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Phthalocyanine and metal phthalocyanine are hole transport buffer layers
for perovskite solar cell fabrication

This approach allows you to more accurately evaluate the performance of solar panels and identify any prob-
lems or degradation in their operation. The LUMO value of mPc closer to the LUMO value of
CH3NH;l3PbCI, increased conversion energy and short circuit current density (Ji.), which reached a maxi-
mum value of 15.97 mA/cm? using the HTL layer of CuPc, and the open circuit voltage (V) reached a max-
imum at 0.97 V. The change in Jg. corresponds to the fill factor (FF) change. The filling factor (FF) reached a
maximum value of 67.35 % when using the HTL layer of CuPc and a minimum value (FF) of 54.23 % when
using the HTL layer of H,Pc. The lowest series resistance (R;) and interface resistance (R3) of 11.2 and
39.9 Ohms, respectively, were shown with the HTL layer of CuPc, Capacitive element CPE1 — 305 pF, Ca-
pacitive element CPE2 — 0.95 pF. CPE (Constant Phase Element) is an element used in equivalent circuits to
describe the non-ideal dielectric properties of materials. The decrease in CPE1 may indicate a decrease in the
heterogeneity of the dielectric properties of the perovskite material after coating with different HTL mPc lay-
ers. This may be due to changes in structure or mutual actions between layers as a result of exposure to dif-
ferences in energy levels.

Keywords: Perovskite solar cells, hole transport layers, metalphthalocyanine, absorption spectra, photovoltaic
properties, electrical impedance spectroscopy, ion migration.

Introduction

Phthalocyanine molecules have attracted widespread attention due to their outstanding thermal and
chemical stability and other promising properties. This class of molecules is actively studied in various tech-
nologically important fields such as magnetism, sensing, and optoelectronics due to the diverse chemical
composition and aromatic structure of the molecule. MPc macrocycles (M = Co, Cu, Ni, or Fe) have fourfold
symmetry and are typically adsorbed with their molecular plane parallel to the surface on metal surfaces. In
addition, MPc is often used as a protective coating for the photoactive perovskite layer, and its high thermal and
chemical stability can be extremely beneficial for the operation of perovskite salt solar cells (PSCs) [1-4].

Perovskite solar cells have several advantages, such as high open circuit voltage and high conversion
efficiency, due to a wide optical absorption spectrum. A typical perovskite solar cell design includes titanium
oxide for electron transfer, a CH3NH3Pbl; perovskite crystal as the photoactive layer, and a N'-octakis(4-
methoxyphenyl)-9,9'-spirobi[9H-fluorene]-2,2',7 layer. 7'-tetramine (spiro-OMeTAD) for hole transfer.
However, to improve the photovoltaic properties and chemical stability, there was a need to develop materi-
als that could replace spiro-OMeTAD as the hole transport layer. In recent years, phthalocyanine complexes
have begun to be used as organic semiconductors by modifying their molecular structure, including central
metal chemical groups and electronic structures [5-7]. Phthalocyanine plays an important role in improving
semiconductivity, charge carrier mobility, recombination-free carrier diffusion, and conversion efficiency.

However, complex synthesis processes and difficulties in purifying Spiro-OMeTAD lead to increased
production costs. Moreover, due to the primary structure of Spiro-OMeTAD, all significant conversion effi-
ciencies were achieved by adding dopants and impurities, which further increases the overall cost of the de-
vices and reduces their stability. Due to this, significant efforts have been made to develop more affordable,
impurity-free alternatives using simpler syntheses. Various design strategies and various types of impurity-
free hole transport materials (HTM) have been developed. Our group first reported the use of
cuprophthalocyanine (CuPc) with MoO; as a hybrid HTM, achieving an efficiency of 8.12 %.

Metal phthalocyanines (MPcs) offer exciting potential as p-type semiconductor materials for use as hole
transport layer (HTL) materials in perovskite solar cells (PSCs). MPcs boast high electrical conductivity,
catalytic activity, and exceptional chemical and thermal stability. Furthermore, the alignment of the valence
band maximum (VBM) and conduction band minimum (CBM) levels of the MPC with the energy levels of
the perovskite and counter electrodes ensures efficient device operation [8, 9]. This strong compatibility be-
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tween the MPC and other layers of the perovskite solar cell significantly enhances its performance and sta-
bility.

Research has shown that direct contact between perovskite layers and MoO; causes an undesirable
chemical reaction. P.Schulz and his team investigated the chemical and electronic structure of the
MoOs/MAPDI; interface. They discovered that direct contact of perovskite with MoO3; leads to the reduction
of MoO; to MoO,. The alignment of energy levels at the perovskite/MoO, interface is not favorable for hole
extraction. These findings were confirmed by F. Schulz and his colleagues. They studied the chemical reac-
tion occurring at the boundary of the CH3NH3PbCll; x and MoO; layer. Changing the valency of Mo in
MoO; from Mo® to Mo*" led to an increase in the concentration of MoO,. The oxidation of Pb* to Pb*" or
the oxidation of 21" to I”® is accompanied by a change in the valence of Mo from Mo® to Mo** [10]. This
leads to the formation of regions with a high density of defects at the interface, which become recombination
centers and reduce the performance of the perovskite solar cells.

To solve this problem, we applied a metal phthalocyanine (MPc) layer as an HTL interlayer. MPc has
excellent charge transfer properties and can effectively act as an HTL. Selection and optimization of HTL
layers are challenging tasks in the research and development of perovskite solar cells (PSCs). It is necessary
to achieve a balance between electrical conductivity, hole permeability, stability, adhesion to the perovskite
layer, and other factors to achieve high efficiency and stability of solar cells [11-14].

In this study, we propose adding an extra layer of phthalocyanine and its metal complexes between the
perovskite and the hole-conducting MoO, layer in order to enhance the efficiency and stability of perovskite
solar cells (PSCs). Our plan is to investigate and optimize the composition and structure of phthalocyanine
and its metal complexes, as well as various methods for their integration into perovskite material. Additional-
ly, we intend to examine how phthalocyanine nanostructures and their metal complexes affect the efficiency
of charge carrier transport in a perovskite solar cell.

Materials and Methods

Sample preparation and deposition process

The fabrication process of the perovskite solar cells (PSCs) involves several steps, including the prepa-
ration of substrates, deposition of the electron transport layer (ETL) and perovskite layer, and deposition of
the hole transport layer (HTL) and electrode layers.

Substrate Preparation:

Glass substrates coated with a fluorine-doped tin oxide (FTO) layer are cleaned thoroughly using ace-
tone, hot deionized water, and 2-propanol. Subsequently, UV-ozone treatment is performed.

Deposition of Electron Transport Layer (ETL):

A titanium dioxide (TiO;) sol-gel solution is prepared by mixing titanium VI isopropoxide (TTIP), ace-
tic acid, deionized water, isopropanol, and nitric acid. The solution is spin-coated onto the FTO-coated glass
substrates and annealed at 500 °C to obtain a crystalline TiO, layer.

Deposition of Perovskite Layer:

A solution containing methylammonium iodide (MAI) and lead chloride (PbCl,) dissolved in
N,N-Dimethylformamide (DMF) solvent is prepared. This perovskite solution is spin-coated onto the TiO,
surface at various speeds and annealed at 90 °C to form a crystalline perovskite layer.

Deposition of Hole Transport Layer (HTL): Metal phthalocyanine (MPc) is deposited as the HTL on the
perovskite surface via thermal evaporation. Subsequently, a layer of molybdenum oxide (MoO,) is thermally
evaporated on top of the mPc layer.

Deposition of Electrode Layers: An anode layer of silver (Ag) is thermally evaporated onto the MoOy
layer to complete the device structure. Throughout the fabrication process, precautions are taken to perform
all steps in a glove box filled with nitrogen to minimize exposure to moisture and oxygen, which could de-
grade the performance of the PSCs.

The structural formulas of mPc, MAI, and PbCl,, as well as a diagram illustrating the fabrication steps
of the perovskite solar cells (PSCs) and the structure of PSCs with energy diagrams of functional layers, are
provided in Figure 1 for reference.

42 BecTHuK KaparaHguHckoro yHuBepcuTeTa



Phthalocyanine and metal phthalocyanine ...

Phthalocyanine Phthalocyanine metal complex CH3NH3I PbCI2
(H2Pc¢) (CuPc, NiP¢, CoPc, ZnPc)

al al
H
! Y
H30 - f;l =H |
H
T=500 °C U
{

T

Thermal evaporation Thermal evaporation Thermal evaporation

) TR RN

Figure 1. Structural formulas (a), a scheme of perovskite solar cell fabrication steps (b)

Analysis methods

The surface topography and thickness of the samples were probed using a JEOL JSPM-5400 atomic
force microscope (AFM). The AFM data were processed using Gwyddion Data-Processing Software, a mod-
ular program for SPM (scanning probe microscopy) data visualization and analysis. To measure the local
current distribution, an AFM Solver P47 (NT-MDT) was utilized. During current measurements, a voltage
was applied to the sample, while the conductive probe covered with a gold film was grounded. The surface
topography and root mean square (rms) roughness were measured in the semi-contact mode using an NSC14
probe from Micromash, while the current was measured in the contact mode using a CSC37/Au probe from
Micromash.

The absorption spectra of the samples were measured using an AvaSpec-ULS2048CL-EVO spectrome-
ter (Avantes). A combined deuterium-halogen light source AvaLight-DHc (Avantes) with an optical range of
200-2500 nm was employed as the light source. For thermal deposition, the CY-1700x-spc-2 vacuum sput-
tering unit (Zhengzhou CY Scientific Instruments Co., Ltd) was utilized.

The impedance spectra were measured using a P45X potentiostat-galvanostat with an FRA (frequency
response analyzer) module. The current-voltage (I-V) characteristics of solar devices were measured using a
PVIV-1A |-V Test Station under light illumination from a Sol3A Class AAA Solar Simulator (Newport).

Results and Discussion

Structural analysis of the prepared films

Figure 2 presents AFM images of the HTL layer's surface composed of various phthalocyanines and
MoQO;, created through vacuum thermal deposition. The figure reveals that the HTL layer's surface morphol-
ogy, when using different metal phthalocyanines and MoOs;, exhibits a granular structure with distinct
boundaries. Given that the particle size is roughly equivalent to the film's thickness, it's evident that these
films possess a greater number of defects and pores compared to others. For instance, CoPc films with a
250 nm thickness have an average particle size of 230 nm, suggesting a substantial amount of defects and
pores. Conversely, CuPc films at 230 nm thickness have an average particle size of 110.9 nm, nearly half the
film's thickness, indicating fewer defects and pores. Determining the average particle size in H,Pc and MoO;
films is challenging, as such structures' emergence could be attributed to the glass substrate's surface charac-
teristics.
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Figure 2. AFM images of hole-transport layers phthalocyanine (a) and molybdenum oxide

Table 1
Phthalocyanine and MoO; film roughness and particle size

Sample name Thickness, nm Ra, nm davg, NM
H,Pc 220 2.75 undetermined
CuPc 230 19.88 110
ZnPc 250 19.5 200
CoPc 250 9.37 230
NiPc 270 27.28 162
MoOs; 60-70 1.11 undetermined

Optical properties

Figure 3 shows the absorption spectra of metal and nonmetal phthalocyanine nanostructures. The ab-
sorption spectra show two very intense bands in the region of 300—400 nm (B-band), which correspond to
mixed n-n* and n-zm transitions a2u—2eg and b2u—2eg, as well as an absorption band in the region of 550—
750 nm (Q-range), which corresponds to the m-n* transition alu—2eg [15]. The absorption spectrum of a
vacuum-deposited CuPc film (Fig. 3, curve 1) in the Soret region has a maximum at A=326 nm, and in the Q-
range, two bands are observed with maxima at A=616 nm and A=692 nm. The characteristic splitting of the
absorption of nanostructures in the Q-range into two peaks is associated with Davydov splitting [16].

Understanding the optical absorption spectra of thin films is crucial for revealing the band structure and
energy gap of both crystalline and amorphous structures. The substitution of metal ions in phthalocyanine, as
well as the type of metal ions, can significantly alter the absorption and the position of the bands in these re-
gions. Phthalocyanine films display distinct absorption spectra in the B-range around 300-350 nm and in the
Q-range 550-650 nm, which are influenced by the metal complex [10, 16].

The graph in Figure 3 illustrates the spectral absorption distributions of thin PC films (1-3) within the
300-900 nm wavelength range. Notably, the films exhibited over 75 % transparency in the 400-500 nm and
above 750 nm wavelength regions. It is worth mentioning that metal-free phthalocyanine (H,Pc) and nickel
phthalocyanine show a pronounced Q-band absorption region around 599 nm. Conversely, metal
phthalocyanine thin films (CuPc and ZnPc) display a red-shift in these regions. Specifically, absorption
peaks were observed at 321, 599, and 686 nm for H,Pc, 321, 602, and 693 nm for CuPc, 330, 602, and
697 nm for ZnPc, 318, 600, and 693 nm for CoPc, and 327, 599, and 681 nm for NiPc.

The Tauc plot [17] was used to calculate the optical band gap of MPc films by plotting the dependence
of (ahv)"2 on photon energy for thin films of H,Pc, CuPc, ZnPc, CoPc, and NiPc (Fig. 3b). It was found that
the bandgap for metal-free thin films was approximately 1.63 eV. Moreover, the corresponding energies for
CuPc, ZnPc, CoPc, and NiPc thin films were 1.60, 1.61, 1.65, and 1.67 eV, respectively, indicating a slight
difference.
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Figure 3. Phthalocyanine films absorbance coefficient (a), optical band gap (b),
transmittance coefficient (c) and diagram of electronic transitions (d)
Table 2
Absorbance coefficient, optical bandgap, and transmittance coefficient
sample name B-band Q-band Band gap, |Transmittance (%)
P Jomax,nm | FWHM, nm ) max, nm FWHM, nm eV in A=700 nm
599.33 83.05
H,Pc 320.89 103.41 68649 107 49 1.63 50
602.21 85.06
CuPc 321.04 79.21 693 14 115 19 1.60 70
601.70 88.11
ZnPc 329.70 90.02 697 18 10484 1.61 50
599.96 87.06
CoPc 317.91 76.03 69267 73.60 1.65 50
. 598.71 75.92
NiPc 327.23 66.84 68085 7761 1.67 70

Photoelectrical and Electrical Impedance Spectroscopy characterizations

From Figure 4 and Table 3, it can be seen that the lowest LUMO value for CuPc is 5.2 eV, which is
closer to the LUMO of the photoactive layer, resulting in improved photovoltaic performance. The device
with the HTL CuPc layer showed the highest performance with a power conversion efficiency (PCE) of
10.28 %. At the highest LUMO of -5.1 and -5.0 eV, the photovoltaic performance of PSCs showed lower
values compared to devices based on more positive LUMOs.

Decreasing the LUMO value of Pc closer to the LUMO value of CH3NH;l3PbCl, increased conversion
energy and short circuit current density (Js.), which reached a maximum value of 15.97 mA/cm? using the
HTL layer of CuPc, and the open circuit voltage (V) reached a maximum at 0.97 V. The change in J cor-
responds to the fill factor (FF) change. The filling factor (FF) reached a maximum value of 67.35 % when
using the HTL layer of CuPc and a minimum value (FF) of 54.23 % when using the HTL layer of H,Pc.
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All PSC functional layers, except the different HTL materials, were deposited under the same condi-
tions, so the observed differences in photovoltaic performance are mainly due to the properties of the
phthalocyanine HTL and the phthalocyanine/perovskite interface. The differences in the change in fill factor
(FF) and hence J, are largely due to the change in HTL mPc conductivity caused by the change in HTL mPc.
Jscis also affected by the mPc/perovskite interface. It is well known that the compatibility of LUMO energy
levels for Pc and LUMO for CHsNH;lsPbCI, reduces its resistivity and increases the conductivity of the film.
Therefore, matching the energy levels should lead to an increase in its conductivity, and in the device, this
should improve the fill factor (FF) and increase Js..
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Figure 4.The structure of the device (a), current-voltage characteristics (b), energy diagram (c),
and diagram of a single-diode model of the electrical characteristics of I0SC (d)

Table 3
Photovoltaic performance of perovskite solar cells

> Jsc Ve Jmax Vinax FF n

PSC's HTL mA/cm? Vv mA/cm? Vv % %
CuPc 15.97 0.97 13.01 0.79 67.35 10.28
NiPc 15.38 0.94 12.47 0.75 66.39 9.35
CoPc 14.59 0.93 11.98 0.77 65.26 9.22
ZnPc 14.22 0.90 11.16 0.71 61.91 7.92
H,Pc 14.76 0.87 10.88 0.64 54.23 6.96

To gain a detailed understanding of how the mPc HTL layer affects charge carrier transport mecha-
nisms, we conducted impedance spectroscopy on perovskite solar cells. The impedance spectra were ana-
lyzed and fitted using the equivalent electrical circuit depicted in Figure 5a.

EIS is a non-destructive electrical characterization technique used to study the bulk and interface elec-
trochemical dynamics of various materials with both electronic and ionic behavior, such as solar cells, vari-
ous electrochemical electrodes, batteries, and fuel cells. EIS measures the resistive and capacitive behavior
of an electrochemical system by applying an alternating current (AC) potential at different frequencies and
measuring the AC response through the cell. EIS can be used in combination with light illumination to char-
acterize solar cells under operating conditions. Various physical processes occurring in the device will mani-
fest themselves in EIS responses at different characteristic frequencies.
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Figure 5. Nyquist impedance curves and equivalent circuit diagrams (insert) (a),
and increased high-frequency region curves (b) for perovskite solar cells

To interpret the EIS, the dual time constant equivalent circuit model proposed by Garcia-Belmonte and
colleagues [18, 19] is used. The circuit is a combination of a series of external resistance (R,), including con-
tact resistance, wire resistance, and electrode surface resistance, two non-ideal capacitive elements called
constant phase elements (CPE; and CPE;,), and two resistive elements (R, and R3). The constant phase ele-
ment (CPE) impedance is given by:

1
Z .= : 1
pce T ( J(D)p ( )

T is a constant with unit F cm2, and P is related to the purity angle. The capacitive element CPE; repre-
sents a non-ideal geometric capacitance and is related to the dielectric response of the perovskite layer,
which dominates the capacitive response in the high-frequency region (> 1 kHz) of the spectra. The second
capacitive element CPE, is a low-frequency characteristic (< 1 Hz) related to the accumulation of surface
charge at the solar cell interfaces. The resistance R; is related to CPE; and is related to the charge transfer
resistance of the bulk perovskite. This is also influenced by the low-frequency transport resistance Rj is asso-
ciated with many processes such as surface resistance, storage resistance at interfaces, as well as slow pro-
cesses such as ion diffusion and resistance to trap-mediated charge recombination in the bulk.

So, it is possible to extract the parameters of the equivalent circuit under 8 mwW/cm? LED illumination
(solar simulator) from the provided experiment. These are the parameters:

The lowest series resistance (R;) and interface resistance (Rs) of 11.2 and 39.9 Ohms, respectively, was
shown with the HTL layer of CuPc, Capacitive element CPE; — 305 pF, Capacitive element CPE, — 0.95 pF.
CPE (Constant Phase Element) is an element used in equivalent circuits to describe the non-ideal dielectric
properties of materials. The decrease in CPE; may indicate a decrease in the inhomogeneity of the dielectric
properties of the perovskite material after coating with different HTL mPc layers. This may be due to chang-
es in structure or mutual actions between layers as a result of exposure to differences in energy levels.

These changes could be significant for optimizing the performance of perovskite solar cells and other
devices utilizing perovskite materials. This is because the dielectric properties of the material can impact its
electrochemical stability, energy conversion efficiency, and other important performance parameters. The
increase in CPE, may be attributed to the accumulation of ions and electrons at the interfaces as shown in
Table 4.

Table 4
The value of charge transport parameters of perovskite solar cells
PSC’s HTL R, Ohm R,, Ohm R;, Ohm P1 n; p2 n,
CuPc 11.2 1478.8 39.9 3.05:10° 1 9510 0.03
NiPc 16.1 1642.9 428.6 14107 0.96 7.4-107 0.72
CoPc 24.9 17234 339.3 7.5-10F 1 6.7:-10%° 0.86
ZnPc 24.0 1909.2 234.5 7310 0.99 49-10" 0.32
H,Pc 27.47 986.6 110.9 2.7-107° 1 1.3-10™ 0.11
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Conclusions

The decrease in CPE; may indeed indicate a decrease in the heterogeneity of the dielectric properties of
the perovskite material after coating with various layers such as HTL mPc. When coated with different lay-
ers, changes can occur in the structure of the perovskite material, as well as interactions between these lay-
ers, for example, as a result of differences in energy levels. These changes can affect the dielectric properties
of the material, including its heterogeneity. Such analysis helps to understand what processes occur at the
interface level and how they affect the electrical characteristics of perovskite solar cells.

The lowest series resistance (R;) and interface resistance (Rs) of 11.2 and 39.9 Ohms, respectively, was
shown with the HTL layer of CuPc, Capacitive element CPE; — 305 pF, Capacitive element CPE, —
0.95 pF. CPE (Constant Phase Element) is an element used in equivalent circuits to describe the non-ideal
dielectric properties of materials. The decrease in CPE; may indicate a decrease in the inhomogeneity of the
dielectric properties of the perovskite material after coating with different HTL mPc layers. This may be due
to changes in structure or mutual actions between layers as a result of exposure to differences in energy lev-
els [10, 20].

Such changes could be important for optimizing the performance of perovskite solar cells and other de-
vices using perovskite materials since the dielectric properties of the material can affect its electrochemical
stability, energy conversion efficiency, and other key performance parameters. The increase in CPE, may be
due to the accumulation of ions and electrons at the interfaces.
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T.M. Mykamerkanu, A.K. Aiimyxanos, A.K. 3elinnaeHoB

DTaTOUMAHUH KOHE MeTAT (PTAOLHAHUH KEeMTIK TaChIMAJIay b
OydepJiik KadaTTapbiH NEPOBCKUT KYH 0aTapesiapbiH OHAIpYyre naigajiany

Byn Tocin xyH GaTapesulapbIHBIH OHIMIUITIH JaJTipeKk Oaranayra jKoHE OJIap/iblH KYMBICBIHIAFBI Ke3 KeJreH
npoGiieMasiapibl HeMece JerpaialysHbl aHbIKTayFa MyMKiHIik Gepeni. @oto aktusTi Kabat CH3NH3l3PbCIy
LUMO wMmoHiHe ¥aKplH KeMTiK TackiManaaymsl mPc LUMO MoHI TypieHAipy SHEPTHsIChIH KOHE KbICKa
TYWBIKTTy TOK TBHIFBIBABIFBIH (Jg) apTTeipmel, onm CuPc kemTik TaceiManmay KaOaThIH MaiifanaHbIT
15,97 MA/cM? MakcHMalbl MOHTE KETT1 JKOHE amlbK Tiz0ek kepHeyi (Vo) MakcumyM 0,97 B-ka xerTi. Jg
e3repici Tonteipy kodddummentinin (FF) esrepyine coiikec keneni. Tonteipy koaddummenti (FF) CuPc HTL
Ka0aThIH MaiiiaaHFaH Ke3e eH >korapsl MoHTe 67,35 % sxone HyPc HTL kabarwiH maiimananraH xe3zie eH
temenri moure (FF) 54,23 % xereni. EH TeMenri cepusiibik kemepri (Ry) xouHe uHTepdeiic keneprici (Rs)
coiikecinme 11,2 sxone 39,9 Om CuPc HTL kabateimen, CPE; coiitbiMabuibik ssementi — 305 nd, CPE,
CHIMBIMABLIBIK eMeHTi — 0,95 nd kepcetinmi. CPE (Typakrsl (a3anbiK 3JIeMEHT) — MaTepuaiiapably
Uieasbl eMec TUAJIEKTPIIIK KAaCHETTEePiH CUMaTTay YIIiH S9KBHBAICHTTI Ti30eKTep/ie KOIJaHbUIAThIH 3JIEMEHT.
CPE; temenzeyi optypai HTL mPc kabGaTTapbiMeH KamnTajdfaHHAH KEiHiH MEPOBCKUT MAaTEPHATbIHBIH
IUBJIEKTPIIIK KACHETTEPiHIH reTepOreHAUTIITiHIH TOMEHIEYiH KopceTyi MyMKiH. ByJl KypbUTBIMHBIH ©3repyiHe
HEMece DJHEprusl JeHreWsepiHaeri aWbpMalIbUTBIKTAapAbIH OCEpiHEH KabaTTap apachblHOAarel ©3apa
opekeTTepre OalIaHBICTHI OOTYBI MYMKIH.

Kinm ce30ep: mIepOBCKUTTI KYH OaTapesuiapbl, OTKI3TIIITIK KEMTIri 6ap Kabar, MeTai(TalolHaHIH, KYTHUTY
CreKTpIiepi, (POTOAEKTPIIK KaCHeTTepi, UMIEIaHC CIIEKTPOCKOMHSCH, HOHIAPABIH Ke3yi.

T.M. Mykamertkanu, A.K. Alimyxanos, A.K. 3eiiHn1eHOB

HepOBCKI/ITHLle COJIHECYHbIC 3JIEMEHTHBI ¢ UCITOJIBb30BaHUEM (I)TaJIOHI/IaHl/IHa
" €ro METAJJIOKOMILJICEKCOB B Ka4eCTBE CJ10A € IIprO‘IHOﬁ NMPpOBOAUMOCTBLIO

VYka3aHHBIH B paboTe MOAXOJ IMO3BOJISIET OoJiee TOYHO OLEHHUTH PAabOTy CONHEYHBIX ITaHelIel W BBIIBHTH
mo0ble TpoOJIeMBl WM Jerpajanuio B uX padore. YMensimenne 3HadeHuss LUMO it mPc Ommke x
3nayeHnto LUMO s CH3NH3I3PbCl, mpuBeno k yBennueHHro 3Hepruu mnepeodpasoBaHHs M INIOTHOCTH
TOKa KOPOTKOTO 3ambikaHus (Jg), KOTOpas IOCTHIIa MaKCHMalbHOTO 3HaueHus B 15,97 MA/cM? mpu
ucnons3zoBanu HTL cnos CuPc, a nanpspkenue xomocroro xoma (Vo) mocturio makcumyma B 0,97 B.
U3smenenne Jg, coorBercTByeT m3MeHeHuto koddduunenta 3anonsenus (FF). Koadouuuent 3anonHenus
(FF) moctur makcumanbHoro 3HaueHust B 67,35 % npu mpumenennn HTL crmos CuPc um MuHHMMansHOro
3HaueHuss B 54,23 % mnpu wucnonb3oBanun HTL cmos HyPc. Camoe HH3K0oe mocienoBarenbHOe

Cepusa «dusmka». 2024, 29, 3(115) 49
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T.M. Mukametkali, A.K. Aimukhanov, A.K. Zeinidenov

conporusieHue (R;) m comporuBnenue unrepdeiica (R3) cocraBumu 11,2 u 39,9 OM cooTBeTCTBEHHO,
MOKa3aB JIy4luid pe3ynpTat npu ucnonszoBannd HTL cnost CuPc. Emkoctabie anementsl — CPE;-305 n® u
CPE,-0,95 n®. CPE (Constant Phase Element) siBisieTcsi 3IeMEHTOM, HCIOIb3YeMbIM B 3KBHBAJICHTHBIX
cXeMax, JJIsI ONHCAHWs HEUJCaTbHBIX THIICKTPHIECKHX CBOMCTB MartepuanoB. YMenbirenne CPE; moxer
YKa3bIBaTh Ha COKpalleHHe HEOJHOPOJHOCTH AMAIEKTPUYECKUX CBOMCTB ITEPOBCKUTHOTO MaTepuaja Mmocie
nokpeitust pasnmuaaeiMa HTL crosmu mPc. OTo MokeT OBITH CBS3aHO C M3MEHEHUSIMU B CTPYKTYpe HIH
B3aMMOJICHCTBHEM MEXIY CIIOSMH M3-3a Pa3HUIIBI B SHEPTETUUECKUX YPOBHSIX.

Kniouesvie cnosa: TEpOBCKUTHBIE CONMHEYHBIE 3JEMEHTHI, CIIOH C ABIPOYHOH MPOBOJMMOCTBIO, MeTaLIO(Ta-
JIOIIMAHUH, CIEKTPHI MOTJIOLIEHH, (OTOINEKTpUIECKHE CBONCTBA, HMIIEIAHCHAs CIIEKTPOCKOMHS, MUTPALIUs
HOHOB.
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