions of non-gravitational physics. The weak point is that Ein-
stein's equation allows for solutions based on properties that most cosmologists regard as non-physical, i.e.
too unusual to correspond to anything in the real universe. The energy conditions are such criteria. They de-
scribe properties characteristic of all states of matter and all non-gravitational regions studied in physics.
Many non-physical solutions of Einstein's equations can be excluded with the help of energy conditions. In
cosmology, these four energy conditions are of great importance.

Null Energy Condition (NEC)

p+p=0.
Weak Energy Condition (WEC)
p=0,p+p=0.
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Strong Energy Condition (SEC)

Dominant Energy Condition (DEC)

p+3p=0,p+p=0.

p=20,—p<p<p.

For our model (13) the energy conditions will take the following form

NEC
2a
=z > 0.
WEC
2a
—=0
SEC
a 2a
—2(1—a)20, t_ZZO
DEC
3a? 302 (2-3a)a 3a?
—=0 < < .
t? ’ t? t2
19 309 -
0.8
20
0.6
NEC WEC
0.4
104
02
0 T T 1 0 |
0 h] 10 15 0 3 10
t
() Null energy Condition (5) (b) Strong energy Condition (5)
104 20
DEC
10
0 T i
2 4 10
? 8 IID
104
101
SEC -20
20
-304 : 304
-404 -40

(c) Weak energy Condition (5) (d) Dominant energy Condition (5)
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NEC is shown in Figure 5(a) (p + p is a solid line). WEC is shown in Figure 5(b) (p — solid line, p +
p — dotted line). SEC is shown in Figure 5(c) (p + 3p — dotted line, p + p — solid line). DEC is shown in
Figure 5(d) (o — dashed line, p — solid line, p — dotted line). These conditions impose simple and model-
independent constraints on the behavior of energy density and pressure. For our model, a null energy condi-
tion, a strong energy condition, a dominant energy condition, and a weak energy condition, which is not
mandatory, are fulfilled.

Conclusion

In this work, we analyzed a cosmological model with two components, the scalar field and the fermion-
ic field, interacting through a Yukawa-type potential. Cosmological solutions are obtained analytically for a
given value of the exponential and power scale factor. We investigate a particular solution in which it was
found that the Yukawa-type potential affects the density but does not contribute to the total pressure. These
limitations were studied using cosmological solutions with evolving equations of state, such that a smooth
transition between different epochs can always occur in the universe. We also considered some scalar-
fermionic model that can describe a single of dark energy — dark matter. To describe the kinematics of the
cosmological expansion, we found a wide set of parameters a small power scaling factor: the deceleration
parameter g, the jerk parameter j, and the snap parameter s.

Acknowledgments

This study was funded by the Science Committee of the Ministry of Education and Science of the Repub-
lic of Kazakhstan AP14869238.

References

1 Ribas M.O Cosmological model with fermion and tachyon fields interacting via Yukawa-type potential / M.O. Ribas,
F.P. Devecchu, G.M. Kremer / M.O. Ribas, F.P. Devecchu, G.M. Kremer // Modern Physics Letters A. — 2016. — Vol. 1. — No. 9.
— P. 1650039.

2 Riess A.G. Observational Evidence from Supernovae for an Accelerating Universe and a Cosmological Constant
/ A.G. Riess., A.V. Filippenko, P. Challis, et al. // Astrophysical Journal. — 1998. — Vol. 116. — No. 3. — P. 10009.

3 Riess A.G. Type la supernova discoveries at z>1 from the Hubble Space Telescope: Evidence for past deceleration and con-
straints on dark energy evolution / A.G. Riess et al. // Astrophysical Journal. — 2004. — Vol. 607. — P. 665-687.

4 Ribas M.O. Fermionic cosmologies with Yukawa type interactions / M.O. Ribas, F.P.Devecchu, G.M. Kremer
/I Europhysics Letters Journal. — 2011. — Vol. 93. — No.2. — P.19002.

5 Nojiri S. The future evolution and finite-time singularities in F (R)-gravity unifying the inflation and cosmic acceleration
/'S. Nojiri, S.D. Odintsov // Physical Review D. — 2008. — Vol. 78. — P. 046006.

6 Nojiri S. Introduction to Modified Gravity and Gravitational Alternative for Dark Energy / S. Nojiri, S.D. Odintsov // Interna-
tional Journal of Geometric Methods in Modern Physics. — 2007. — Vol. 04. — No. 01. — P. 115-145.

7 Bamba K. Future of the universe in modified gravitational theories: Approaching to the finite-time future singularity
/ K. Bamba, S. Nojiri, S.D. Odintsov // Journal of Cosmology and Astroparticle Physics. — 2008. — Vol. 10. — P. 045.

8 Bamba K. Finite-time future singularities in modified Gauss-Bonnet and F (R, G) gravity and singularity avoidance
/ K. Bamba, S.D. Odintsov, L. Sebastiani, S. Zerbini // The European Physical Journal C. — 2010. — Vol. 67. — P. 295.

9 Padmanabhan T. Accelerated expansion of the universe driven by tachyonic matter / T. Padmanabhan // Physical Review D.
— 2002. — Vol. 66. — P. 021301.

10 Abramo L.R.W. Cosmological dynamics of the tachyon with an inverse power-law potential / L.R.W. Abramo, F. Finelli
/I Physics Letters B. — 2003. — Vol. 575. — No. 3. — P. 165.

11 Calcagni G. Tachyon dark energy models: Dynamics and constraints / G. Calcagni, A.R. Liddle // Physical Review D. —
2006. — Vol. 74. — P. 043528.

12 Myrzakulov R. Cosmological solutions in F (T) gravity with the presence of spinor fields / R. Myrzakulov, D. Saez-Gomez,
P. Tsyba // International Journal of Geometric Methods in Modern Physics. — 2015. — Vol. 12. — P. 1550023.

13 Yerzhanov K. g-Essence as the cosmic speed-up / K. Yerzhanov, K. Yesmakhanova, P.Tsyba, N.Myrzakulov,
G. Nugmanova, R. Myrzakulov // Astrophysics and Space Science. — 2012. — Vol. 341, No. 2. — P. 681-688.

14 Avelino P. The politics of sustainability transitions / P. Avelino et al. // Journal of Environmental Policy and Planning. —
2016. — Vol. 8. — No. 2. — P.70.

15 Joyce A. Trodden M. Beyond the cosmological standard model / A. Joyce, B. Jain, J. Khoury // Physics Reports. — 2015. —
Vol. 568. — No. 2. — P. 1-98.

16 Bamba K. Dark Energy Cosmology: The Equivalent Description via Different Theoretical Models and Cosmography Tests
/ K. Bamba, S. Capozziello, S. Nojiri, S. Odintsov // Astrophysics and Space Science. — 2012. — Vol. 342. — P. 155-228.

62 BecTHuk KaparaHguHckoro yHnBepcuTeTa



Study of the scalar-fermion model containing linear ...

17 Copeland E.J. Dynamics of dark energy / E.J. Copeland, M. Sami, S. Tsujikawa // International Journal of Modern Physics D.
— 2006. — Vol. 15. — No. 11. — P. 1753-1935.

18 Capozziello S. Classifying and avoiding singularities in the alternative gravity dark energy models / S. Capozziello, M. De
Laurentis, S. Nojiri, S.D. Odintsov // Physical Review D. — 2009. — Vol. 79. — P. 559.

19 Ribas M.O. Fermions as sources of accelerated regimes in cosmology / M.O. Ribas, F.P. Devecchi, G.M. Kremer // Physical
Review D. — 2005. — Vol. 72. — P. 3502.

20 Samojeden L.L. Fermions in Brans-Dicke cosmology / L.L. Samojeden, F.P. Devecchi, G.M. Kremer // Physical Review D.
— 2010. — Vol. 81. —P. 7301.

21 Samojeden L.L. Accelerated expansion in bosonic and fermionic 2D cosmologies with quantum effects / L.L. Samojeden,
G.M. Kremer, F P. Devecchi // Europhys. Letters. — 2009. — Vol. 87. — P.1.

22 Razina O. Cosmological Einstein-Maxwell model with g-essence / O. Razina, P. Tsyba, B. Meirbekov, R. Myrzakulov // In-
ternational Journal of Modern Physics D. — 2019. — Vol. 28. — No. 10. — P. 1950126.

23 Razina O. Power solution of the f (R)-gravity with Maxwell term and g-essence / O. Razina, P. Tsyba, Z.M. Sagidullayeva
/I Bulletin of the university of Karaganda-Physics. — 2019. — Vol. 1. — No. 93. — P. 94-102.

24 Ribas M.O. Fermions in a Walecka-type cosmology / M.O. Ribas, P.Zambianchi, F.P.Devecchi, G.M. Kremer
// Europhysics Letters. — 2012. — Vol. 97. —P. 5.

25 Kulnazarov 1. G-essence with Yukawa Interactions / I. Kulnazarov, K. Yerzhanov, O. Razina, Sh. Myrzakul, P. Tsyba,
R. Myrzakulov // The European Physical Journal C. — 2011. — Vol. 71. — No. 7. — P. 1698.

26 Tsyba P. Scenario of the evolution of the universe with equation of state of the Weierstrass type gas / P. Tsyba, O. Razina,
Z. Barkova, S. Bekov, R. Myrzakulov // Journal of Physics: Conference Series. — 2019. — Vol. 1391. — P. 012162.

27 Razina O.V. Cosmological Yang-Mills model with k-essence / O.V. Razina, P.Yu. Tsyba, R. Myrzakulov, B. Meirbekov,
Z. Shanina // Journal of Physics Conference Series. — 2019. — No. 1391(1). — P. 012164.

28 Altayeva G. Cosmography in the multifield cosmological model / G. Altayeva, O. Razina, P. Tsyba // Bulletin of the Univer-
sity of Karaganda-Physics. — 2022. — No. 2(106). — P. 37-48.

29 Myrzakulova S.A. Slow-roll inflation in the k-essence model with a periodic scalar field function / S.A. Myrzakulova,
O.V. Razina, N.A. Myrzakulov, A.B. Altaybaeva // Recent Contributions to Physics. — 2022. — Vol. 81. — No. 2. — P. 19-27.

30 Rakhatov D.Z.Power-law solutions of the f(G) gravity model with electromagnetic and scalar field / D.Z. Rakhatov,
P.Y. Tsyba, O.V. Razina // Recent Contributions to Physics. — 2022. — Vol. 80. — No. 1. — P. 12-21.

31 Razina O. G-essence cosmologies with scalar-fermion interactions / O. Razina, Y. Myrzakulov, N. Serikbayev, S. Myrzakul,
G. Nugmanova, R. Myrzakulov // European Physical Journal Plus. — 2011. — Vol. 126. — No. 9. — P. 85.

32 Bonorun FO.JL. Pacmmpsitomasicst Beenennasi: 3amemsienue win yckopeuue? / H0.JI Bomotun, I.A. Epoxun, O.A. Jlemen
/I Yenexu dusnyeckux Hayk. — 2012. — T. 55. — Ne 9. — C. 876-918.

33 Arjona R. Novel null tests for the spatial curvature and homogeneity of the Universe and their machine learning reconstruc-
tions / R. Arjona, S. Nesseris // Physical Review D. — 2021. — Vol. 103. — P. 063537.

34 Capozziello S. Cosmography of f (R) gravity / S. Capozziello, V.F. Cardone, V. Salzano // Physical Review D. — 2008. —
Vol. 78. — P. 063504.

35 Capozziello S. Gravity Cosmography / S. Capozziello, R. D’Agostino, O. Luongo // General Relativity and Quantum Cos-
mology. — 2019. — Vol. 1. — No. 35. —P. 82.

IL.IO. Lp16a, I'.C. AntaeBa, O.B. Pa3una

MuHuMaabl 63apa dcepJiecyiH KAMTUTBIH MAaTepPUs OPiCTePiHiH ChI3BIKTHI
JIArpaHKMAHAAPBbI 0ap CKAJAPJIbIK-GepMHUOHABIK MOAEbI 3epTTey

Makanaga FOxaBa THNTI MOTEHIMAT apKBUIBI OPEKETTECETIH CKAJLIPIBIK XOHE (EpMHOHIBIK epicTepi Oap
OJNIeMHIH MOJIelNi 3epTTeNreH. 3epTTeleTiH MO/eNble KapaHFbl SHEPTHSHBIH Kbl THIFBI3ABIFEI MEH KBICHI-
MBIHa ©picTep/iiH opKaHCHICBIHBIH Kypamjac Oeuiri GoMbIHINA yiecTepi aHbIKTanraH. KoCMOJOTHSUIBIK MO-
JIeTIb eCerTepiH mremyae QyHKIMOHAIBI yaKbITKa TAyenai eki memriMi 6ap macmradTsl (pakTop KapacTbl-
poutraH. FOkaBa THIITI epic skambl KbICBIMFA 63 YJIeCciH Kocmaiasl. Jopekenik xarnaiina GepMHOHIBIK epic,
aJ1 HKCIOHEHIMAIIBI — CKAJSPIIBIK OpicTe TONBIK KbICHIMFa KeOipek ynec Kocajpl. Kem jxarnaitnapaa, Koc-
MOJIOTHSITBIK YJIFAIOJIBIH OPTYPIIl MOJieTbAepiHe OJeM Ke3eKTi 1oyipiep apachlHAa aybICy bl )KY3ere achipa-
Jbl. By 3aHABUIBIKTAp CKaJAPIIBIK XKOHE (GEPMHUOHIBIK 6pic dcepiecy MpodHIiHe KOHE HKaJIbl KOCMOJIOTHS-
JBIK AWHAMUKara Oenrini Oip mekTeynep KOsSAbL 3epTTeNeTiH MOJENb/l TeKCepy YIIH SHepreTHKAabIK JKar-
Jail aHBIKTa/Ibl. 3ePTTENETIH MOISIIB/IC HOJIIK YHEPTeTHKAIIBIK XKaFIai, KYIITI SJHePreTHKAJIBIK jKaFaail, yc-
TEMJIIK YHEPTeTUKANBIK JKaraail OpbIHAANAIbI JKOHE MIHACTTI €MeC dJICi3 DHEPTeTUKANBIK JKaFrAall OpBIHAAN-
Maiinel. Kocmorpadusnbik napameTprepain —  6asysary mapameTpi, j cepriny mapameTpi xoHe S 6Gacy
nmapameTpJepiHiH AOpexeNiK MacmTaOTsl (aKTOPBIHBIH MOHIMEH Kanail OaillaHBICTBIpYFa OONATHIHIBIFBI
KepceTireH. by mekreynep KOCMOJIOTHSUIIBIK MISIIiMASP i KOIaHa OTBIPBII, SBOJTIOLMOHANABIK KYil TeHIe-
yiMeH 3epTTeN/i, ochuIaiila OneMzae op Typii ASyipiep apachlHaa OipKalbIIThl aybICy O0JIybl MYMKiH. 3epT-
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TEJIN OTBIPFaH CKaJSIPIBIK-(QEPMUOHABIK MOAETBACD OJIEMHIH yIeMell YIIFal PeKHUMICPIH CHIATTaiIbI.
AJbIHFaH HOTIDKE OOBIHINIA HIeHiMaep, OaKpUIay JepeKkTep HOTHKEIEpiMEeH TeopusichiHa GoDKay colikec Ke-
nemi.

Kinm ce30ep: ckamspisl epic, pepMHOHIBIK opic, FOkaBa THIITI acepiiecy, MUHUMAIIBI 9CepIIecy, SHepreTH-
KaJIBIK JKaFaai, kocMorpadus.

ILIO. 164, I'.C. AnrtaeBa, O.B. Pasuna

HccaenoBanme ckajasipHo-(pepMUOHHON MOJIEJIH, COlep Kallell JIUHeHHbIe
JIarPaHKMAHBI 110JIell MAaTepHH, B PAMKAaX MUHUMAJIBHOI0 B3aUMO/1eliCTBUA

B crartbe nccnenoBaHa Mojienb BeeneHHO# co CKaIsIpHBIMU M (PePMHOHHBIMH TIOJISIMHU, B3aUMO/ICHCTBYIOLIH-
MH depe3 noteHiman tuna fOxaBel. B naHHON MoJeny ompeneneHsl OKOMIIOHEHTHBIE BKIAIbI KaXKIOTO 3
0JIeH B MOJIHYIO IJIOTHOCTh U JIaBJIEHHE TEMHOM 3Hepruu. PaccMOTpeHo pelieHne KOCMOIOIHYECKON MoJe-
T JUTS MacmTabHoro (akropa ¢ IByMs (GYHKIHOHATEHBIMU 3aBUCHMOCTSIMH OT BpeMeHH. [lone Tuma FOkaBbt
HE JIaeT CBOETO BKJIAJa B oOmiee IaBieHHe. B cTeneHHOM cirydae GONBINHN BKIIaJ B ITOJHOE JIaBJICHUE OCY-
IIECTBISIET ()ePMUOHHOE TI0JIe, B AKCHOHEHIIMAIIBHOM — CKaJisipHOe. CyIIecTByeT MHOXKECTBO CIIydaeB, KO-
raa BeenenHas copepiaeT nepexol MEXAy HOCIEAYIOIIMHU SII0XaMHU B PA3IMUHBIX MOJEINIIX KOCMOJIOTHYe-
CKOTO pacHIMpeHus. DTH 3aKOHOMEPHOCTH HAKIAIbIBAIOT HEKOTOPHIE OTPAaHHYCHHS Ha MPO(HIb CKAISPHO-
(hepMHOHHOTO B3aMMOAEIHCTBHSA M Ha OOI[YI0 KOCMOJOTHYECKYIO TUHAMUKY. JIsI IPOBEpKH HCClIeTyeMOn
MOJENN HalIeHbl YHEpreTHYeCKUe yclIoBusA. B yka3aHHOH MoJenM BBIIONHIETCS HYJIEBOE SHEPIreTUUECKOe
YCJIOBHE, CHIIBHOE YHEPTeTHIECKOe YCIOBHE, JOMHHUPYIOIIEE SHEPTETHIECKOE YCIOBHE U HE OCYIIECTBISACT-
cst ciaboe SHEPreTHYecKoe yClIoBHe, KOTOpoe HeoOs3arenpHoe. [loka3aHo, Kak MOXKHO CBsA3aTh KocMorpadu-
YECKHUE MapaMeTPhl — MapaMeTphl 3aMeIEHHS. (], PBIBKA | 1 IIENYKa S CO CTENEHHBIM 3HAYEHHEM MACIITa0-
HOro (hakTopa. ABTOpPaMH HCCIIEIOBAaHbI OTPAHUYCHUS, C HCIIOIb30BAHUEM KOCMOJOTHYECKUX DEIICHUH C
SBOJIIOLIMOHUPYIOIUM YPaBHEHUEM COCTOSHMSL, TAKUM, UYTO BO BceneHHON Bcerna MoxKeT IMPOU3OWUTH IIaB-
HBIA Nepexo MeXIy pasHBIMH 3II0XaMH. B mcciemxyeMoit ckansipHO-(EpMHUOHHOW MOJENH OIHCAHBI YCKO-
PEHHBIE pexUMBbl pacuiupeHus BcenenHoli. IlonyueHHBIe pelIeHUs] COOTBETCTBYIOT pe3yJbTaTaM, MpejcKa-
3aHHBIM TEOpHEH.

Kniouesvie cnosa: ckamspHoe noie, GepMHOHHOE TONe, B3auMozaelcTeue Tima KOxaBbl, MUHUMaIbHOE B3au-
MozeiicTBHe, SHEPTeTHIECKHE YCIOBHUS, KOCMOTpadus.
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Instability in multi-valley semiconductors in external electric and magnetic fields

It is theoretically proved that the excited wave in two-valley semiconductors is growing. It is indicated that
the directions of external fields play an essential role for the appearance of growing waves in the sample. It is

shown that oscillations can occur at certain values of the sample dimensions Lx , Ly , Lz Analytical formulas
for the frequency of the growing waves are obtained. The interval of variation of the external electric field in
a strong magnetic field x#H >>C has been determined. The paper takes into account that the time of transi-
tion from the lower valley to the upper valley differs from the time of transition from the upper valley to the
lower valley. It meansz;, # 7,1 In the sample, the total concentration is constant, and therefore,
Ng =N, + N, =const. The changes in the corresponding concentrations are equal to each other and have
the opposite sign, i.e. N, =—ny . It is taken into account that at critical values of the electric and magnetic

fields and the corresponding concentrations they change as a monochromatic wave. And the change in these
quantities differs little from their equilibrium value. For simplicity of mathematical calculations, the external
electric and magnetic fields are directed in the same way, i.e. in x direction. Since the current oscillations in
one direction (for example, along x) are studied in the experiment, the following equalities were taken into

account jy, =0, j; =0 In the vicinity of the critical field at the beginning of the current oscillation in the

sample, the current oscillation frequency is @ =@, +i@,, @, << @, . In addition, the magnitude of the

critical electric field, at which the current fluctuation changes depending on the magnetic field as follows
1

B ~

4
H external

Keywords: growth, oscillation, frequency, increment, valley, mobility, effective mass, Gunn’s effect.

Introduction

In [1-5], current oscillations in semiconductors with one type of charge carriers and in semiconductors
with two types of charge carriers were theoretically investigated. In these theoretical studies, analytical ex-
pressions were obtained for the vibration frequency and for the critical electric field at the onset of vibration
inside the sample. It is known that fluctuations in the current in the Gunn effect occurs due to the transition
of electrons from a low energy level to a higher energy level. Of course, after the transition of electrons from
the lower energy level to the upper energy level, the number of charge carriers in the lower valley decreases,
and in the upper valley their number increases. After the inelastic interaction of charge carriers, losing the
energy received from the electric field, they return to the lower valley. The transition time from the lower
valley to the upper valley z,, differs from the time of the transition from the upper valley to the lower valley

Ty, 1€
Under the influence of external electric magnetic fields, current fluctuations in the circuit occur due to
the presence of inequality (1). The effective mass of charge carriers m, in the lower valley, and the effective
mass of charge carriers ™ differ significantly
m, << mj 2
(in GaAs, m, =0,072m,, m, =1,2m,, m, is the mass of a free electron). In the Gunn effect [6], current

- . i . _ 2-10%V 3-10%V
oscillations begin at a critical value of the external electric field, approximately Am or Am. In
these critical values of the electric field, the inequality
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eEy,L >> DVn 3
(L is electron mean free path, e is elementary charge, D is diffusion coefficient, Vn is electron con-
centration gradient). In force (3), during the transition from valley a to valley b, diffusion currents do not
play the main role. In this theoretical work, we will investigate current oscillations in semiconductors of the
GaAs type under the action of an external constant electric and magnetic fields, taking into account inequali-
ties (1-3). Under the conditions of execution (1-3) and taking into account the direction of the external elec-
tric and magnetic fields, we will theoretically investigate the frequency of current oscillations in the above
semiconductors and the critical value of the external electric field. We will investigate current oscillations in
two-valley semiconductors at different directions of external electric and magnetic fields.

Basic equations of the problem

The electron concentration in GaAs is constant, therefore
Ny =N, +n, = const

Ny =-n, (4)
The equation of continuity in the valleys “a” and “b” is as follows:
ony .- N
—2 4divj, =—2 (5
otV =7 (5)

T gy =2 (6)
ot Ty

Taking into account (3) in the presence of external electric and magnetic fields, the expressions for the
flux density in the valleys “a” and “b” have the form:

Ja=0.E+0y, [EHJ+0’2aI:| [EH] @)
b =o,E+oy [EH]+JZbH [EH] ' (8)
Here o,, =en,pttaps Glap =€Mapthap’ Ozap =CMaplap: Haptap toap COTESpONding to electron mo-
bility '

’

% =—irotE’ (9)

Theory .
To determine the dispersion equation from (5, 6), taking into account (7-9), we will assume that all var-
iable quantities change as monochromatic waves, i.e.

TV i(E?—Wt)
| o (-E,H N2.ng) e- | 8]
(x is wave vector,  is vibration frequency within the sample)
E=E +E'n, =nd+ny,n, =ng +ny,H=Hy, +H" (10)
The direction of the magnetic field H, relative to the electric field E, is essential for determining the

dispersion equation. First, we obtain the dispersion equation from (5-6) with the orientation of the electric
and magnetic fields by the following sample

E, =iE,,Hy =iH, (11)

(7 is unit vector in x). On the basis of (11) from (7) it is easy to obtain:

’ 0 0

- - -~ N - c — -\ 205.CEyr-=

o = 9B +T2E} (020s + 09agp2a )+ T - Eo(a§+a§a)+|aga5;+"laHE0(E;k—kXE')+—“Za °[KkE'] (12)
Na0 wH, oH,

jy has the form (12) only “a” must be replaced by “b”. Writing down the components (12) ( ji. Jay  J2:)
and from the condition j;, =0, j;, =0 finds the components E; and E; then supplying the values Ejand

E, in ji, we find:
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. . 20,,Ck,E 1 209,ck, By (2L, 1 , o
Jax = O-ga (l+2¢2a)+2¢a0 -2z 0. 0 0 - T _y+_2 Ex +_ao-gaE0 (13)
wH, 0a01a  ®H ’ oH, L, u N.o

2(5§a )2 ckyEy

ity has the form (13) if “a” is replaced by “b”. Supplying j, and j;, in (14) taking into account (4)
divi, N, (1+iwry,)
(1)
diviy, = np (1+icry)
™
We easily obtain the following dispersion equation

i L, 4rc 87cE ol 87cE Lo
[;_wwgakxonaga 0| D7 g | AR Bk (1 by ) Srok (1 Lo o,
(&3] 2mt, By Hol, LyHo u"\47 u,B Holx \ 47 1B

i L,w? 4 E ol L,w
+ LJFIUgkaEO O'gb @, 1L 2w _LEO_%.% 1 Yy ) _8rck 15 )
T 4 u,Ey HoL L,Hy u”l47 uE HoLy \ 47 1,Eq

(15)

Here @, =2¢, +1+2¢,,, @, =2¢p, +2¢,,
From (15) it turns out:
. m .
o° —{LﬂugkaEO +a 0, +—a&[L+ygakXEo Ha)z +
o1 My @y \ 712

1 T12

"{wa (L"'ﬂgbkxEO]aa + 0,0y + 00y (L+ﬂgaE0kxj:|(0_ (16)

i m,( i
— Wy Wy (_"' /ugb Eokx]_wxwa _a[_"',ugakxEOj =0

T My \ 712
2cL 2cL 47°E
Here a)xzm—CEO,aa:2(Da+—y,ab:2¢b+ Y ,wa:M
HOLx ,uaHOLx xUbHOLx (DaLy

Supplying in (16) o=, +im,, taking into account @, << @, (17), we obtain the following two equa-
tions for determining w, and o,
@ — Qo +2Q oy + yiay —yim —& =0 (17)
3af o — 2oy — 2 + Yoy +yiay -5 =0 (18)

2
M, i 2 —% (’uaEO) 2 _ 87 /,lan . 53 _327[2 O_O /UZa/uaEO
) 0 —

Here =10 Ek,, @ =—2.— = Al . =
% = Han ok Ty 7 7 ou LL, YUu Kk, u L2

53647 (4E)" 2 m,

U4 oLl o, m

When obtaining dispersion equations (17-18), we assumed that
2
m, 1(m,
=r,—, L, =4L,, L, >~ 2| L
71 =712 m y 71 Lx 2[ ] y

a

Analysis of equation (17-18) shows that for
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2
1 L
>E_, K =—| —2— (19
. rew [leJ 127?0’2b#3a( )

8o My My A1my 1 (20)

),
0 0 !
u m, u, 3m, 7

And the condition @, >> @, is met if

Ty >> ;(%] (21)

24engp 11, \ My

It can be seen from (20) that the frequency of the growing oscillations decreases with «, an increase in
1

.. . . k .
the external magnetic field a3w~%, and the critical field decreases as bOH . Thus, with an external

magnetic field, it is possible to obtain current oscillations in two-valley semiconductors at lower values of
the external electric field. This result was obtained in our previous theoretical works [7]. If we evaluate the
existing experimental values (19-20), then we can easily get approximate values

E, ~102V

@ ~10°Hz, @, ~2-10"Hz, Am, Ty ~67), .

Now we will choose the following orientation of the electric and magnetic fields
Eo =ik, Ho :J?Hol (22)

With orientation (22), repeating calculations using equations (5.6) taking into account (4), we obtain the
following dispersion equation

~ 2 2 ~ 2 2 . 2 2
6, o;+o, [ 1 &, 1 o U, +o,U i (o o
o, P Oa\T21 712

Here

din din
0'2=k6au ,0'2=k6'ua,5azaa 1+2¢,); 6, =0, (1+2¢,); ¢, = Ha Y = Ho
P T2 0( ) P bo( ) dIn(Eoz) dIn(Eé)

From (23) is the electric field

_ 20, 0y (1+0, +0,) _ 2(Den_b0 (24)
€Ny g o, Ky Ke
Supplying (24) to (23) with

721 Oq Tp2 a

2 2 2
5 O + O
[i+@.ij e, T 02 o)
O

We obtain the following expressions for the oscillation frequency in the above two-valley semiconduc-

tors
1(1 6, 1i 11&b1[i }
= —+= || =(1+42) ]|, @y =—F=| —+ 2 || =(1-~2 26
“ \E(TZI +5—a z-12]|:2( +\/_):| “2 \E[TZ]_ +5—a TIZJ 2( \/_) ( )
It can be seen from (26) that the excited wave with frequency «, = i(i+@i] and grows with
V2 Tar 04 Tp2
the increment ;/:i i+@-i 1+42
2\t 6, 71 2
A wave with a frequency @, is damped. This means that when the magnetic field is directed perpendic-

ular to the electric field, a wave is excited with a frequency that is very different from the case Eo L Ho
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Conclusion

Two-valley semiconductors with valleys “a” and “b” effective masses of electrons are m, < m,. In an
external constant electric and magnetic fields, we radiate energy at a high frequency, at certain values of the
electric field. Magnetic field values are u, Hy >>c¢ and x4, Hy >>c. These fluctuations occur in the sample

with certain values L,,L,,L,. Hy L E, the oscillation is excited with a different frequency and in a different

value of the external electric field. Rough estimates of the electric field and vibration frequency within the
existing experiments are quite satisfactory.
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ChIPTKBI 2JIEKTP KIHE MATHUT OpicTepinaeri
KOIIKAKTHI ’KAPThLIAl OTKI3rimTepaeri TYpakcbI3AbIK

ExikakThl KapThUlail ©TKI3TIIITEpAeTri KO3FaH TOJKBIH OipTiHAEN apTaTHIHBI TEOPHUSUIBIK TYPAE AOJICIICH/II.
CBIpTKBI ©picTepaiH OaFbITTaphl YATLAET1 apTHIN Keje jKaTKaH TOJKBIHAAPIBIH Maiiia OOoMysl YIIiH MaHBI3IbI

pex aTkapaThiHbl KepceTitren. TepGemicTep yiri enmemaepinin Genrini 6ip mongepinne L, Ly ,L, Gomysr
MYMKiH €KEHJIT1 ToNeNACHTeH. APTHIT Kelle KaTKaH TOJKBIHAAPIBIH KUITIr YIIH aHATUTHKAJBIK (GopMyIia-
nap ameiEAbel. Kymri marsmt epici 6ap f(H >>C cripTke! amextp epiciHiH e3repy apambIFbl aHBIKTAIIEL.
JKymMbicTa TOMEHT1 aiMaKkTaH >KOFapFbl aiiMakKa ©Ty yaKbBITHI KOFAapFhl aiiMaKTaH TOMEHT1 aiiMakka eTy ya-
KBITBIHAH ©3Telle eKEeHIri ecKepinreH. bys nereniMis 7, # 7,q . YJTijle *ajmbl KOHLEHTPALHs TYPaKThI,
CoHABIKTaH Ny =N, + Ny = CONSt. TuicTi KOHIEHTpamUsIAPIBIH ©3repyi Oip-OipiHe TeH oHe Kapama-
Kapchl TaHOara ue, sFuu N, = —Ny . DIEKTp %oHEe MArHUT OPICTEPIHIH KPUTHKAILIK MOH/IEPIHJIE KaHE THICT

KOHIIEHTpaLysIapia MOHOXPOMATTHI TOJIKBIH peTiH/e e3repeTiHi eckepinai. XKoHe Oy mamanapabiH e3repyi
OJIap/IbIH TeTle-TeHAIK MOHIHEH a3 epeKiueneHe1i. MaTeMaTHKaIbIK ecenTeyiep/iH KapanaibIMIbUIBIFb YIIiH
CBIPTKBI JIEKTP JKOHE MarHUT epicTepi Oip OarbITTa, SIFHA X OOWBIHIIA OAFBITTATFaH. DKCIEPUMEHTTE TOKTHIH

. . . o . . . ! !
Tepbenicrepi Gip GarbITTa (MBICAJBI, X OOMBIHINA) 3EPTTENTCHIIKTEH, Keleci TeHIIKTep ly = 0,]; =0 6o-

JIATBIHBI €CKepiIai. YJrimeri 6acTanksl TOK TepOeMiCiHiH KPUTHKABIK OPICIHIH alfHalackIHIa TOK TepOemici-
HiH Kuiniri @ =@g +i@;, @ << @ . COHbBIMEH KaTap, KPUTUKAIBIK SJIEKTP OPICiHiH MaMAachl, TOKTHIH

1

4
external

TepOenici MarHuT epicine OaiimaHbICTHI Keneciaeit esrepeai Ey, ~

Kinm ce30ep. apty, TepOelnic, )KHULTIK, 6Cy, )KaKThl, KO3FaJIbIC, THIMII Macca, ['aHH 3¢ ¢exTici.
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9.P. I'acanos, I11.I". Xanumaosa

HCYCTOﬁqHBOCTb B MHOI'OJAOJHHHBIX IMOJYINPOBOAHHUKAX BO BHCIITHEM
INEKTPUICCKOM U MATHUTHOM I10JISIX

TeopernueckuM 00pa3oM IOKa3aHO, 9TO BO30OY)KaaeMasi BOJIHA B ABYXJOJIMHHBIX ITOJYIPOBOJHAKAX SIBIISET-
csl HapacTaromieil. Yka3aHo, YTO HallpaBlIeHNs] BHEIITHUX MOJEH UTPalOT CYIMIECTBEHHYIO POJIb IS MOSIBICHHS
HapacTaloIUX BOIH B oOpasie. ITokazaHo, 4To kKoaeOaHHs MOTYT MPOMCXOJUTH MPHU ONpPEAEICHHBIX 3HaYe-

HUAX pasMepos obpasua L, Ly ,L, . Tlonmydens! anammtiaeckune (opMyITBl LTS 9aCTOTH HAPACTAFOIIUX BOJH.

Onpez{eﬂeH HUHTEPpBAJI H3MCHCHHS BHCIIHETO JJICKTPUYECKOTO MOJid IpU CHUIIBHOM MAarHuTHOM IIO0JIE
,LlH >>C . B cratbe YYTEHO, UTO BpEMs II€EpEXoaa U3 HIDKHEH JIOJIMHBI B BEPXHIOIO OTINYACTCA OT BPEMEHU

nepexosia U3 BEpXHEH JOJMHBI B HMKHIOK. DTO O3HAYaeT T1p, # Tpq . B 0Opasuie 00mas KOHLEHTpaIus 1o-
CTOSIHHA, HO3TOMY Ng = Ny + Ny, = CONSt. M3MeHeHUs COOTBETCTBYIONMNX KOHICHTPAUH PaBHEL APYT OPY-

Iy U UMEIOT IPOTUBOIOIOKHBIN 3HAK, TO €cTh N, = —N{ YYTEHO, YTO IIPH KPUTUYECKUX 3HAYCHHUAX DIEK-

TPUYECKOTO U MArHUTHOI'O mmoJjei COOTBETCTBYIOIIME KOHICHTPALUU MCHAIOTCSA KaK MOHOXPOMATHYECKUE
BOJHBL. V3MeHEeHUe 3TUX BEJIMYUH MAJIO OTJIMYAETCS OT UX PaBHOBECHOT'O 3HAYCHUS. ,HJ'IF[ IIPpOCTOTHI MaTEMa-
THYCCKHUX BBIUMCIICHUI BHEIIIHEE QJICKTPHUYCCKOEC U MAarHuTHOC I0JIA HaAIlpaBJICHbBI B OJTHOM HallpaBJICHUU, TO
€CTh 110 HAIIPaBJICHUIO X. HOCKOJ’[LKy B SKCTICPUMECHTE UCCIIENOBAHBI KoJieOaHus TOKa B OJHOM HaIlpaBJICHUUN

H H
Harpumep, BAOJIb X UTBHIBAJIUCH CICAYIOIIME PAaBCHCTBA. = O, = 0 . B okpecTHOCTH KPUTHUECKOTO
> s y z

oJIsi B Havayie KojeOaHHus TOKa B 06pa3ue, 4acToTa KOJIeOaHUs TOKa @ = W +i w,, 0, << wy . KpOMe

TOTO, BEJIMYMHA KPUTUYECKOTO DJICKTPHUYICCKOI'O IMOJIA, IIPU KOTOPOM KojiebaHe TOKa U3MEHSETCS B 3aBUCH-

1
H4

external

MOCTH OT MAarHuTHOTI'O I10JIAA, BBIITIAAUT CICAYOLIUM 06pa30M: Ekr -~

Knrouegvie cnosa: HapacTaHue, KoyieOaHHE, 4acTOTa, NMPUPAIICHHUE, JIOJIMHA, MOJIBHXHOCTh, 3((OEKTUBHAS
Macca, ¢ dexr ['anHa.
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DFT studies of BaTiO3

The structure of stable phases is investigated using first-principle calculations based on the functionals: LDA,
GGA and newly developed general-purpose heavily constrained and appropriately normalized meta-GGA-
functional (SCAN). The purpose of this study is to theoretically study the atomic displacements and band gap
of the cubic, tetragonal, orthorhombic, rhombohedral perovskite phases for the comparison LDA, GGA-PBE
and meta-GGA functionals using the density functional theory method. The obtained data of the density of
states (DOS) showed that the values of the band gap energies are underestimated, and the DOS values show
that the upper part (valence band) mainly consists of O 2p orbitals, the lower part (conduction band) consists
of Ti 3d orbitals. The rhombohedral phase has a mixed composition of Ti states in the conduction band with a
greater degree of 3d-2 than 3dxy. The values of the energies of the band gap (E¢qp) and the density of states
show reasonable agreement with experimental and theoretical data. The LDA functional and, to a lesser
extent, the GGA - PBE functional can also provide fairly accurate information about atomic displacements in
these crystals. The values calculated by the SCAN functional do not differ much from the GGA and LDA
functionals.

Keywords: perovskite, unit cell, density of states, distortion of atoms, band gap, first-principle calculations,
density functional theory, plane waves, space group.

Introduction

Barium titanate - perovskite was discovered half a century ago, but due to its unique crystal structures,
physical and chemical properties, the material still attracts a lot of attention of researchers. In addition,
barium titanate has a high dielectric constant, and their excellent piezoelectric and ferroelectric properties are
also known. Over the past decade, it has become one of the important materials with excellent dielectric,
ferroelectric and piezoelectric properties, due to which this type of material has great capabilities, which
allows them to be used in the production of electronic devices. It is one of the most thoroughly studied cubic
perovskites, and has paraelectric properties at high temperatures and has a simple cubic perovskite structure.
Most of the ABO; type perovskites have the same stable phases at different temperatures.

Perovskites are complex oxides, mainly of the composition ABOs, where A is a divalent metal, and B is
a tetravalent (transition) metal. Perovskite is the object of scientific research in connection with promising
electrical, magnetic, photoelectric and redox properties [1-4] for energy production (SOFC — solid oxide fuel
cell technology) [S5]. Perovskites can exist in various phace modifications, which generally exhibit different
properties. The number of phase modifications depends on the specific combination of A and B cations [1,
6]. Many perovskites, specifically, demonstrate the presence of other phases. The highly symmetrical cubic
phase of the Pm-3m crystal is also stable at high temperatures and demonstrates a series of three phase
transitions with decreasing temperature: tetragonal /4/mcm at 393 K, orthorhombic Amm2 at 278 K and
rhombohedral R3m at 183 K, as shown in Figure 1.

Over the past 20 years, several first principles calculations have been carried out, in which more
attention was paid to the structural and electronic properties of the four phases [7-10]. The theoretical study
of this perovskite still requires detailed analysis, since it does not show the same result compared to
experimental data and still remains an object research. Experimental data [11] showed band gap widths of
about 3.7 eV for the cubic phase and 3.9 eV for the tetragonal phase. In general, density functional theory
(DFT) will be applied with a combination of different approximations to describe the structure of the
perovskite band gap. The method is distinguished for describing the wave function and allows us to
determine the energy state of the system, which includes the stationary Schrodinger equation. In this paper,
the width of the forbidden zone with three different functionals is calculated: LDA, GGA and meta-GGA.

72 BecTHuk KaparaHgmHckoro yHusepcurteTa



DFT studies of BaTiO3

Since phases other than the cubic phase have an internal degree of freedom, some of them must be
optimized. Thus, DFT calculations are carried out with high accuracy to precisely obtain ferroelectric phases.
Minimization is not required for a cubic structure. The tetragonal structure was optimized by changing the
coordinates of the ions, since the symmetry (distortion in the z direction) allows optimization in a fixed c/a
ratio, while maintaining a fixed volume. Then, using the optimized coordinates of the ion particles, the rela-

tion (maybe the ratio) % was optimized at a constant volume. Thus, the relation Ti(l/2, 1/2,1/ 2+AZT1‘) ,
0, (1/2,1/2,A20]), o, (1/ 2,0, 1/ 2+AZOZ) it has been optimized while minimizing. The lattice parameters were
also optimized in the orthorhombic phase: a, b, ¢ and Ti(1/2,0,1/2+Az,) 01(0,0,1/2+Az,))
02<1/2,1/4+Ay02’ 1/4+A202). Lattice ~ parameter a (a=b=c), angle o« (a =f= 7/) A
Ti (1/2+Ax, 12+ Axy, 1/2+Axn.) O(1/2+ Ax,,1/2+Ax, 0+ Az,) Wwere optimized values for the rhombohedral
phase. The atomic positions are shown in Table 1.

Calculation methods

Calculations of the electronic structure were carried out by the density functional method in the basis of
plane waves, as implemented in the VASP program code [12, 13]. The method of projection attached waves
(projector augmented wave — PAW) was used [14]. LDA [15, 16], GGA with PBE [17], and SCAN [18]
meta GGA [19, 20] were used for comparative analysis. The cutting energy of plane waves in all calculations
was 520 eV. The partition of the inverse space was chosen using the Monhorst—Pack scheme in the form of
an 8x6x6 grid for the orthorhombic phase, 8x8x8 for the tetragonal and rhombohedral phase. Levels were
considered as valence states.

Results and discussion

The coordinates of the location of the atoms of the unit cell BaTiO3, tetragonal, orthorhombic, and
rhombohedral, cubic phase are given in Table 1.

Table 1
Coordinates of the arrangement of atoms in the unit cell BaTiO, .
Cubic phase Tetragonal phase Orthorhombic phase Rhombohedral phase (R3m) | Ref.

(Pm3m) (P4/mmm) (Amm2) SG-160

SG-221 SG-99 SG-38
Ba:1a (0,0,0) Ba:1a(0,0,0) Ba: 2a (0,0,0) Ba:1a (0,0,0) [8]
Ti:1b(Y2:1/251/2) | Tiz1b(1/2,1/2,1/2+Az,,)  |Ti:2b(1/2,0,1/2+ Az;,) | Tizla(l/2+Ax, 12+ A, 12+ A, ) |[8]
0:3c(1/2;1/2;0) 0, :1b(1/2,1/2,AZO) 01:2a(0,0,1/2+Az,)) | 0:3b(1/2+Ax,, 12+ Ax, 0+ Az, |[8]
— 0,:2¢(1/2,0,1/2+ Az, ) 02:4e(1f2,1/4+ ty 4+ 02,,) | — 8]

The atom Ba is located in the position (0,0,0), 7i(1/2,1/2,1/2+Az,) and O, (1/2,0,1/2+AZOZ) are
distortions of Ti and O atoms in a tetragonal structure. In an orthorhombic structure 7i(1/2,0,1/ 2+Azn)
01(0, 0,1/ 2+AZOI) and 02(1/2,1/4+Ay02’ 1/4+A202) are distortions of Ti and O atoms. In a rhombohedral
structure Ti(l/ 24 Ax,1/2+Ax,, 1/ 2+Axn) and 0(1/ 2+ Ax,,1/2+ AxO’AzO) are distortions of Ti and O atoms [8].
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a)

Figure 1. Unit cells BaTiO3 in cubic, tetragonal, orthorhombic and rhombohedral phases

Table 2
Calculated volumetric properties of the unit cell BaTiO; tetragonal, orthorhombic and rhombohedral phases

Our results Other theoretical data [7] Experimental | Ref.
data
LDA | SCAN | PBE LDA PBE
Cubic phase
a A 3,95206  |4,03462 4,03661  [3,922 4,008 4,03558 [8]
bandgap
Eo(e) 1,08 1,09 1,08 1,93 1,87 3,2 [7]
Tetragonal phase
a, 3,937 4,011 4,008 3,911 3,967 3,997 [8]
c A 4,031 4,157 4,188 3,967 4,232 4,0314 [8]
Az 0,0203 0,0169 0,0182 0,0154 0,0335 0,0203 [8]
Azo, -0,0258 -0,0392  1-0,0409  |-0,0210 —0,0431 -0,0258 [8]
Azp; -0,0123 -0,0227  1-0,0238  |-0,0138 —0,0183 -0,0123 [8]
bandgap
Eo(eV) 2 2,4 2 1,95 1,95 3,4 [7]
Orthorhombic phase
a A 3,934 3,997 3,9954 3,911 3,955 3,9828 [8]
b, A 5,6269 5,7843 5,7989 5,566 5,778 5,6745 [8]
c A 5,6411 5,8239 5,8397 5,576 5,836 5,6916 [8]
Azyi 0,0122 0,0157 0,0158 0,0102 0,0253 0,0170 [8]
Azo, -0,0140 -0,0197  1-0,0205  |-0,0109 —0,0173 -0,0110 [8]
Ayoz 0,0043 0,0073 0,0071 —0,0010 —0,0113 0,0061 [8]
Azp; -0,0156 -0,0231  |-0,0228  |-0,0155 —0,0300 -0,0157 [8]
bandgap 2,1 2,2 2,5 2,121 2,563 -
Eq(eV)
Rhombohedral phase
a A 3,9659 4,0702 4,0739 3,931 4,053 4,0036 [8]
a, deg 89,9039 89,7579 89,7568 89,92 89,65 89,840 [8]
Axp -0,0099 -0,0143  |-0,0138  |-0,0073 —0,0190 -0,0120 [8]
Axo 0,0097 0,0142 0,0142 0,0101 0,0129 0,0116 [8]
Azo 0,0152 0,0244 0,0233 0,0144 0,0248 0,0195 [8]
bandgap 2,2 2,2 2,5 2,234 2,796 -
Eq(eV)
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Figure 2. GGA density of states for the phase BaTiO; (a) cubic, (b) tetragonal, (c) orthorhombic, (d) rhombohedral
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Figure 3. SCAN density of states for the phase BaTiOs (a) cubic, (b) tetragonal, (c) orthorhombic, (d) rhombohedral
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Figure 4. LDA density of states for the (a) cubic, (b) tetragonal, (c) orthorhombic, (d) rhombohedral phase of BaTiO;

Based on the first-principle calculations, the calculation of the BTO was carried out using the GGA -
PBE, LDA, SCAN functionality for four modification of the perovskite structure. The obtained calculated
values were compared with the experimental results. The lattice parameters @, b, ¢ and the band gap are
given in Table 2, the sequence of the arrangement of atoms are given in Table 1. For the rhombohedral
phase, the angle of the lattice a is also shown. As can be seen from Table 2, the calculation using the PBE
functional makes it possible to more accurately predict the cubic properties of BTO compared to other
functionals [7]. When calculating with the PBE functional, one can see the correspondence between the
experimental results’ values of the lattice constant. The three ferroelectric phases of the BTO, as shown in
the theoretical work [7], are calculated by the same DFT method. In these works, the structural properties of
ferroelectric phases are considered. Table 2 shows a comparison of the results obtained with other theoretical
values calculated with different functionals [7] and using experimental data for the crystals under study.
LDA calculations [7] coincide with experimental data for BTO. On the other hand, as expected, the LDA and
PBE functions significantly underestimate the band gap width. It can be seen that all DFT calculations do not
estimate the band gap width, as shown in Figure 2. One of the shortcomings of the density functional theory
method is inaccurate prediction of the free or excited state of semiconductor systems and dielectrics [10].
The calculated values by the SCAN functional do not differ much from the previous two functionals.

The band gap width is closely related to the difference in energy level between the valence band (VB)
and the conduction band, which can be caused by structural distortions in the material.
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Zone structures of the BTO using the functionals: PBE, LDA and SCAN for the four phases of BTO
indicate that the energy of the band gap of the cubic structure is equal to: Pm3m 1.08 eV (LDA) and 1.09 eV
(SCAN), 1.08 eV (PBE), tetragonal structure P4/mmm 2 ¢V (LDA) and 2.4 ¢V (SCAN), 2 ¢V (PBE),
orthorhombic structure 4mm2 2.1 eV (LDA) and 2.2 eV (SCAN), 2.5 ¢V (PBE), and rhombohedral structure
R3m 2.2 eV (LDA) and 2.2 ¢V (SCAN), 2.5 ¢V (PBE). Analyses of band structures and density of states
(DOS) using the PBE, LDA and SCAN functionals for the four phases of BTO showed that the values of the
forbidden zones are underestimated. A general analysis of DOS projected onto atoms and orbitals is
presented in Figures 2-4. An analysis of the density of DOS states shows that the upper part (valence band)
mainly consists of O 2p orbitals. The lower part (conduction band) mainly comes from Ti 3d orbitals in all
phases.

The conduction band for the tetragonal phase using the PBE, LDA and SCAN functionals consists of Ti
3d states, as well as the orthorhombic phase. The rhombohedral phase has a mixed composition of Ti states
in the conduction band with a greater degree of 3d,, than 3d,y. The projected state densities (PDOS) on atoms
and orbitals are shown in Figure 2-4. The values of the band gap energy (Egp) calculated using the PBE,
LDA and SCAN functionals, as well as available theoretical and experimental data are shown in Table 2.
The calculated values show reasonable agreement with previous theoretical results.

Conclusion

In this paper, the structure of stable phases is investigated using first-principle calculations based on the
functionals: LDA, GGA- PBE and meta-GGA. When analyzing the electronic structures, the energies of the
band gap were determined for the cubic structure: Pm3m 1.08 ¢V (LDA) and 1.09 ¢V (SCAN), 1.08 eV
(PBE), for the tetragonal structure: P4/mmm 2 eV (LDA) and 2.4 ¢V (SCAN), 2 ¢V (PBE) for the
orthorhombic structure: Amm2 2.1 eV (LDA) and 2.2 ¢V (SCAN), 2.5 ¢V (PBE) and for rhombohedral
structure: R3m 2.2 ¢V (LDA) and 2.2 ¢V (SCAN), 2.5 ¢V (PBE). The data obtained for the density of states
(DOS) showed that the upper part (valence band) mainly consists of O 2p orbitals, and the lower part
(conduction band) comes from Ti 3d orbitals. The thombohedral phase has a mixed composition of Ti states
in the conduction band with a greater degree of 3d,, than 3dx,. The values of the energies of the band gap
(Egqp) and the density of states present reasonable agreement with experimental and theoretical data. The
deviation in the theoretical calculations of the lattice parameters carried out in [7] using the LDA and PBE
functionals in comparison with the results of the experimental study is 3 %. The deviation of calculations
with our theoretical calculations using the LDA and PBE functionals was approximately the same as the
authors [7], while the calculation with the Scan functional showed 0.02 % compared to the experimental
result.
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T.M. UnepOGaes, X.E. 3okueBa, @.V. AdGyona, A.Y. AdyoBa, C.A. Hypkenos, I'.A. Kanrarait
BaTiO; 6oiibinma DFT 3eprrey.epi

TypaxTs! (a3anapaslH KYpBUIBIMBL (QYHKIIHOHAIIBIK (QYHKIMSIIapFa HETi3/eNTeH alFallKbIIPUHIUITI ecen-
Teynepliy kemerimMeH 3eprrenreH: LDA, GGA »xoHe ®aKbIHIa 93ipJIeHIeH oM0Oe0ar KaTThl IIEKTENTeH XKOHE
colikecinme HopMmananran Meta-GGA ¢ynkunonanst (SCAN). Bynm »KyMBICTBIH MakcaThl THIFBI3IBIK (yH-
KIMOHAIBI TEOPHsCHl 9ficiH Koinmana otelpeil, LDA, GGA-PBE xone mMeta-GGA (yHKIHMOHANAPBIH ca-
JBICTBIPY YLIIH KyOTBIK, TETParoHajIbabl, OPTOPOMOTEI, POMOO3APIIIK IEPOBCKUT (hazanapbIHbIH KPHCTaIAaFbl
aTOM KOOP/IMHATTAPBIHBIH ©3repici MEH PYKCaT eTIIMEreH ayMaKThl TEOPUSIIBIK TYPFBIIaH 3epTTey. AJIbIHFaH
Ky#nepaiH ToIFeABIFB (DOS) nepexrepi THIMBIM calblHFaH aliMakKTa >HEPTHsl MOHIHIH TOMEHJETEHiH; ai
DOS monzepiHiH xoraprsl 0ediri (BaleHTTiK aymak) HeriziHeH O 2p-opOuTanbaapblHaH, TOMEHT1 Oeiri (eT-
kisrimTik aymak) Ti 3d opOutansmapbslHaH TYpaTHIHBEIH KepceTTi. PomOosnpimik daszama 3dxy-re Kaparanna
3dz ynkeH mepexeni eTK3rimTik aymarbiHaa Ti xyinepiniy apamac Kypamsl 6ap. Pykcar erimmeren aymak
(Egap) 7xoHE KYHIEPIIH THIFBI3ABIFBI SKCIIEPUMEHTTIK KOHE TEOPHSIIBIK MOTIMETTEpPMEH COHKECTIriH Kepce-
teni. LDA ¢ynkmmonanaersl xoHe a3 popexene GGA-PBE ¢(yHKnnmoHamIBIFEl 1a OCBI KpHCTANJAapIaFbl
aTOM/IBIK OPBIH aybICTHIPYJIAp TYpPAJIbl XKETKUTIKTI 1o1 aknapaT oepe anaapl. SCAN (yHKUMACHIHAH ecenTen-
ren mouaep GGA xone LDA ¢dyHKIMsIapbiHaH a3 epeKIeeHe .

Kinm co30ep: IepoBCKUT, KapamaifbiM YSIMIBIKTAp, KYHICPAIH THIFBI3AbIFEI, AaTOMIAPABIH BIFBICYBI, THIIBIM Ca-
JIBIHFaH aiiMaK, AIFAIIKBITPHHIHNTI €CenTeyIep, THIFbI3ABK (OYHKIMOHATIBIHBIH TEOPHSCH, )Ka3bIK TOJIKBIH-
Jap, KeHICTIKTIK TOII.

T.M. UnepOGaes, XK.E. 3akueBa, ®.Y. AdGyona, A.Y. AdyoBa, C.A. Hypkenos, I".A. Kanrarait

DFT uccinenosanust BaTiO3

CrpykTypa cTabHIBHBIX (ha3 HCCIIeJ0BaHA C OMOIIBIO IEPBOINPUHIMIIHEIX PACYETOB HA OCHOBE (DYHKIHOHA-
no0B: LDA, GGA n HenaBHO pa3pabOTaHHOTO YHUBEPCAIEHOTO CHIIBHO OTPaHHYEHHOTO U COOTBETCTBYIOIIHM
o0Opazom HopManu3oBaHHOTO MeTa-GGA-¢pynkuuonana (SCAN). Llensio qaHHON paOOTHI SBIAETCS TEOPETU-
YEeCcKOoe HCCIEA0BaHNE aTOMHBIX CMEUICHUIl M IIMPUHBI 3alpPelIeHHON 30HBI KyOM4YecKo, TeTparoHanbHOH,
opTopoMONUECcKOH, poMOo3IprudecKoit (a3 mepoBckuTa Ui cpaBHeHus QpyHkimoHatoB LDA, GGA-PBE u
Meta-GGA ¢ UCTonb30BaHUEM MeTo/la TeOpHH (YHKIMOHANA TUIOTHOCTH. Ilomy4yeHHbIe NaHHbIE TUIOTHOCTH
coctossHuit (DOS) nokasanu, 4To 3HAUEHHs YHEPTHM 3ANPEIICHHON 30HBI 3aHIKEHHBI, a 3HauyeHnss DOS yka-
3BIBAIOT, YTO BEPXHsIS YacTh (BaJIeHTHas 30Ha), B OCHOBHOM, coctouT u3 O 2p-opOuTtaneif, HIXKHAS 4acTh
(30Ha mpoBoUMOcTH) — U3 3d-opOutaneir Ti. PomGosnpruieckas ¢a3a UMeeT CMEIIaHHBI COCTaB COCTOSI-
Huil Ti B 30He NPOBOAUMOCTH C OOBbIIEH CTENEHbIO 3d:2, UeM 3dyy. 3HauCHUs DHEPIrui 3anpelieHHOH 30Hbl
(Egap) ¥ TNIOTHOCTH COCTOSIHUH TTOKA3bIBAIOT Pa3yMHOE COTJIACHE C HKCIICPHIMCHTAIBLHBIMH U TEOPETHIECKUMHI
nanubivu. Oynkuuonan LDA u, B MeHbiueii crenenn, pynkuuonan GGA-PBE rtawke mMoryt nate gocratod-
HO TOYHYIO HH(GOPMALMIO O CMEIICHUAX aTOMOB B 3THX KPUCTaUIaX. 3HAUCHHs, PACCYMTAHHBIE 1O PyHKIHO-
Hainy SCAN, maio yem orminyarorest ot pynkiuonanos GGA u LDA.

Kniouesvie crosa: mepoBCKUT, HIIEMEHTApHAs siuelka, INIOTHOCTh COCTOSTHUH, HCKa)KeHHUE aTOMOB, 3alpelleH-
Hasl 30Ha, MEPBONPHUHIUITHEIE PacdeThl, Teopus (YHKIMOHATA IUIOTHOCTH, INIOCKHE BOJHBI, IPOCTPAHCTBEH-
Hasl TpyIIa.
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The current state of electrospinning technology and its prospects for the future

With the development of nanotechnology and modern research methods, the use of biodegradable polymer
materials in various sectors of human life is of interest not only to the scientific world community, but also is
a way to solve one of the global problems related to resource conservation and environmental protection. Pol-
yvinyl alcohol-based materials have been widely used in various fields due to their biological and physical
properties, such as biocompatibility, biodegradability, antimicrobial ability, non-toxicity and the ability to
easily form a film. One of the methods of obtaining polymer films that exist today is electrospinning, the ad-
vantages of which are the relative simplicity of the technological process and the possibility of obtaining con-
tinuous nanofibers from both synthetic and natural polymers. In this work, the influence of various process
parameters on the formation of nanofiber mats from a biodegradable synthetic polymer by electrospinning
was studied. The technology of wet spinning, melt spinning and dry spinning is discussed. A number of ex-
perimental studies have been carried out to identify optimal modes of obtaining nanofibers from polyvinyl al-
cohol with the most homogeneous structure without the formation of defects.

Keywords: electrospinning, technological parameters, nanofibers, polyvinyl alcohol (PVOH), nonwoven
mats, SEM, nanofiber diameter, biodegradable polymer material.

Introduction

Over the past few decades, nanomaterials research has been one of the most popular topics in the field
of nanotechnology. To date, nanomaterials have found their potential application in various fields of research
and industry due to their unique properties. Petroleum-based polymers are widely used in the production of
various polymer products for various commercial, machine-building and promising purposes. However, the
depletion of natural resources and the increasing demand for polymer-based materials raises questions about
the further production of synthetic polymers. Moreover, most of the petroleum-based polymers used are not
biodegradable and are stored in the environment as non-degradable waste. To solve these issues, many stud-
ies have been directed at the production of biodegradable polymers from renewable resources [1] and the
development of technologies for the production of nanostructured polymer fibers, one of which is electro-
spinning.

6000 |- [ No. of publications ( a) . aztci;zls:rl::;ng ( b)
=

| Melt-spinning

Publication Year

Figure 1. (a) Comparison of the annual number of scientific publications in the field of electrospinning over the past
two decades and (b) the ratio of publications in the main areas of electrical engineering (the analysis of these publica-
tions was carried out using a single database of peer-reviewed scientific literature SCOPUS with the term
“Electrospinning” as of February 15, 2023)
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Due to the relative simplicity of the technological process that makes it possible to obtain multifunc-
tional polymer mats from nanofibers, this technology is attracting increasing attention from the world scien-
tific community, as evidenced by the increasing number of scientific publications in this field over the past
two decades (Fig. 1).

Spinning is a technology for making fibers by pulling and twisting natural or synthetic materials, which
is classified depending on the type of fiber as mechanical and chemical spinning. Mechanical spinning is a
multi-step process in which fibers are physically twisted into yarn. Namely, rotary, annular, frictional or self-
twisting rotation [2]. The production of threads from artificial fibers is also possible using chemical spinning.
This is achieved by squeezing a viscous polymer solution through a die. There are three main types of pro-
duction processes for the formation of synthetic fibers, namely wet spinning, melt spinning and dry spin-
ning [3]. The wet spinning process is when the solidification of the dissolved polymer occurs after diffusion
in the counterflow between the spinning solution and the coagulation bath. In this process, a very viscous
polymer solution is squeezed out through small holes of a die immersed in a liquid bath. A diagram of the
wet spinning process is shown in Figure 2. The technological analysis of the wet spinning process is much
more complicated than dry spinning. Polymer solidification occurs as a result of diffusion exchange between
freshly prepared fluid filaments and this bath. During this coagulation process, one or more components of
the bath diffuse into the thread, and the solvent diffuses out of it.

Polymer Solvent
Polymer solution

|

Injection system
e

Drawing system I

Q . { Washing bath ‘L | Drying system }

<,

Coagulation bath | q Winding system

Figure 2: Diagram of the wet spinning process [4]

In melt spinning, phase transformations occur due to solidification of the molten mass. This type of
spinning is the most economical process for the production of polymer fibers on an industrial scale [5]. The
comparative ease of processing is an important advantage of melt molding. However, this method has some
disadvantages, such as fiber rupture, non-uniform thread thickness, fiber fineness limit and die clogging (di-
agram of the process see in Figure 3).

i drive train

| piston

—

heater

melt — |

single hole ——w—%
die

&

Figure 3. Diagram of the melt spinning process [6]

fiber —

During dry spinning, the solvent contained in the spinning solution evaporates after the formation of a
nanofiber mat, which leads to its drying. In the process of dry spinning, the fiber structure is formed by
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squeezing the polymer solution through a thin nozzle and subsequent evaporation of the solvent (diagram of
the process see in Figure 4).

Polymer

aqueous solution

Dry-spun fiber

Figure 4. Diagram of the dry spinning process [7]

Electrospinning is a dry spinning method in which the solvent evaporates under high voltage [8]. This
method makes it possible to produce ultrathin fibers for various polymers of submicron or nanometer size.

The principle of electrospinning is based on the deformation of a charged polymer in response to a
strong applied electric field. The polymer solution is fed (e.g. by gravity) to a nozzle opposite an electrode.
In the absence of an electric field the polymer solution surface forms a meniscus at the nozzle outlet. In an
electric field, however, the meniscus deforms into a so-called Taylor cone and, if the field is strong enough,
the electrostatic forces can overcome the surface tension and a jet is formed. The acceleration of this jet to-
wards the electrode causes the thinning of the jet, and the evaporation of the solvent as the jet is accelerated
towards the electrode leads to solid fibre formation at atmospheric pressure and ambient temperature [9].

Thus, the purpose of this work is to obtain nanofibers by dry electrospinning and to study the effect of
voltage, the distance from the collector to the nozzle, and the formation time in the production of polymer
fibers.

Experimental

This study was conducted at the laboratory of Lincoln University, Isaac Newton Building, UK. At the
Electrospinz Nanofibre Engineering installation, nanofibers were obtained by electrospinning in an atmos-
pheric environment on the surface of substrates (material: deltalab laboratory glass with dimensions of 26 x
76 mm?) at room temperature of 20 °C and humidity of 33 % (Fig. 6). Evaporable material poly vinyl alcohol
“PVOH” with added antiomicrobial preservatives (concentration: 8wt % PVOH Solution; 0.1wt % Sodium
Benzoate; 0.1wt % Porassium Sorbate) is an environmentally friendly biodegradable synthetic polymer,
which is widely studied due to its high film-forming and physical properties, as well as its high hydrophilici-
ty, manufacturability, biocompatibility and chemical resistance [10-14]. Figure 5 shows a schematic molecu-
lar formula PVOH (C;H4O)x.

(CH2— CH)m - (CH2—-CH )n -

I I
OH

Figure 5. General structure of PVOH

During the electrospinning process, the applied electrostatic forces overcome the surface tension of the
liquid, so the electrified liquid forms a jet from the tip of the capillary to the grounded filter on which the
nanofiber material is formed. The appearance and scheme of the installation for electric spinning are shown
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in Figures 6 and 7. The flow rate was controlled by gravity, depending on the height of the filled polymer in
the container.

1 — High voltage and Control box, 2 — Spinning platform, 3 — Target plane, 4 — Constant head system, 5 — Hose,
6 — Header tank, 7— Nozzle.
Figure 6. Appearance of the installation “ELECTROSPINZ NANOFIBRE ENGINEERING”

Polymer solution

'Aluminium foil substrate}’

Needle tip

High
voltage

Figure 7. Installation diagram for electrospinning [15]

To provide conductive surfaces, nanofibers assembled on a collector (aluminum foil) by electrospinning
were sprayed with a thin layer of gold on an “Emitech K550X” magnetron sputtering unit (Fig. 8) with an
“Edwards RV8” vacuum pump, an argon pressure regulator. When using magnetron technology, the deposi-
tion process is quite “cold” and minimizes thermal damage to soft polymer materials.

Figure 8. Appearance of the “Emitech K550X” installation
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The morphology and size of PVOH nanofibers were observed and analyzed using a scanning electron
microscope (SEM) “JeolNeoscope JCM 5000 at high vacuum with accelerating voltages of 10 and 15 kV,
depending on the required magnification.

Results and Discussion

Some of the first results of the study obtained by the authors of this work were obtained of nanofibers
by the electrospinning method are presented. Variables such as the applied electrical voltage, the duration of
the process and the change in the distance from the collector to the needle were investigated. Their relation-
ship with the microstructure of the obtained new fibers is briefly described below. Table 1 lists the process
parameters used in the study for electrospinning at various voltages, the results of which are shown in Fig-
ure 9.

Table 1
Technological parameters of the electrospinning process
Ne Voltage, + 0.1 kV Electrospinning time, + 0.1 min Distance, £ 2 mm
Sample 1 12.0 5.0 140
Sample 2 15.0 5.0 140
Sample 3 18.0 5.0 140
Sample 4 21.0 5.0 140
Sample 5 24.0 5.0 140
Sample 6 27.0 5.0 140
Sample 7 30.0 5.0 140

The applied voltage is an important factor in the process of electrospinning, since it controls the electric
field strength between the tip of the nozzle and the collector and therefore the acceleration rate of the poly-
mer jet. In principle, the higher the acceleration, the more stretching that occurs, leading to thinner fibres.
However, this higher acceleration also means shorter flight duration between the nozzle and electrode, which
may lead to thicker than expected fibres at high electrospinning voltages. It is not clear which of these factors
is the more important in general, and results may differ depending on other process parameters.

The nanofiber diameter is measured by software-nano measurer using Start JCM-5000 open source im-
age analysis software to determine the size and average diameter of nanofibers obtained by electrospun.
Based on images obtained using a scanning electron microscope at constant magnification x8000 and a volt-
age of 10 kV, the diameters of 30 randomly selected PVOH nanofibers at each electrospinning voltage (12.0,
15.0, 18.0, 21.0, 24.0, 27.0 and 30.0 kV) were measured, and the average value calculated. The results are
shown in Table 2 and shown in Figure 10.

Table 2
Average diameter of the PVOHfiber, depending on the voltage between the nozzle and the collector

Electrospinning voltage, = 0.1 12.0 15.0 18.0 21.0 24.0 27.0 30.0
kv

Average diameter of the PVOH 120 133 193 174 182 190 205
nanofiber (£ 5 nm)

It was found that when a voltage is applied above the critical, charged jets are ejected from the Taylor
cone. Indeed, when an electric field is applied to a drop of polymer solution at the tip of the nozzle, the sur-
face of the drop is charged, and the electric force exceeds the surface tension force; as a result, an electrically
charged jet is formed. A higher voltage increases the electrostatic repulsion force of the charged jet, which
ensures relative uniformity of the diameters of electroformed polymer nanofibers [16].

However, after a certain value of the applied voltage, drops of liquid polymer appeared at the end of the
nozzle, which subsequently caused the formation of defects in the form of beads or drops over the entire sur-
face of the nanofibers shown in Figure 11.

Thus, for PVOH (8 wt %) polymer, the SEM study showed the importance of the applied voltage of
21 kV, the relative uniformity of the diameter of the electrospinning polymer nanofibers (Fig. 9).

Cepus «dunsukay. Ne 2(110)/2023 83



D. Yeskermessov, Y.Tabiyeva et al

Figure 9. SEM image of the surface of the obtained nanofibers at different electrospinning voltage values

84 BecTHuk KaparaHgmMHCKOro yHusepcureTa



The current state of electrospinning technology...

Cepus «®unsukay. Ne 2(110)/2023
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Figure 11. SEM image of defects on the surface of nanofibers at high electrospinning voltage values

The dependence of the nanofiber formation process on the deposition time, the parameters of which are
presented in Table 3, was investigated. A decrease in the rate of electrospinning over time was observed,
since the deposited fibre acted as an insulator allowing charge to accumulate on the target, leading to a
charge screening effect between the target electrode and nozzle. The structure and thickness of the obtained
fibres with varying deposition time is shown in Figure 12.

Table 3
The mode of formation of nanofibers with variable values of the duration of the process
Ne Voltage, + 0.1 kV Electrospinning time, + 0.1 min Distance, £ 2 mm
Sample 1 21.0 3.0 140
Sample 2 21.0 6.0 140
Sample 3 21.0 9.0 140
Sample 4 21.0 12.0 140
Sample 5 21.0 15.0 140
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a) 3 min; b) 6 min; ¢) 9 min; d) 12 min; e) 15min.
Figure 12. SEM image of the surface of PVOH nanofibers

A study was conducted to identify the dependence of the nanofiber formation process on the distance
between the needle tip and the collector, the values of which are presented in Table 4.

Table 4
Values of the distance between the nozzle tip and the collector during electrofspinning
Ne Voltage, + 0.1 kV Electrospinning time, £+ 0.1 min Average distance, = 2 mm
Sample 1 21.0 3.0 80
Sample 2 21.0 3.0 100
Sample 3 21.0 3.0 120
Sample 4 21.0 3.0 140
Sample 5 21.0 3.0 160
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a) 80 mm; b) 100 mm; ¢)120 mm; d) 140 mm; e) 160 mm.
Figure 13. SEM image of the surface of PVOH nanofibers

Figure 13 shows that when the distance between the collector and the nozzle was 80 mm, the distribu-
tion of fibers was loose and heterogeneous. At a distance of 100-140 mm, the fibers were located closer to
each other, and the pores between the fibers were relatively small. When the distance was 160 mm, the fibers
were located just as close to each other, but defects in the form of beads formed over the entire surface.

Thus, reducing the distance between the electrodes to a certain value leads to a decrease in the diameter
of the nanofibers. The difference in the distance between the tip of the nozzle and the collector has a direct
effect on the electric field strength. The smaller the distance between the collector and the nozzle, the greater
the electric field strength. As a result, the acceleration and elongation of the jet increase during the electric
spinning process, and the diameter of the electric-spun polymer nanofibers decreases. In order to determine
the thermal stability of the obtained nanofiber mats, annealing was carried out, the conditions of which are
shown in Table 5. To minimize the ingress of various impurities on the surface of nanofibers during heating,
a high-vacuum installation “NanoPVD-S10A” was used.

After the annealing, no significant changes in the fiber samples were observed (Fig. 14), which are as-
sociated with insufficient temperature for melting and a short duration of exposure time. To determine the
melting point of Ts, a number of experimental work is required at the “identiPol QA2” installation. Matrices
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of nanofibers were obtained at various voltages listed in Table 1. The paper presents the results of one of the
experiments performed at an applied voltage of 12 kV (Table 5).

Table 5
Annealing conditions of nanofiber samples obtained by electroforming
Ne Voltage, + 0.1 Electrospinning Distance, + 2 Heat, + Time to heat, = 0.1
kV time, £+ 0.1 min mm 1°C min
Sample 1 12.0 5.0 140 90 30.0
Sample 2 12.0 5.0 140 100 30.0
Sample 3 12.0 5.0 140 110 30.0
Sample 4 12.0 5.0 140 120 30.0

a) 90 °C; b) 100 °C; ¢) 110 °C; d) 120 °C.
Figure 14. SEM image of the surface of PVOH nanofibers after exposure to vacuum PVD 30 min

Manufacture of electrospun polymer materials for tissue engineering frameworks [17], wound dress-
ings [18], drug shells [19] and other areas of biomedicine, the use of electroformed polymer nanofibers as a
medium for filtration of solid particles from air, water or any target liquid at different filtration levels [20],
for the absorption of toxic gases from industrial exhaust gases or for separating water from oil [21] as well as
the use (Fig. 15) of electroformed nanofiber materials in separators [22], electrodes for lithium-ion batteries
and supercapacitors, sensitized solar cells, electrolytes [23], nanogenerators [24] for energy conversion and
storage show a high demand for these materials.
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Figure 15. Potential applications of electroformed polymer nanofibers

Polymer nanofibers obtained by electrospinning provide unlimited possibilities for the formation of
substrates and materials with different properties, controlled by different additional materials depending on
the field of application. Showing high practical significance and having an undiscovered potential that is of
interest to the world scientific community, electrospun polymer materials are one of the valuable achieve-
ments in the field of nanotechnology.

Conclusions

In this paper, the main processes for the formation of synthetic fibers such as wet spinning, melt spin-
ning and dry spinning were discussed.

The investigated polymer fibers were obtained by dry electrospinning from a solution of PVOH poly-
mer. The effect of the electrospinning voltage, the deposition time and the distance from the collector to the
nozzle were all investigated using an Electrospinz electrospinning machine.

It was found that the small diameter of nanofibers is determined by the optimal combination of the
applied voltage level and the distance from the tip of the nozzle to the collector.

The parameters of the electrospinning process required to obtain uniform defect-free nanofibers with a
diameter from 120 to 174 nm were as follows: the distance between the nozzle and the collector was 140 mm
and the voltage between the needle and the collector was 12-21 kV.

The above process parameters of electrospinning, are not independent of the concentration and type of
polymer solution used. The effect of these additional details on the formation of nanofibers will be
considered in the future.
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. Eckepmecos, E. Tabuesa, 3. Apunroxuna, M. by3, A. Tycynoekona, C. [Ta3pinbex

DJIeKTPCIUHHUHT TEXHOJOTUSICHIHBIH KA3ipri skaFaabl :k9He OHBIH 00/1a1IaF bl

HaHoTexHONOTHsIap MEH 3epTTEyHiH 3aMaHayd SAICTepiHiH JaMybIMEH OHONOTHSIIBIK BIIABIPAWTHIH MOJH-
MepJi MaTepuajIapibl aJaM3arT eMipiHiH OpTypil cajanapbiHAa KOJNAAHY FBUIBIMH QJIEMJIK KaybIMIACThHIK-
TBIH KBI3BIFYIIBUIBIFBIH TY/ABIPHINT KaHa KOMMaiIpl, COHBIMEH KaTap pecypcTapibl YHEMIEYy MEH KOpllaraH
OpTaHbI KOpFayra OaiiaHbICTHI )kahaHbIK Macenenep il OipiH menryre sxoi 00Jbin Tabbutaasl. [TonuBHHIIT
CIUPTI Heri3iHaeri MaTepuanmap OHoyileciMailik, GHOIOrUsUTBIK BIABIPAY KalineTi, MUKpoOKaKapchl Kabine-
Ti, YBITCHI3 YJIIpAi OHall Ty3y KabieTi CHSIKThI OHOJIOTHSUIIBIK JKoHE (pH3MKAJIBIK KacHeTTepiHe OallaHbICThI
OpTYpIi cananapja KeHiHeH KOoJmaHbutapl. [lomumepii yiaipiepi amyablH Kas3ipri Ke3aeri opicTepiniH Oipi
— 9JIEKTPOCTIHHHUHT, OHBIH apTHIKUIBUIBIFBI TEXHOJOTHSIIBIK MPOLECTIH CABICTHIPMAIIBI KaparaibIMIbLTbIFbI
MEH CHHTETHKAJIBIK )KOHE TAOUFH MOJMMEPIIEPICH Y3IIKCi3 HAHOTAIIBIKTAP bl ATy MYMKIH/Ir1 OO TaObI-
Jazael. Bys sKymbicTa OMOJIOTHSUIBIK BIABIPAWTHIH CHHTETHKAIBIK MOJHUMEPICH SJEKTPOCIMHHUHT d/iCiMeH
HAHOTAILIBIKTH TOCSHIIITEP/IiH Ty3llyiHe TeXHOJIOTHSUIBIK YpJic mapaMeTpiepinin acepi 3eprrenai. bliuran-
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JIbl CIIMHHYHT, OaJIKbIMa CHMHHUHT XKOHE KYPFAaK CIMHHUHI TEXHOJIOTHSCH! TAJIKbUIAHFaH. [oaMBUHMI crinp-
TiHEH KYPBUIBIMBI OipTEKTi, aKayChl3 HAHOTAJIIBIKTAPIbI alyAbIH OHTAMIBI PSKUMACPIH aHbIKTAy YIIIH Oip-
KaTap TOXKipHOeIiK 3epTTeyep Kyprisinmi.

Kinm ce30ep.: »NeKTPCHMHHMHT, TEXHOJIOTHSIJIBIK ITapaMeTpiiep, HAHOTAIIIBIKTAP, IOJMBHHHI CHHPTI
(PVOH), Toxpummaran Tecenimrep, COM, HaHOTANIMIBIK AUaMETpPi, OHOIIOTHSIIBIK BIIBIPANTHIH TOJIMMEp Ma-
TEpUAIBL.

. Eckepmecos, E. Tabuesa, 3. Apunroxuna, M. by3, A. Tycynoekona, C. [Ta3pinbex

COBpCMCHHOG COCTOSTHME TEXHOJOTHH IJICKTPOCIIUHHUHI'A
N €€ MNEPCHIECKTUBDLI

C pa3BUTHEM HAHOTEXHOJIOTMH M COBPEMEHHBIX METOJOB HCCIIEJOBAaHUS MPUMEHEHHE OMopasnaraeMsIx Io-
JMMEPHBIX MaTepPUallOB B Pa3HBIX OTPACIAX JKU3HEAESITEILHOCTH YEJIOBEUECTBA BBI3BIBAET HHTEPEC HE TOIb-
KO Hay4HOTO MHPOBOTO COOOIIECTBA, HO M SABIAETCSA MyTeM K PEIICHUIO OJHOW U3 III0OalbHBIX MpobieM,
CBSI3aHHBIX C pecypcocOepexeHHeM U OXpaHOW OKpy»Karommeil cpensl. Marepuansl Ha OCHOBE MOJHMBUHHIIO-
BOTO CIHpTa MOJIyYMIIN IIUPOKOE MPUMEHEHNE B PA3INIHBIX 00JIacTsX Oiaromapsi CBOUM OHONIOTHYECKHM U
(U3MYECKIM CBOICTBAaM, TAaKMM Kak OHOCOBMECTHMOCTb, CIIOCOOHOCTh K OHOJIOTHYECKOMY Pa3iioKEHHIO, aH-
TUMHUKpPOOHAs CIIOCOOHOCTh, HETOKCHYHOCTD M CIIOCOOHOCTB JIETKO 00pa3oBbIBaTh IUIEHKY. OJHUM U3 METO-
JIOB TIOJIy9€HHS! TTOJMMEPHBIX IUIEHOK CYIIECTBYIOIIMX Ha CETOMHSIIHHI JEHb SBISICTCS IEKTPOCITUHHUHT,
MPEUMYIIECTBOM KOTOPOTO SBJIAETCS OTHOCHTENIBHAS TPOCTOTA TEXHOJIOTHUECKOTO MPOIIecca H BO3MOXKHOCTD
HOTy4YeHHs] HEIPEPHIBHBIX HAHOBOJIOKOH KAaK M3 CHHTETHUYECKHX, TAK U HAaTypalbHBIX IOJIMMEpOB. B craThe
OBIIO M3YUCHO BIMSHUE IEPEMEHHBIX XapaKTEPUCTUK TEXHOJIOTHUECKUX ITapaMeTpOB Iporiecca Ha (opMUpo-
BaHNE HAHOBOJIOKOHHBIX MaTOB M3 OMOPAa3IaraéMoro CHHTETHIECKOTO MOJIMMEPa METO0M 3JIeKTPOCITHHHIH-
ra. O6GCyIeHbI TEXHOJIIOTHU MOKPOTO MPSIICHUS, IPSIICHUS U3 PAcIIaBa U CyXoro npsaeHus. [IposeneH psan
JKCIIEPUMEHTAIBHBIX MCCIIEOBAHUI JUIS BBIIBICHUS ONTHMAIBHBIX PEKHUMOB IIOJNYYEHHs HAHOBOJIOKOH W3
MOJIMBHHHIJIOBOTO CIHpPTa C HanboJiee OIHOPOIHOHN CTPYKTYypoii 6e3 00pa3oBaHus Ne(heKTOB.

Knrouesvle cnosa: OJICKTPOCIIMHHUHTI, TEXHOJIOI'MYCCKUE MapaMeTphbl, HAHOBOJIOKHA, TTOJTMBUHUJIOBBIN CIIHUPT,
HETKAaHbIC MaTPUILIbI, CQM, JAUaMETp HAaHOBOJIOKOH, 61/Iopa3naraeMLIﬁ HOJ'II/IMepHI)Iﬁ marepual.
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Investigation of the influences of pulsed electrical discharges on the grinding of quartz
raw materials

The article considers a method for obtaining raw materials — quartz powder, used to increase the resistance
of building materials to adverse natural facts (wind, rain, etc.). When obtaining raw materials necessary for
construction from quartz mineral, it is pre-crushed to the desired size. New methods and technologies are
proposed to improve the processes of grinding solid materials. One of these methods is the electric pulse
method. This method is designed for grinding solid materials with the formation of pulsed electrical
discharges in a liquid volume. When processing natural ores by the electric pulse method, the resulting
products are not contaminated with metal in the working chamber. The paper analyzes the granulometric
composition of quartz powder and determines the degree of grinding of raw materials depending on the
parameters of electrical pulse discharges. The investigations on the processing of raw materials were carried
out at various parameters of the number of pulse discharges and discharge voltage. In experiments, quartz
fractions with a diameter of 10 mm were crushed by the electric pulse method and a product with a diameter
of 0.4-1 mm was obtained. Since quartz is crushed in a liquid medium, the amount of water consumed was
studied to obtain the necessary granulometric composition of raw materials. The dependences of the degree of
quartz grinding on the number of pulse discharges and the discharge voltage are obtained. The results of
grinding the material by pulsed electrical discharges allow us to evaluate the main parameters of the process
implemented in the electro-pulse method of destruction of solid material.

Keywords: electrohydraulic effect, discharge voltage, quartz powder, electric pulse, degree of grinding, num-
ber of pulse discharges.

Introduction

Most quartz concentrates are obtained from natural quartz after its processing. The main types of natural
quartz raw materials are: Rock crystal, quartzite, quartz sands [1]. The use of quartz sand, based in many
industries, has a number of distinctive features that distinguish it from other materials. By its structure, this
material is crushed quartz, which is formed in a natural environment or extracted after special processing. The
following sizes of quartz sand fraction are assigned: fine-less than 0.1 mm; fine fraction-0.1-0.8 mm; the
average fraction is 0.8-1.6 mm; the large fraction is 1.6-6.0 mm. The first two types of quartz sand are added to
the composition of various building materials: putty, gypsum, mortar, abrasives, paint. Water purification of
medium fraction is used, and is also added to mixtures for construction, finishing and decorative plasters, self-
leveling floors [2-4]. Large quartz sand is used in the production of paving slabs, concrete blocks, as well as in
the creation of landscape design. Various mechanical methods and mills (vibrating, cone, ball) are widely used
in the enrichment and grinding of natural ores. Mechanical mills have the following disadvantages: a more
complex and expensive design, more complex maintenance, the need for precise alignment of the rotors, wear
of grinding bodies and contamination of raw materials with these wear products [5-7]. The solution of problems
arising during the processing of quartz raw materials can be implemented using non-traditional grinding
methods that do not introduce additional pollutants into the finished product. Since one of these methods is the
electric pulse method of grinding natural minerals [8-10], the scientific work carried out works on grinding
quartz raw materials in a liquid medium under the action of pulse discharges.

The experimental setup consists of a power supply and a working channel for grinding natural
minerals [11, 12]. Electric pulse devices, unlike mechanical crushers, have no moving parts, are made of
ordinary structural steel, and their body practically does not wear out. During operation, these devices do not
emit dust, occupy relatively small production areas and allow grinding, mixing and flotation of materials.
The process of electric pulse crushing is easy to automate, since the maintenance of electric pulse crushers
does not require a large number of highly skilled workers. Under the influence of electrical impulses on a
solid, process water was used as a pressure conductor, since it is the most accessible, economical and envi-
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ronmentally friendly environment. The proposed method of ore crushing is based on the use of the energy of
a pulsed shock wave resulting from a spark electric discharge in a liquid. As the experiments show, this
method of crushing is efficient, economical, environmentally friendly, easily integrated into any
technological chain. The essence und distinctive feature of the proposed technology is that ore processing
using the pressure energy released during electrohydraulic action makes it possible to obtain a quickly
crushed and purified from impurities dispersed product of a given size, which can then be used directly for
subsequent enrichment [13-15].

Experimental

The object of the investigations was a quartz mineral from the Aktas deposit (Fig. 1). The initial
diameter of the raw material fraction was 10 mm. For each experiment, the mass of the quartz mineral was
constant (100 g). The granulometric composition of the crushed material was determined using standard
sieves calibrated in accordance with GOST R 51568-99. The mass of the feedstock and the resulting product
was determined using laboratory scales (maximum load — 1200 g; discreteness 0.1 g).

a) b) c)

Figure 1. Quartz: a) large piece; b) raw materials with a fraction diameter of 13-17 mm, c) quartz powder obtained by
electric pulse method, fraction diameter 0.4 mm

In experimental investigations, the discharge voltage was changed to an interval of 18-24 kV and a
quartz mineral was crushed at a discharge amount of 300-1500, a capacitor capacity of 0.5 pF (Tables 1-4).
In experimental investigations, the degree of grinding of raw materials (K) was determined.
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Table 1
Granulometric composition of the quartz mineral at a discharge voltage of 18 kV
and a capacitor capacity of 0.4 pF
N=300 N=600 N=900 N=1200 N=1500
d, mm
K, %
d<0,4 - - 3 48 3,6
d<0,7 0 2,4 8,9 6,5 18,2
d<1 66,3 57,6 47,7 63,2 49
d>1 33,7 40 40,4 25,5 29,2
Table 2

Granulometric composition of the quartz mineral at a discharge voltage of 20 kV

and a capacitor capacity of 0.4 pF

N=300 N=600 N=900 N=1200 N=1500
d, mm
K, %
d<0,4 - 3,2 5,6 7.4 6,2
d<0,7 42 7,5 4,4 12 15,3
d<1 47 64,7 459 475 72,5
d>1 48,8 24,6 441 33,1 6
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and a capacitor capacity of 0.4 uF

Table 3
Granulometric composition of the quartz mineral at a discharge voltage of 22 kV
and a capacitor capacity of 0.4 uF
N=300 N=600 N=900 N=1200 N=1500
d, mm
K, %
d<0,4 2,1 5,6 8,9 13,3 10,9
d<0,7 4,3 31 13,6 11,2 22,6
d<1 45,7 30,8 46,2 29,7 43,7
d>1 47,9 60,5 31,3 45,8 22,8
Table 4

Granulometric composition of the quartz mineral at a discharge voltage of 24 kV

N=300 N=600 N=900 N=1200 N=1500
d, mm
K, %
d<0,4 2,8 3,2 6,7 10,5 14
d<o0,7 5 6,4 12,5 18,7 24
d<1 54,2 42 54,3 49,7 41,1
d>1 37,3 475 25 19,3 18,7

It can be seen from the above results that quartz powder with a diameter of less than 1 mm is
intensively extracted with an increase in the number of pulse discharges from 900 to 1500. But it is
established that these indicators are achieved only at the breakdown voltage of the air medium in the
intervals of the converter in the range of 22-24 kV.

In subsequent studies, the dependence of the processed product on the amount of process water was
considered, since the work on grinding raw materials is carried out in a liquid medium. For this purpose,
work was carried out on the treatment of various levels of liquid (process water) in the working channel. The
experiments were carried out with the same volume of water (Vwater) as the volume of processed raw materi-
als (Vraw materiats) in the working channel — V raw materiats =Vwater, With an increase in the volume of water by 1.5-
5 times (1.5Vwater — 5Vuwater) (Fig. 2 a, b, ©).
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Figure 2. Working channel

A metal cylindrical bowl was used as a working cell and performed the function of working electrodes
in it — a metal rod (positive electrode) attached to the lid of the working cell and an inner tray of a metal
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cylindrical bowl (negative electrode). Experimental investigations were carried out with the following pa-
rameters of the electric pulse unit (Fig. 3 a, b, ¢):

- number of pulse discharges (N) — 1000-1500;
- breakdown voltage of the air space in the intervals of the converter — 22-28 kV;
- the capacity of the energy storage capacitor — C = 0.5 uF.

+ 1 " "< "

a) N=1000; C=0,5 pF

42

—_—

21 22 23 24 25 26 27

2 28 29 U, kv

b) N=1500; C=0,5 uF

K%
a5

a0

21 2 23 24 25 26 27 28 U, kv

¢) N=2000; C=0,5 pF

Figure 3. The dependence of the degree of grinding of a quartz mineral on the amount of water: 1 — Vyaw materials =Vwater;
2 — Vraw materiats =1,5Vwater; 3 — Vraw materials =3 Vwater; 4 — Vraw materials =5 Vwater

The dependence shown in the figures is the results after grinding the quartz mineral with a diameter of
the initial fraction of 13-17 mm (the diameter of the resulting product is below 1 mm). It can be seen from
the results that with an increase in the volume of water by 3-5 times compared to the volume of processed

96 BecTHuk KaparaHgmMHCKOro yHusepcureTa



Investigation of the influences of pulsed electrical discharges ...

raw materials (3Vwaer — 5Vwater), the degree of grinding of the product increases. With an increase in the
amount of water from the specified level, the output of the finished product changed at about the same level.

Conclusions

In the scientific work, the influence of electric pulse discharges on quartz mineral was considered, raw
materials were obtained that are widely used in construction — quartz powder. Since the processing of raw
materials is carried out in a liquid medium, the dependence of the quantity of finished products on the
amount of liquid is investigated. From the results obtained, the amount of liquid required for intensive
grinding of quartz mineral was determined. The experimental data can be used in obtaining the production of
granulometric composition from natural ores by the electric pulse method.

This research is funded by the Science Committee of the Ministry of Science and Higher Education of
the Republic of Kazakhstan (Grant AP14870607)
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A K. Xacenos, /I.)X. Kapabekosa, b.P. Hycyn6ekos, I'.A. Bynkauposa,
A.C. Kynycos, I' K. AnmneicoBa, M.M. bonat6exoBa

KBapu mmki3aTbIHbIH YHTAKTAJTYbIHA HMITYJIbCTI 3J1€KTP Pa3psaATAPbIHBIH
JcepiH 3epTTey

Makanazna KypbUIBICTBIK MaTepHalAapAblH TaOUFATTHIH KOJIAChI3 (akTopmapbiHa (XKew, aHObIp jkoHE T.0.)
TO3IMAITIrIH apTTHIPy MaKcaThIHA IaiilallaHbIIATHIH MINKI3aT — KBapIl YHTAFbIH Iy TACUII KapacTBIPBUI-
raH. KBapiy MuHepanbslHaH KYpbhUIBICKA KaXKETTi IIMKI3aTTHl ajlyla OJ ajIIMEHEH KepeKTi MeJepre IeHiH
yHTaKTanaasl. KaTTel MaTeprangapapl YHTaKTay IPOIECTEPiH KETUINIpyAe JKaHa SAIiCTep MEH TEeXHOJOTHs-
nap yceiHbuTyna. OCchIHal aicTepaiy 6ipi — 3IEKTPOUMITYIIBCTI 9/1iC. ATaIMBINI 9/1iC CYHBIKTHIK KOJIEeMiH/Ie
UMITYJIBCTI 3JICKTP Pa3pAATTapbIH KaJbIITACTHIPA OTHIPBII, KATThl MaTepHAIAAp/bl YHTaKTayra apHaJIFaH.
DIEeKTpUMIYJIbCTI 9iciieH TaOUFU KelepZi eHaey Ke3iHIe albIHATHIH OHIM JKYMBIC KaMepachIHAAFbl METal-
MeH JactaHOaiapl. JKyMbICTa KBapll YHTAFbIHBIH I'DaHYJIOMETPIIK Kypambl TaIAaHbII, 3JICKTPOHMITYJIBCTI
paspsAATapblH MapameTpiepiHe Toyenl MHMKI3aTThIH YHTaKTaldy Jopeskeci aHbIKTaigsl. LlukizaTTel eHICY
3epTTeyNepi UMITYJIBCTI pa3psiATap CaHBIHBIH XKOHE pa3psAl KepHEYiHIH opTYpili mapameTpiiepiHie OpbIHAAI-
ne1. Toxipubenepsie 3MEKTPOUMITYIBCTI oficTieH (paknust auaMerpi 10 MM KBapIl KeceKkTepi YHTaKTablIIl,
muametpi 0,4-1 MM yHTaK anslHABL. KBapm cy#EIK opTajia YHTaKTalaTHIHIBIKTAH, [IMKI3aTTHIH KaKeTTi rpa-
HYJIAMEeTPJIiK KYpaMbIH ay YIIiH TYTHIHBUIATHIH Cy MeJimepi 3eprTeni. KBapuTelH YHTaKTaIy AopeKeciHiy
UMITYJIECl paspsiATap CaHbIHA, pa3psia KepHEYiHe TOyelIUIKTepi anbIHABL MaTepuanibl HMITYJIbCTI 3JIEKTp
pa3psAATapbIMEH YHTAKTay HOTIDKENepi KaTThl MaTepUalibl Oy3yFa apHAIFaH 3IEKTPOUMITYIIBCTI OMIICTE icKe
acaThIH MPOLECTIH HETi3T1 KOPCeTKIITepiH Oaranayra MyMKIHIIK Oepeni.

Kinm ce30ep: anexTporuapaBIukaibiK 3pdekt, pa3psan KepHeyi, KBapll YHTAFbL, HIEKTPOUMITYIIBC, YHTAKTAITY
JIOPEKECi, UMITYIIBCTI pa3psaATap CaHbl.

A.K. Xacenos, JI.2K. Kapabekosa, b.P. Hycyn6ekos, I'.A. bynkauposa, A.C. Kymnycos,
I' K. AamsicoBa, M.M. bonar6ekoBa

HUccaenoBanue BIMSAHUS HMIIYJIbCHBIX 3JICKTPUYECCKHUX PA3pAaAa0B HA H3MECJIHbYCHHE
KBapueBoOro Colpbsi

B crarbe paccMOTpeH Crioco0 MoNy4eHust ChIpbsi — KBapILIEBOTO MOPOIIKA, HCIOIb3yeMOTrO € LEIb0 MOBbI-
IIEHNS] YCTOMYMUBOCTH CTPOUTENBHBIX MAaTEPUAJIOB K HEONAronpusITHBIM (hakTaM NpUpobl (BeTep, HOXKAb U
ap.). Ilpn monydueHnu CHIpBs, HEOOXOIMMOIO UISI CTPOUTENBCTBA M3 KBAplEBOI'O MUHEpalla, €ro IpenaBa-
PUTENBHO U3MENIBYAOT A0 HY)KHOTO pa3Mepa. B coBepleHCTBOBaHMU MIPOLIECCOB U3MENIbUEHHS TBEPbIX Ma-
TEPUAJIOB TPE/ITI0KEHBI HOBbIE METOJIbl U TEXHOJOTHU. OJHUM U3 TaKHUX SBJISETCS AJICKTPOUMITYJILCHBIM Me-
Toj. JIaHHBIA coco0 MpeaHa3HAYEeH Ul U3MEIbUCHUS] TBEP/BIX MaTEePHATIOB C 00pa30BaHNEM HUMITYIbCHBIX
INEKTPUIECKHUX pa3psioB B 00beme xuakocT. [Ipu nepepaboTke IPHPOAHBIX Py SMEKTPONMITYIECHBIM Me-
TOJIOM IOTy4JaeMasi IpOIYKINS He 3arps3HsIeTCs MeTauloM B pabodeii kamepe. ABTOpaMH IIPOaHATN3HPOBAH
TPaHyJIOMETPHUYECKUH COCTAaB KBApIIEBOTO IOPOIIKAa M OIpE/eNieHa CTENeHb M3MENIbUCHNUS CHIPbsl B 3aBHUCH-
MOCTH OT MapaMeTPOB 3IEKTPUUYECKUX HUMITYJIbCHBIX pa3psiioB. MccienoBanus nepepabOTKU ChIPbs MPOBO-
JUTUCH TIPY Pa3INYHBIX IapaMeTpax KOJIW4ecTBa UMIIYJIbCHBIX pa3psiOB U HANpsDKEeHUs paspana. B oneitax
KBapI auamerpoM ¢pakuuy 10 MM H3MeNbYancs 3JIeKTPOUMITYIbCHBIM METOJIOM M OBUI IOJyYeH MPOIYKT
nuamerpoM 0,4—1 mm. TTockoibKy KBapIl U3MENbYaICS B XKHIKOH cpelie, ObUI0 M3y4eHO KOJIMYECTBO Pacxo-
JyeMO BOJBI IUISl HOTydIeHHsI HEOOXOANMOTO IPaHyJIOMETPHIECKOTO COCTaBa ChIPhs. [10IydeHbl 3aBHCHMO-
CTH CTETICHN M3MENIbUCHNUS KBapIa OT KOJIMIECTBA HMITYJILCHBIX Pa3psaIoB M HAaIPsDKEHUS pas3psiga. Pesynbra-
THI U3MEJIBUCHNS MaTepualia HMITyIbCHBIMHU 3IeKTPHUIECKAMH pa3psAaMy O3BOJISIOT OIIEHUTh OCHOBHEIE T1a-
paMeTphl IpoIecca, peann3yeMoro B MeKTPONMITYIECHOM METO/IE Pa3pyIICHHUs TBEPIOTO MaTepHaa.

Knrouesvle cnosa: anexTporupaBinueckuii 3pdexT, HanpspkeHne paspsija, KBapleBblil MOPOLIOK, JIEKTPO-
HUMITYJIbC, CTETIEHb TOMOJIA, KOJIMYECTBO UMITYJILCHBIX Pa3psiiOB.
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