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Impact of the thickness of phthalocyanine films and its metal complexes
on optical and electrical properties

The paper presents the results of a study of the structural, optical and electrophysical characteristics of
phthalocyanine films and its metal complexes with different thicknesses. Films of phthalocyanine and its
metal complexes were obtained on the conductive surface of the FTO by thermal evaporation in vacuum. It is
shown that the observed broadening of the B and Q bands and the hypsochromic shift of the maxima in the
absorption spectra are associated with the central atom. With a decrease in the thickness of MPc films, there
is a decrease in the value of the half-width of the absorption spectra. The effect of the thickness of phthalocy-
anine films on the efficiency of generation and transport of charge carriers in the FTO/MPc/Al cell was stud-
ied. It is shown that the VAC increases almost 2.5 times compared to a photocell based on a metal-free
phthalocyanine. From the obtained impedance measurement data, it was found that the electrophysical pa-
rameters of phthalocyanines depend on the values of optical density, broadening of absorption bands in the
short-wave and visible spectral regions, which is consistent with the data of the volt-ampere characteristic.

Keywords: phthalocyanine, metal phthalocyanines, solid films, absorption spectra, impedance meter, current-
voltage characteristics.

Introduction

Phthalocyanines are currently widely studied molecular semiconductors, which is due to both applied
and scientific reasons. Phthalocyanines are large aromatic organic compounds constructed from four isoin-
dole units connected by nitrogen atoms. Phthalocyanines are chemically and thermally stable, most of them
are organic p-type semiconductors and have photoconductivity, easily forming ordered thin films [1, 2]. This
determines their use as media for optical recording of information, for the manufacture of light-emitting di-
odes (LEDs), solar cells, gas sensors, high-speed magnetic field sensors [3-5].

In recent years, there has been great interest in phthalocyanines with central atoms of various metals
(metallophthalocyanines — MPCs). Groups of metal phthalocyanines are formed as a result of the introduc-
tion of divalent metal atoms (e.g. Zn, Cu, Co and Ni) into the phthalocyanine ring. The physical and chemi-
cal properties of MPCs are well regulated by optimizing the central metal ions and their structure [6]. Also,
the correct choice of morphology and polymorphism of the MPCs thin film structure can have a significant
impact on its optical and electrical properties [7].

Due to the remarkable electronic and optical properties, MPCs thin films have become a promising ma-
terial for organic electronic devices [8, 9]. For example, in recent years MPCs have been implemented in
perovskite solar cells as hole transfer materials (HTM), achieving in some cases efficiency exceeding
20 % [10-11]. MPCs are also attractive building blocks in molecular donor-acceptor (D-A) systems due to
their ability to efficiently absorb light in the visible region, as well as their ability to act as electron (D) do-
nors during photoexcitation in various D-A systems [12, 13].

Thus, phthalocyanine and its metal complexes have a wide range of potential applications in electron-
ics, energy, chemistry and medicine. Research in this area is ongoing, and it may lead to new and innovative
applications of these materials.

In this work, films of phthalocyanine and its metal complexes with different thicknesses were obtained
by thermal spraying in vacuum. We studied the effect of film thickness on structural, optical and electrical
properties, as well as conducted a detailed analysis of charge transfer processes in phthalocyanine films.
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Materials and Methods

Preparation of a solid substrate

An important step in the process of applying films is cleaning the surface of FTO glass substrates.
Cleaning of the substrate surface from contamination was carried out using lint-free wipes soaked in isopro-
pyl alcohol. After that, the cleaning process was carried out, consisting of three stages. At the first stage, the
holder with glass substrates FTO was placed in a beaker with an ammonia peroxide solution, which consists
of 50 ml of a 3% solution of hydrogen peroxide (H202), 15 ml of a solution of aqueous ammonia (NHs +
NH4OH + H.0) and 135 ml of distilled water. A glass of solution with substrates was heated in a water bath
at a temperature of 90-95° C for 15-20 minutes. Then, the holder with glass FTO substrates was washed with
distilled water, after which it was purged with a stream of compressed nitrogen (N2) and dried in a drying
cabinet. The second stage was the sequential cleaning of the substrate surfaces in an ultrasonic bath, first
with acetone, then with isopropanol for 10-15 minutes with an intermediate purge with a stream of com-
pressed nitrogen in order to completely dry the solvents. The final stage is a 50-60 minutes process of expo-
sure to ultraviolet radiation (with wavelengths of 185 and 254 nm, with an intensity of 20pV / cm?) on the
surface of the substrates, which was carried out at the UV Ozone Cleaner unit manufactured by Ossila.

Production of thin films

The production of films of phthalocyanine and its metal complexes on a solid surface was carried out by
thermal evaporation in a vacuum of 10 Pa. A ceramic crucible was used as an evaporator. Different film
thicknesses were obtained by changing the distance of the holder from the evaporator, which was 80, 100,
120 mm. After that, an Al electrode was sprayed onto the surface of the films at a vacuum of 10 Pa. The
thickness and deposition rate of the metal were measured using a piezoelectric quartz resonator. To obtain
films of phthalocyanine and its metal complexes, reagents of analytical purity (Sigma-Aldrich) were used,
the structural formula is shown in Figure 1.

Phthalocyanine Phthalocyanine metal complex
(H2P¢) (CuPc, CoPc. ZnPc)
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Figure 1. Structural formulas phthalocyanine (a) and its metal complexes (b)

Analysis methods

The surface topography and thickness of the samples were probed by a MIRA 3 LMU (SEM, Tescan).
The absorption spectra of the samples were measured by 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 used as a light source. For thermal deposition, the CY-1700x-spc-2 vacuum sputtering
unit (Zhengzhou CY Scientific Instruments Co., Ltd) was used.

The impedance spectra were measured by a P45X potentiostat-galvanostat with an FRA module. Cur-
rent-voltage (C-V) characteristics of solar devices were measured with PVIV-1A |-V Test Station under the
light illumination from Sol3A Class AAA Solar Simulator (Newport).
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Results and Discussion

Structural analysis of the prepared films

Figure 2 shows SEM images of the surface and transverse cleavage of phthalocyanine films and its
metal complexes. As can be seen from the figure, the morphology of the film surface depends on the thick-
ness of the sample deposition. For a film of nonmetal phthalocyanine (H2Pc) and zinc phthalocya-
nine (ZnPc), a continuous fine-grained surface is observed, with a decrease in the thickness of the film, the
surface becomes more homogeneous. Cobalt phthalocyanine (CoPc) and copper phthalocyanine (CuPc) films
have a coarser-grained structure, with a decrease in film thickness, a smooth and fine-grained surface is ob-
served. All MPc films were obtained by vacuum spraying under the same conditions, and as a result, the
thickness of the vacuum-deposited films is approximately the same.

Figure2. SEM images of phthalocyanine films and its metal complexes with different thicknesses.

Optical properties

Figure 3 shows the absorption spectra of vacuum-deposited MPc films. There are two intense bands in
the absorption spectra: in the region of 300-450 nm (B-band), which correspond to the mixed n-n* and n-n
transitions a2u—2eg and b2u—2eg, and the absorption band in the region of 550-700 nm (Q-band), which
corresponds to the m-* transition alu—2eg [14-15]. As can be seen from the figure, the absorption band of
H2Pc, ZnPc and CoPc films in the B-band region has a maximum at a wavelength of A = 340 nm. In the Q-
band, two maxima are also observed at wavelengths A =630 nm and A =690 nm. In turn, for CuPc films, a
hypsochromic shift of absorption maxima A = 227 nm is observed in the B-band region, as well as a shift of
maxima in the Q-range A =485 nm and A = 553 nm. With a decrease in the thickness of MPc films, there is a
decrease in the value of the half-width of the absorption spectra. This is due to the fact that a decrease in the
thickness of the films leads to a decrease in the local environment of the absorption center, through which
energy is absorbed. A decrease in the local environment of the center in the films leads to a greater probabil-
ity of photon scattering and, as a result, to a decrease in the half-width of the absorption spectra. Table 1
shows the characteristics of the absorption spectra of the B and Q ranges of MPc films.
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Figure 3. Absorption spectra of H2Pc(a), ZnPc (b), CoPc (c)and CuPc (d) films with different thicknesses.

Table 1
Characteristics of the absorption spectra of the B and Q ranges.
Film, thickness B-band Q-band
Amax, NM_| D (optical density) | FWHM, nm |  Amax, N'm_ | D (optical density) | FWHM, nm
H2Pc -64nm 1=333 D=0.68 110 A1=627 D;=0.55 138
1,=694 D,=0.41
H2Pc -51nm =336 D=0.67 108 11=628 D:=0.53 114
4,=692 D»=0.39
H2Pc -44nm 1=340 D=0.65 98 A1=632 D;=0.51 96
1,=694 D,=0.37
ZnPc -57nm A=339 D=0.17 94 11=636 D1=0.12 141
1,=688 D,=0.13
ZnPc -42nm =339 D=0.16 83 11=638 D;=0.11 130
1,=685 D,=0.12
ZnPc -34nm =344 D=0.13 80 11=638 D;=0.09 117
1,=688 D,=0.11
CoPc -73nm A1=325 D;=0.97 99 A1=630 D;=0.68 148
1,=348 D,=0.88 1,=682 D,=0.72
CoPc -46nm A1=320 D;=0.90 91 A1=623 D;=0.62 126
1,=341 D,=0.85 1,=678 D,=0.69
CoPc -38nm A1=323 D;=0.87 89 =627 D;=0.59 108
/122345 D2=0.82 /122680 D2=0.64
CuPc -76nm A=227 D=0.69 110 21=485 D;=0.79 156
22=553 D,=0.52
CuPc -48nm A=227 D=0.62 96 1=482 D;=0.71 128
22=558 D,=0.48
CuPc -31nm A=227 D=0.58 83 21=476 D;=0.67 102
J2=544 D,=0.39
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Along the edge of the absorption spectra, the width of the optical band gap B and Q of the MPc films
was estimated (Fig. 4a, b). The estimation of the width of the optical band gap of MPc films was carried out
by the TaucPlot method. As can be seen from Figure 4a, the width of the band gap in the B-band was for
H2Pc films: Up=3.10, ZnPc: Up=2.94, CoPc: Up=2.99, CuPc: Up=3.25. The width of the optical band gap in
the Y-band showed values for H2Pc films: Up=1.62, ZnPc: Up=1.66, CoPc: Up=1.62, CuPc: Up=1.65
(Fig. 4b).
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Figure 4. The width of the optical band gap B (a) and Q(b) ranges of phthalocyanine films and its metal complexes

Photoelectrical characterizations

Photovoltaic cell samples consisting of a glass substrate, a transparent conductive layer of polycrystal-
line FTO (anode), a photoactive MPc layer and an aluminum electrode were prepared for photovoltaic meas-
urements (Fig. 5a). Figure 5b shows a diagram of MPc energy levels. It can be seen from the diagram of en-
ergy levels that the values of the band gap width and the position of the energy levels of HOMO and LUMO
phthalocyanines differ slightly. The width of the forbidden zone varies in the range from 1.6 to 1.9 eV. The
shift of the energy levels of HOMO and LUMO in phthalocyanines depends on the central metal atom.

a) b)

Phihalocyanine
FT0

Glass

Figure 5. Photovoltaic cell structure (a) and diagram energy levels (b)

Figure 6 shows MPc current-voltage characteristics with different thicknesses. As can be seen from the
figure, the current-voltage characteristics are nonlinear. The photosensitive cell based on H2Pc has the low-
est values of electrical characteristics. The efficiency of charge carrier generation in a solid H2Pc film is low
due to the weak broadening of the absorption bands in the B- and Q-bands (Fig. 3a). This is indicated by the
low value of the short-circuit current density Jsc = 3.7 mA/cm?2. The maximum no-load voltage Vo = 0.48 V
has been achieved for films with a thickness of 51 nm. The ZnPc-based photocell has improved characteris-
tics, such as the short-circuit current density Jsc =12.3 mA/cm? and the maximum value of the no-load volt-
age Voc = 0.90 V. These values were obtained for films with a thickness of 34 nm. For CoPc films, the cur-
rent density value Jsc = 9.2 mA/cm? and the maximum voltage Vo = 1.26 V were obtained for films with a
thickness of 73 nm. The current-voltage characteristics of CuPc-based cells showed a value of Js
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=8.2 mA/cm?, while the maximum voltage value at a film thickness of 48 nm is Vo= 0.90 V. This fact is due
to an increase in the optical density and a broadening of the absorption bands in the short-wave and visible
spectral regions. The analysis of the current-voltage characteristics in the figures shows that the values of
Jmax @nd Jsc cells based on phthalocyanine with a central metal atom increase by almost 2.5 times, compared
to a photocell based on nonmetal phthalocyanine, while the dependence of Js. on the thickness of films in all
MPCs does not change. However, there is a dependence of V. on the thickness of MPc films (Table 2).

a)

b)

——- 0

42

37 nm

Jgo. mA/cm

09

JN nm

46 nm

73 nm

Jge. mA/em
"o . & N
Joo, mA/em=

p—

06 0%
U v

09

0.6

1.0 0.3

—
0.4

00 02

Figure 6. Current-voltage characteristics of H2Pc(a), ZnPc (b), CoPc (C)and CuPc (d) with different thicknesses

Table 2
Photovoltaic characteristics of phthalocyanine and its metal complexes

Film, thickness Voe(V) Jse(MA/cm?) Vimax (V) Jmax(MA/cm?) FF
H2Pc -64 nm 0.39 3.7 0.20 1.3 0.15
H2Pc -51 nm 0.48 3.7 0.23 15 0.19
H2Pc -44 nm 0.45 3.7 0.21 1.4 0.19
ZnPc -57 nm 0.78 12.3 0.32 4.6 0.15
ZnPc -42 nm 0.83 12.3 0.33 4.7 0.16
ZnPc -34 nm 0.90 12.3 0.34 4.8 0.14
CoPc -73nm 1.26 9.2 0.44 3.1 0.11
CoPc -46 nm 1.11 9.2 0.42 3.2 0.13
CoPc -38 nm 0.94 9.2 0.41 3.4 0.16
CuPc -76 nm 0.69 8.2 0.30 3.2 0.16
CuPc -48 nm 0.90 8.2 0.33 2.9 0.13
CuPc -31nm 0.62 8.2 0.29 2.8 0.14

Figure 7 shows the impedance spectra of cells of the FTO/MPc/AI structure with different thickness of
the MPc layer. As can be seen from the figure, the cell based on H2Pc has the highest values of electrophysi-
cal characteristics. The resistance of the H2Pc film with a layer thickness of 64 nm is 5697.8 ohms, the re-
combination resistance is 1.57-105 ohms. When the layer thickness decreases to 51 nm, a decrease in the
resistance value is observed, and at a thickness of 44 nm, the film has minimal electrophysical characteristics
for this type of phthalocyanine, Rw =4389.3 ohms, R=1.39-105 ohms. The conditional mobility of charge
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carriers increases with a decrease in the thickness of H2Pc. The data of the impedance spectra are consistent
with the data of the current-voltage characteristics and the characteristics of the optical absorption spectrum.
For CoPc films, a device with a layer thickness of 46 nm has optimal characteristics. Rrec = 1.34-106 ohms,
Rw = 368.6 ohms. For a 76 nm thick CuPc film, the resistance parameters are equal to Rrc = 0.42 -105 ohms
and Ry = 4012.7 ohms. However, the ZnPc-based device has the best characteristics. For a ZnPc film with a
thickness of 34 nm, the minimum resistance value Ry = 173.4 ohms has been achieved, at this thickness the
recombination resistance is 1.37-106 ohms, the effective lifetime of charge carriers is 81 ms and is the high-
est among all the studied samples, Des is 34.2 10® cm? /s%, and the conditional mobility of charge carriers it
is maximum and equal to 1.4-10°%cm?V1,st. The dynamics of changes in electrophysical parameters is
caused by changes in the values of optical density, broadening of absorption bands in the short-wave and
visible spectral regions and is consistent with the data of the current-voltage characteristics (Table 3).
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Figure 7. Impedance hodographs in Nyquist coordinates for sprayed films H2Pc (a), ZnPc (b), CoPc (c¢) and CuPc (d)
with different thicknesses
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Table 3

Charge transfer parameters of phthalocyanine films and its metal complexes with different layer thicknesses

Film, thickness Det, Ketr, Teff, Rrec, Rw, 1,
(sm2-sh (sh (ms) (ohm) (ohm) (cm?V1 s

H,Pc -64 nm 28.7-10° 25.5 39 1.57-10° 5697.8 0.1-10°%
H2Pc -51 nm 20.9-10° 26.4 37 1.46-10° 4789.7 0.9-10°
H2Pc -44 nm 17.2-10° 28.1 35 1.39-10° 4389.3 0.7-10°
ZnPc -57 nm 23.8-107 15.5 64 1.5-108 316.3 1.3-10°
ZnPc -42 nm 17.5-107 14.2 70 1.42-10° 203.2 1.1-10°
ZnPc -34 nm 34.210°8 12.3 81 1.37-10° 173.4 1.4-10°
CoPc -73nm 29.7-107 15.3 65 1.38-10° 378.1 0.2-10°
CoPc -46 nm 10.5-107 13.7 72 1.34-10° 368.6 0.8-10°
CoPc -38 nm 79-106 13.3 75 1.52-10° 370.1 0.5-10°
CuPc -76 nm 15.510°% 25.7 38 0.42-10° 4012.7 0.2-10°
CuPc -48 nm 21.1-10° 175 57 2.11-10° 4025.7 0.1-10°
CuPc -37 nm 2.5-10° 4.3 23 1.73-10° 4063.7 0.6-10°
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Conclusions

As a result of vacuum spraying under the same conditions, MPc films were obtained, the SEM image of
the transverse cleavage of the films showed that the thickness of the vacuum-deposited films is approximate-
ly the same. The measured absorption spectra showed that the maximum of the B-band for H2Pc, ZnPc and
CoPc films is located at a wavelength of A = 340 nm. In the Q-band, two maxima are observed at wave-
lengths A = 630 nm and A = 690 nm. For CuPc films, a hypsochromic shift of absorption maxima A = 227 nm
is observed in the B-band region, as well as a shift of maxima in the Q-range A=485 nm and A = 553 nm.
Based on the results obtained, it was found that the value of the half-width of the absorption spectra decreas-
es with a decrease in the thickness of MPc films. Along the edge of the absorption spectra, the width of the
optical band gap of the B and Q ranges of MPc films is determined. The photovoltaic properties of
FTO/MPc/AI cells with different MPc thicknesses were measured. The measured of the current-voltage
shows that the values of Jmax and Jsc cells with metal phthalocyanine increase almost 2.5 times compared to
the H2Pc-based photocell, while the dependence of Jsc on the thickness of films in all MPCs does not
change, however, there is a dependence of Vo on the thickness of MPc films. The ZnPc-based photocell is
characterized by improved characteristics of the short-circuit current density Js. = 12.3 mA/cm? and the max-
imum no-load voltage Vo = 0.90 V, which are obtained for films with a thickness of 34 nm. The measure-
ment of the impedance spectra of the cells confirms that the effective lifetime of the charge carriers for the
ZnPc film was 81 ms and is the highest indicator among all the samples studied. The dynamics of the elec-
trophysical parameters for all MPc films is due to changes in the optical density values, broadening of the
absorption bands in the short-wave and visible spectral regions and is consistent with the data of the current-
voltage characteristic.
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dTajIoNMAHUH MEeH OHbIH MeTaJ/J1 KellleHAepi KadbIpImaKTapbl KAJbIHABIF bIHBIH
OHBbIH ONTUKAJIBIK KJHeE JIEeKTPJIIK KacueTTepiHe dcepi

Makanazna apTypili KaIBIHIBIKTAaFbl (PTATONMAHIH JKOHE OHBIH METaUl KelleHepi KaObIKIIanapbIHbIH KYPbI-
JBIMIIBIK, ONTHKAJBIK JXKOHE SJICKTP(U3MKAJIbIK CHUIIATTaAMATIApBIHBIH 3€pPTTEY HOTHXKENepl YChIHbUIFaH. Ba-
KyyMJia TepMUSUTBIK Oyinany apKbutsl oTKisrim FTO Gerinae ¢pTanonuaniH )KoHE OHBIH METaJlI KeIICHCPiHIH
KaOBIKIIACH! aJbIHIBL B sxoHe Q omakrapreiHaa OaiiKamaTblH KEHEIO KOHE KYTBUTYy CHEKTPiHIH MaKCUMYM-
JAapbIHBIH TMIOXPOMIIBIK BIFBICYBI OPTAJIBIK aTOMMEH OailIaHBICTBI €KeHi kepceriireH. MPc KaObIKIIagapbl-
HBIH KaJIBIHIBIFBI a3aiiFaH CalblH JKYTBUTY CIIEKTpiHIiH jkapThl eHi asasusl. FTO/MPc/Al ysmersiana ¢raso-
[IMaHWH KaOBIKIIaTapbIHBIH KaJIBIHBIFEI 3apsil TachIMaJlayIIbulap TeHepanysIChIHBIH JKOHE TaChIMaIaHybI-
HBIH THIMALUTIriHE acepi 3epTTengi. MeTancs3 (TanonnanuH Heri3iHgeri GpoToameMeHTHeH CabICTRIpFaHIa
TOK KepHEYiHIH CHIaTTaMachl IamMaMeH 2,5 ece ©CeTiHi KopCceTUIreH. AJIBIHFAaH UMIIEIaHC HATHXKeIepiHeH
¢dranounaHUHACPIIH MEKTPYUHKAIBIK TapaMeTpIiepi, ONTHUKAJIBIK THIFBI3IBIK MOHAEPI MEH CIIEKTPIIH KbIC-
Ka TOJIKBIHIBI JKOHE KOPIHETIH aiMaKTapbIHOAFBl JKYTBUIY JXOJAKTAapbIHBIH KCHEIOiHe OailIaHBICTHI eKeHi
AHBIKTAJIBL, OYJT BOJIBT-aMIEPIIiK CHITaTTaMachlHA TaJay AEPEKTECPIMEH COMKeC Kelei.

Kinm ce3oep: pronaumanuH, Metangap GTOTalUaHNHI, KATTH KaOBIKIIATAP, )KYTHUTY CIIEKTPIIEpi, UMIICIaH-
CMETp, BOJIBT-aMIIEPIIiK CHIIaTTamManap.

C.K. Taxubaes, M.K. beiicembekoB, K.C. PoxkoBa, A.M. XKakanosa, A.K. AiimyxaHoB,
A.T. Maxa0aeBa, A.K. 3eiinnaeHos

BausiHue TOMIIMHBI IVIEHOK (PTAJTONMUAHUHA M €r0 MeTAJJIOKOMILIEKCOB Ha
ONTHYECKHE U JJIEKTPUUYECKHe CBOMCTBA

B crartbe mpeacTaBIeHbI Pe3yabTaThl HCCIEIO0BAHMS CTPYKTYPHBIX, ONTHIECKHX M DIEKTPODHU3MIECKHX Xa-
PaKTepUCTHK TUICHOK (TANONHAHNHA U eT0 MeTaIOKOMIUIEKCOB Pa3iHIHON ToMIHHEL Ha mpoBosmeit mo-
BepxHOCTH FTO MeTOOM TepMHYECKOTO MCIIAPEHHsI B BaKyyMe OBUIM MONYYCHBI IUICHKH (TalOlHaHuHa U
ero MeratoKoMIuiekcoB. IlokasaHo, 4To HabIIOfaeMoOe YIIMpEHHe HoJ0¢ B u Q M T'MICOXPOMHBINA CIOBHT
MaKCHMyMOB CIIEKTpa MOTJIONICHHS CBA3aHBI C IEHTpaIbHbIM aTOMOM. C yMEHBUICHHEM TOJIIUHBI [UICHOK
MPc¢ NpOHCXOAUT CHUKCHHE 3HAYCHHS MOJYIIMPUHBI CIEKTPa MOTJIONMICHH. V3y4eHO BIHMSHHE TOJIINHBI
IWICHOK (ranoianiHa Ha 3(GQEKTHBHOCTh TeHEepalMd ¥ TPAHCIOpPTAa HOCHTENCH 3apsaa B siYeike
FTO/MPc/AL. Tlokazano, uto BAX yBenuuuBaercst moutd B 2,5 pa3a Mo CpaBHEHHIO ¢ (JOTOIIEMEHTOM Ha
OCHOBe 0e3MEeTaIOBOrO (GranoimannHa. 13 MoTyIeHHbIX JaHHBIX H3MEPEHHsT HMIIEIaHCa YCTAHOBIICHO, ITO
3IIEKTPOGU3MIECKHIE TTAPAMETPHI (PTATONNAHHHOB 3aBHCST OT 3HAYEHMI ONTHYECKON IUIOTHOCTH, YIIHPEHHUS
TIOJIOC TIOTJIOMICHHS B KOPOTKOBOJIHOBOW M BUAMMOM OGJIACTH CIIEKTPa, UTO COTIIACYETCS C JAHHBIMH aHAIN3a
BOJIBT-aMITCPHOM XapaKTePHCTHKH.

Knouegvie cnosa: dranonnanut, GTaloNHaHUHBI METAIUIOB, TBEP/bIC [UICHKHU, CIICKTPbI MOTJIOICHHMS, HMITe-
JTAaHCMETP, BOJIbT-aMIIEPHbIE XapaKTEPUCTUKH.
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