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Thermal properties of Cu,S binary copper sulfides

Copper chalcogenides have a complex electronic structure due to the interaction of hybridized s- and p-states
of chalcogen forming a valence band with 3d states of copper, which greatly complicates the interpretation of
temperature dependences of kinetic parameters having a nonmonotonic character. Cu,S copper sulfide is an
effective thermoelectric material, so it is interesting to study its kinetic parameters of solid solutions that it
forms with alkali metals. The nonstoichiometry of chalcogenides can be easily controlled electrochemically,
therefore, the task of selecting the optimal composition according to the cationic sublattice is quite feasible.
The paper presents experimental studies of the properties of Cu,S binary copper sulfide. Copper
chalcogenides have a complex electronic structure due to the interaction of hybridized s- and p-states of
chalcogen forming a valence band with 3d states of copper, which greatly complicates the interpretation of
temperature dependences of kinetic parameters having a nonmonotonic character. For the Cu,S sample, rather
low values of the electron thermal EMF coefficient of the sample from 0.05 mV/K to 0.25 mV/K were found,
which are more typical for metals than for semiconductors. The thermal conductivity of the Cu,S sample is
quite low, it rises to 0.3 W/m*K at a phase transition of about 380 K and does not fall below 0.2 W/m*K.
Thus, the nonstoichiometry of chalcogenides can be easily controlled electrochemically, therefore, the task of
selecting the optimal composition according to the cationic sublattice is quite feasible. In addition, to improve
the thermoelectric properties of Cu,S, it can be achieved by alloying alkali metals into a binary copper sulfide
matrix.

Keywords: thermoelectric materials, copper sulfide, crystal structure, conductivity, thermal conductivity,
Seebeck coefficient, superionic conductors.

Introduction

Copper sulfide has proven to be a more efficient material in solar cells [1]. CES with Cu,S-CDs
heterojunction attract attention due to the real possibility of their wide application as ground-based photovol-
taic energy converters; in addition, the study of the properties of the heterojunction is of considerable scien-
tific interest.

One of the first methods for producing a thin Cu,S film in a Cu,S—CDs solar cell consists in dipping a
substrate with a deposited CDs layer with a solution heated to 90 °C containing copper ions, in which 2 g of
NaCl and 6 g of CuCl per 1 liter of H,O (pH ~3...4). As a result of the substitution reaction, a Cu,S film with
a thickness of 30 nm is formed on the surface of CDs. The efficiency of such a solar cell reaches 10 % [1].

Copper selenide has also performed well in the composition of solar cells. Cu, ,Se-n-Si hetero junction
elements with an efficiency of 8.8 % were manufactured on monocrystalline n-Si substrates by Cu,_Se
thermal sputtering [2, 3]. During spraying, a pre-synthesized material is used, which is evaporated either
from the liquid phase or from a red-hot rod. With such a technology for manufacturing solar cells, non-
stoichiometric copper selenide can be used, obtained according to the methods developed in this project.

Modern silicon solar cells have achieved very high efficiency — about 25 %. One of the interesting di-
rections is the use of quantum dots, which makes it possible to obtain layers with different band gap widths
from the same material, for example, silver sulfide. It is in optical devices that nanotechnology products are
used, including in SE.

Experimental part

The technique of synthesis of Cu, S nanodiscs. The following chemicals are used for the synthesis of
nanodiscs: copper (1) chloride (CuCl, 99.995 %), oleylamine (OAm, 70 %), sulfur (S) powder (99.98 %) and
trioctylphosphine oxide (TOPO, technical grade 90 %).
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20-30 nm, the thickness is 3-5 nm.

The synthesis of Cu,S nanoplates is carried out in one stage. The diameter of the resulting discs is about

The required amount of CuCl (0.25-0.5 mmol — depending on the desired nonstoichiometry x) is

mixed with 1 mmol of sulfur powder, 4 g of trioctylphosphinoxide (TOPO) and 10 ml of oleylamine (OAm).
The solution is degassed at room temperature in a nitrogen atmosphere, then heated to 85 °C and maintained
at this temperature for 1 hour. After that, the heating jacket is Cu,S removed and 20-30 ml of ethanol is in-
jected, the temperature decreases to ~ 40 °C. The resulting Cu,S powder is collected by centrifugation at
9000 rpm for 1 min. The collected Cu,S samples are re-dispersed in chloroform. This procedure is repeated
twice to clean the prepared Cu,S. Then the obtained samples are dried at a temperature of 40-50 °C.

at room temperature (Tables 1-3). The identification of X-ray reflexes was carried out.

An X-ray phase analysis of the obtained compacted nanocrystalline and powder samples was performed

Table 1
Results of RFA Cuj gsS
No 20, d, Height | FWHM Size Phase name Chemical
(deg) (ang.) (cps) (deg) (ang.) formula
1 | 24.705(7) | 3.6008(11) | 163(26) | 0.10(2) | 830(172) Unknown
Roxbyite(2,-3,2),chalcocite, high,
2 |26.533(11)| 3.3567(14) | 479(45) |0.121(16)| 706(95) copper(l) sulfide(1,0,0) CuzgSs6, CU,S
Roxbyite(2,-4,0),chalcocite, high,
3 |29.783(11)| 2.9974(11) | 460(44) | 0.15(2) | 566(93) copper(l) sulfide(1,0.1) CuzgSs6, CU,S
4 | 31.209(8) | 2.8636(8) | 763(57) [0.121(10)| 714(59) Roxbyite(1,3,-4) CU,9S16
5 | 34.059(4) | 2.6302(3) | 866(60) | 0.096(8) | 904(76) Roxbyite(5,1,0) CUy9Ss6
6 | 35.392(3) | 2.5341(2) | 1627(83) | 0.071(6) | 1233(97) Roxbyite(0,4,-4) CU,9S16
7 | 36.377(3) | 2.4678(2) | 2243(97) | 0.122(5) | 717(32) Unknown
Roxbyite(3,-2,5),chalcocite, high,
8 |37.920(10)| 2.3708(6) | 940(63) |0.232(10)| 378(17) copper(1) sulfide(1,0,2) CuzgSs6, CU,S
9 | 38.55(5) 2.333(3) 225(31) | 0.71(6) | 123(11) Roxbyite(1,-5,-3) CU,9S16
10 |42.244(12)| 2.1376(6) | 460(44) | 0.19(3) | 478(72) Unknown
11 | 43.296(3) | 2.08806(13) | 389(40) [0.066(10)| 1352(198) Sulfur-111(1,0,-1) S
12 146.309(13)| 1.9590(5) | 294(35) | 0.30(7) | 304(73) Roxbyite(6,2,3) CuUy9Ss6
Roxbyite(0,6,-4),chalcocite, high,
13 | 46.909(9) | 1.9353(4) | 1098(68) [0.257(14)| 352(19) copper(l) sulfide(1,1,0) Cuy9S16, Cu,S
14 | 47.99(3) | 1.8942(13) | 147(25) | 0.17(7) | 522(216) Roxbyite(5,-5,0) Cuy9Ss6
Roxbyite(6,4,0),chalcocite, high,
15 | 48.942(6) | 1.8596(2) | 1424(77) |0.196(12)| 464(28) copper(l) sulfide(1.0,3) Cuy9S16, Cu,S
Chalcocite, high, copper(l)
16 | 54.71(3) | 1.6763(8) | 340(38) | 0.24(3) | 391(50) sulfide(1,1,2) Cu,S
Chalcocite, high, copper(l)
17 | 56.437(9) | 1.6291(2) | 190(28) | 0.17(2) | 570(83) sulfide(2,0.1) Cu,S
18 | 61.32(3) | 1.5107(6) | 346(38) | 0.37(5) | 262(32) Unknown
19 | 73.45(2) | 1.2882(3) | 192(28) | 0.13(4) | 793(252) Unknown
Chalcocite, high, copper(l)
20 | 74.92(9) | 1.2665(13) | 78(18) |0.34(17)| 312(157) sulfide(2,1,0) Cu,S
Name: Roxbyite Name: chalcocite, high, copper(l) sulfide
Chemical Formula: Cu,qSs6 Chemical Formula: Cu,S
Z value: 4 Z value: 2
Space Group: P-1(2) Space Group: P63/mmc(194)
cell 13409013.4051 15,4852 90.022 90.021 Cell: 3.9590 3.9590 6.7840 90.000 90.000 120.000
Volume: 2783.448 Volume: 92.085
Crystal System: Triclinic Crystal System: Hexagonal
Reference: Mumme, W.G., Gable, R.W., Petricek, V. |Reference: Cava, R.J., Reidinger, F., Wuensch, B.J. Solid State
Can. Mineral. 50 (2012) 423. lonics 5 (1981) 501.
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Table 2
Results of RFA Cuy gS
2-theta d Height FWHM Size .
Phase name Chemical formula
(deg) (ang.) (cps) (deg) (ang.)

12.261(11) | 7.213(7) | 199(12) |0.115(17) | 727(109) Unknown Unknown
20.929(5) | 4.2411(10) | 144(10) | 0.06(9) [1445(2251) Roxbyite(3,1,0) CleSis
24.741(9) | 3.5956(13) | 141(10) | 0.15(3) | 563(123) ROXb)g;?]Sizdg’(lli' (g"pper ClizeS16,CUS,
26.55(3) | 3.355(4) | 374(16) | 0.15(2) | 559(79) | Roxbyite(2,-3,2), ?-Cu,S(1,0,0) CleS16,CU,S
27.79(3) | 3.207(4) 80(7) | 0.47(10) | 182(40) Roxbyite(2,-1,4) CleS16
29.798(8) | 2.9959(8) | 274(14) | 0.30(3) | 289(25) | Roxbyite(2,-3,3),-Cu,S(1,0,1) ngjsge’

2

31.217(14) | 2.8629(13) | 482(18) |0.152(16)| 566(60) Roxbyite(1,3,-4) CleS1s
34.09(2) | 2.6279(15) | 568(20) | 0.16(5) | 552(187) Roxbyite(5,1,0) ClsS16

Roxbyite(0,4,-4), Copper Cu,9Sss,

35.435(7) 2.5312(5) | 4395(54) | 0.10(3) | 859(220) Sulfide(1,1.1) cus,

36.366(4) | 2.4685(3) | 2765(43) | 0.094(16) | 932(160) Unknown Unknown
Roxbyite(2,-5,-1), Copper Cu,9Ss6,
36.54(5) 2.457(3) 388(16) | 0.26(4) 330(46) Sulfide(1,2,0) cus,

37.882(13) | 2.3731(8) | 844(24) | 0.22(4) | 399(64) | Roxbyite(3,-2,5),?-Cu,S(1,0,2) ngjgw’

2

38.704(14) | 2.3246(8) 471(18) | 0.27(2) 320(24) Unknown Unknown

42.219(16) | 2.1388(8) 267(13) | 0.30(5) 300(49) Copper Sulfide(2,1,0) CuS,
46.38(2) 1.9562(10) | 275(14) | 0.34(5) 267(43) Roxbyite(6,2,3) CUyeS16
46.910(5) | 1.93527(18) | 848(24) | 0.26(2) | 345(27) | Roxbyite(0,6,-4),?-Cu,S(1,1,0) Cgﬁgw’

2

47.981(7) 1.8946(3) 155(10) | 0.14(3) | 627(116) Roxbyite(5,-5,0) Cu,9Ss6
48.670(6) | 1.8693(2) | 604(20) |0.115(12) | 794(86) Unknown Unknown
48.925(8) | 1.8602(3) |1110(27) [0.213(13) | 428(27) | Roxbyite(6,4,0),7-CuS(1,03) ClsSso

2

54.738(12) | 1.6756(3) | 274(14) | 0.23(4) | 403(63) ?-Cu,S(1,1,2) Cu,S

56.496(17) | 1.6275(4) 110(9) | 0.26(5) | 367(73) ?-Cu,S(2,0,1) Cu,S
61.31(2) 1.5109(5) | 394(16) | 0.28(4) | 349(49) Copper Sulfide(0,2,2) Cus;
65.73(7) | 1.4194(14) 95(8) 0.80(11) | 123(17) Copper Sulfide(3,0,1) CusS,
68.09(4) 1.3759(8) 119(9) 0.30(8) | 335(91) Unknown Unknown
73.40(6) 1.2889(9) | 137(10) | 0.29(7) | 360(86) Copper Sulfide(1,4,1) Cus;
74.996(9) | 1.26541(13) | 956(25) | 0.083(8) | 1264(123) Copper Sulfide(3,2,1) Cus;

Name: Roxbyite

Name: Copper disulfide

Chemical Formula: Cu,gS16

Chemical Formula: CuS,

Z value: 4

Z value: 2

Space Group: P-1(2)

Space Group: Pnnm(58)

Cell: 13.4090 13.4051 15.4852 90.022 90.021 90.020

Cell: 4.6510 5.7930 3.5320 90.000 90.000 90.000

Volume: 2783.448

Volume: 95.164

Crystal System: Triclinic

Crystal System: Orthorhombic

Reference;: Mumme, W.G., Gable, R.W., Petricek, V. Can.
Mineral. 50 (2012) 423.

Reference: Kjekshus, A., Rakke, T. Acta Chem.

Scand., Ser. A33(1979)617.

Cepusa «dusmka». 2024, 29, 1(113)

15



M.M. Kubenova, K.A. Kuterbekov et al.

Table 3
Results of RFA Cu; 75S
2-theta d Height FWHM Size .
Phase name Chemical formula
(deg) (ang.) (cps) (deg) (ang.)
20.931(11) 4.241(2) 117(9) 0.11(5) 772(368) Roxbyite(3,-1,0) CusgSs3
Roxbyite(1,-1,-4),Djurleite, CusgSs,
24.70(2) 3.601(3) 135(10) 0.15(4) 575(150) syn(7.1,1) ClySue
Roxbyite(2,-3,2),Djurleite, CusgSs,
26.55(3) 3.355(3) 313(15) 0.18(3) 486(93) syn(8.0.0) ClniSus
Roxbyite(2,-2,-4),Djurleite, CusgSs,
29.802(8) 2.9955(8) 272(14) 0.34(3) 253(20) syn(4.0,-4) CluiSus
Roxbyite(1,-3,-4),Djurleite, CusgSs,
31.181(7) 2.8661(6) 621(20) | 0.104(13) 829(107) syn(9,1,-1) ClniSus
Roxbyite(5,-1,0),Djurleite, CusgSs,
34.09(2) 2.6278(19) | 461(18) 0.18(2) 474(55) syn(4,5.-2) ClnSie
Roxbyite(5,0,2),Djurleite, CusgSs,
35.39(2) 2.5342(17) | 415(17) 0.20(5) 432(116) syn(2,6.-1) ClnSie
36.399(6) 2.4663(4) | 2192(38) | 0.160(7) 545(24) Djurleite, syn(3,5,3) Cu3;Ss
37.571(11) | 2.3920(7) 374(16) 0.58(5) 152(14) Djurleite, syn(11,1,0) Cu3;Ss
37.928(3) | 2.37030(17) | 653(21) | 0.135(18) 648(88) Roxbyite(1,-2,-6) CusgSs,
Roxbyite(2,-3,-6),Djurleite, CusgSs,
42.24(4) 2.1380(19) | 380(16) 0.34(5) 263(37) syn(9.2.4) CliniSus
43.296(3) | 2.08809(13) | 550(19) | 0.064(11) 1399(248) Copper, syn(1,1,1) Cu
46.403(10) 1.9552(4) 515(19) 0.26(2) 343(27) Djurleite, syn(3,7,-3) Cuz S
Roxbyite(0,0,8),Djurleite, CusgSs,
46.90(2) 1.9356(8) 795(23) 0.26(2) 344(28) syn(5.6.-4) ClnSie
48.630(11) | 1.8708(4) 704(22) | 0.129(15) 705(80) Djurleite, syn(2,8,-2) Cuz;Sis
48.925(15) | 1.8602(5) | 1015(26) 0.24(3) 383(42) Roxbyite(4,-3,-6) CusgSs
54.75(4) 1.6753(13) | 256(13) 0.32(7) 292(65) Roxbyite(8,0,0) CusgSs
56.46(7) 1.6284(18) | 141(10) 0.24(8) 400(129) Roxbyite(2,-4,-8) CusgSs,
61.30(4) 1.5110(9) 280(14) 0.36(7) 265(48) Unknown Unknown
73.39(12) | 1.2891(17) 111(9) 0.72(15) 144(31) Copper, syn(2,2,0) Cu
Name: Roxbyite Name: Djurleite, syn
Chemical Formula: Cu,Si6 Chemical Formula: Cus;Si6
Z value: 4 Z value: 8
Space Group: P-1(2) Space Group: P21/n(14)
Cell: 13.4090 13.4051 15.4852 90.022 90.021 90.020 Cell: 26.8970 15.7450 13.4650 90.000 90.130 90.000
Volume: 2783.448 Volume: 5702.322
Crystal System: Triclinic Crystal System: Monoclinic
Reference: Mumme, W.G., Gable, R.W., Petricek, V. Can. |Reference: Potter, Il, R., Evans, Jr. J. Research U. S.
Mineral. 50 (2012) 423. Geol. Surv.4 (1976) 205.

X-ray phase analysis was performed on a Bruker diffractometer (Germany) using radiation from a
CuKa X-ray tube and a graphite monochromator on a diffracted beam. Diffractograms were recorded in the
range of angles 26 from 20 to 110, with a step of 20 = 0.02. The BrukerAXSDIFFRAC.EVAv software was
used to identify the phases.4.2 and the international database ICDD PDF-2.

Cuy 7S samples at room temperature contain the rhombic phase of anilite with parameters a = 7.8902
and 7.8938 A, b = 7.8408 and 7.8433 A, ¢ = 11.011 and 11.012 A, respectively, and the hexagonal phase of
digenite with the spatial group R-3m (166) and parameters a = 3.94310 A and 3.94437 A, ¢ = 48.43262 A

and 48.43325 A respectively.

The difference in the parameters of the crystal lattice due to changes in the interplane distances of sam-
ples with different sodium content, as well as the broadening of diffraction lines on diffractograms, may be
due to microstresses in the structure, which are associated with the accumulation of dislocations, as well as
the fragmentation of crystallites associated with crystallization processes. The analysis of the angular de-
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pendence of the physical broadening makes it possible to assess the influence of both factors. The William-
son-Hall method was used to assess the impact.

The size of the crystallites was estimated based on the width of the X-ray lines. The crystallite sizes in
all samples range from 30 to 90 nm, which is due to the method of synthesis of sodium and potassium hy-
droxides in the melt.

Phase transitions and thermal effects in the Cu,S sample were studied using the DSC 404 F1 Pegasus
device (NETZSCH, Germany) in an argon atmosphere in the temperature range (300-600) K. The heating
rate was 10 K/min.

To calculate the heat capacity, three different measurements were carried out: baseline, standard (sap-
phire) and the test sample. The following parameters remained identical in all measurements: argon flow,
argon flow rate, initial temperature, heating rate, mass of the crucible and lid, the crucibles on the sensor
were oriented, maintaining their position on the sensor. During the measurement, a program was used that
includes holding the sample at a constant temperature (at least half an hour) in an argon current, after which
heating was carried out at a constant rate of 5 K/min. Measurements of the baseline and standard were car-
ried out in the same mode. The DSC 404 F1 Pegasus allows for a calorimetric experiment with a small sam-
ple quantity, we used sample weights from 40 to 150 mg.

Figure 1 shows the curves of the Cu,S DSC. There is an acute endothermic peak of DSC, the tempera-
ture of which lies within 381.5 K, depending on the composition. Heat capacity peaks are observed at the
same temperatures.

DSC /(uV/mg)

€X0 "
0,30 1 ! Peak: 381.5K

0,25 4

0,20 1

0,15 1

0,10 1

0,05 1 [Area: 2,552 Vsimg
[Area: 16,17 uVs/img|

0,00 1

400 500 600 700 800
Temnerature /K

Figure 1. DSC curves of the sampleCu,S

The structure of Cu,S copper sulfide ((chalcosine), close to stoichiometric, according to
Abrikosov N.H. [4]) has three modifications: orthorhombic below 105 °C, hexagonal below (420—450) °C
and high-temperature cubic (phase). Figure 2 shows an image taken with a scanning electron microscope
from the surface of Cu,S powder obtained by electrohydrodynamic impact. It can be seen that the particles
have the shape of ribbons and wires ranging in size from fractions of a micron to tens of microns.

Cepusa «dusmka». 2024, 29, 1(113) 17
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Figure 2. A snapshot of Cu,S powder on a scanning electron microscope

Thermal conductivity measurements were carried out using the flash method on the LFA 467 HT

HyperFlash device (NETZSCH, Germany). Thermal conductivity (K) was found from three measurements:
k(T)=a(T)*p(T)*c,(T),

where T is temperature, k is thermal conductivity, a is thermal conductivity, p is bulk density, c, is specific

heat capacity.

The thermal conductivity a was determined using the LFA 467 HT installation according to the Parker
formula from the analysis of the time dependence of the temperature of the opposite side of the sample after
short-term heating of one side of the sample by a powerful light pulse. The values of the c, heat capacity
were measured on a DSC 404 F1 Pegasus DSC calorimeter (NETZSCH, Germany) in an argon atmosphere.
The density of the sample was found from measurements of weight and volume. Figure 2 shows the tempera-
ture dependences of the thermal conductivity, heat capacity and thermal conductivity of Cu,S.

0.7 5 2.0
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Thermal Conductivity Heat capacity
(W/A(m*K) (J(g*K)
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%o, ‘
m 15
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® [¢)
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Figure 3. Temperature dependence of thermal conductivity Cu,S

The thermal conductivity of the Cu,S sample is quite low, it rises to 0.3 W/m*K at a phase transition of
about 380 K and does not fall below 0.2 W/m*K.
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In the semiconductor under consideration, the concentration of impurity carriers of electrons in the con-
duction band and holes in the valence band is usually much higher than the concentration of uncontrolled
impurities and equilibrium point defects. The concentration of n; native carriers is determined by the temper-
ature and the width of the band gap. In most cases, n; is also significantly less than n;. In this case, the tem-
perature dependence of the electronic conductivity is determined by the temperature dependence of the mo-
bility and has a metallic character [5, 6]. Figure 4 shows the temperature dependence of the electron thermo-
emf coefficient of the Cu,S sample.

o MBE

"11'
gga.“*““‘int# >
abpste®

il 500 LALH] S0 20 2E0 UL 150 Sk
: 1 1: 2 2500 0@ 3 |

Figure 4. Temperature dependence of the coefficient of electronic thermo-emf of a coarse-grained sample Cu,S

The coefficient of thermal EMF strongly depends on the nonstoichiometry of the sample and is maxi-
mum for a composition close to saturation with copper. The temperature dependence of the electron thermal
emf coefficient of the Cu,S sample has rather low values here from 0.05 mV/K to 0.25 mV/K, which are
more typical for metals than for semiconductors.

Figure 5 shows the temperature dependence of the electron conductivity of coarse-grained Cu,S. It can
be seen from the figure that the semiconductor temperature dependence of about 185 °C changes to a metal-
lic type of dependence.
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Figure 5. Temperature dependence of the conductivity of a large-crystal Cu,S

During annealing, the conductivity of polycrystalline samples usually increases with grain growth, and
a similar dependence is observed here. The reasons for this behavior of kinetic coefficients are changes in the
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specific gravity in the total volume of grain boundary layers, which increase the concentration of defects —
scattering centers for current carriers.

For the Cu,S sample, a phase transition of about 400 K is clearly visible on the temperature dependence
of the conductivity (according to the literature data — 403 K), corresponding peaks are also present on the
temperature dependence of the DSC.

Conclusion

Copper chalcogenides have a complex electronic structure due to the interaction of hybridized s- and
p-states of chalcogen forming a valence band with 3d states of copper [7, 8], which greatly complicates the
interpretation of temperature dependences of Kinetic parameters having a nonmonotonic character.

Cu,S copper sulfide is an effective thermoelectric material, so it is interesting to study its Kinetic
parameters of solid solutions that it forms with alkali metals. The nonstoichiometry of chalcogenides can be
easily controlled electrochemically, therefore, the task of selecting the optimal composition according to the
cationic sublattice is quite feasible. In addition, to improve the thermoelectric properties, it can be achieved
by alloying lithium into a binary copper sulfide matrix, we obtained a high ZT with local maxima that
reaches up to 2 [9]. When doped with sodium, this indicator reached up to 1 [10, 11]. Thus, the work on the
synthesis of copper sulfides of different composition and morphology is in the current trend of searching for
new thermoelectric materials and allows us to hope for practical application of the obtained materials in the
near future.
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Thermal properties of CuS binary copper sulfides

M.M. KybenoBa, K.A. Kyrep6ekos, M.X. banananos, P.X. Nmemo6eToB,
I'.J1. Kabnpaxumona, P.A. Anuna, M. Taraii, P. Unsnoc

Cu,S OmHapJbI MBIC CYIb(UIIHIH KBUTYJbIK KacHeTTepi

MpIC XaJbKOTEHUATEPI BANCHTTIK aifMakThl KYpalThIH THOPUATENTEH S- OHE P- XalbKOreH Kyinepinin 3d
MBIC KYWHJIepiMeH e3apa opekeTTecyiHe OaillaHbICThI Kypesi 3JeKTPOHABIK KYPBUIBIMFA He, Oy KacHeTTep
MOHOTOHIBl ~ €MEC  CHUNATTarbl  KUHETHKAJIBIK  [apaMeTpiepAiH  TeMIeparypara  TOYeNAUIriH
UHTeprpeTanmsiayasl KublHAaTagsl. CU,S MbIc CymbuIi THIMII TEpMOIJIEKTPIIK MaTepHan OOoJIbIn
TaObUIA/bl, COHJBIKTAH OHBIH CUITUTL MeETalngapAbl KYpaWThIH KATTBl CPITIHIUICPIHIH KHHETHKAJBIK
nmapaMeTpiepiH 3epTTey eTe KbI3BIKTHL. Maxkamaga Cu,S OuHapisl MBIC Cynb(UAIHIH KacHeTTepiHiH
IKCIIEPHMEHTTIK 3epTTeyiep HaTrKenepi YChHbUFaH. Cu,S yirici YIIiH *KapThUIai eTKIi3rilTepre Kaparania
metangapra ToH 0,05 MB/K-nen 0,25 mMB/K-re nmeifiHri yiTiHIH 3JEKTPOHIBI TEPMO-9KK 6T€ TOMEH MOHAEP1
anplkTanael. CU,S yITiCiHIH KBUTy OTKI3rimriri ete TeMer, on mamamen 380 K ¢azanbik aybicy kesiHge
0,3 Br/m*K-re neiiin ketepineni xone 0,2 Br/M*K-nen temen Tycneiiai. CoHbIMEH KaTap XalbKOTCHUATEPIl
CTEXMOMETPHACHI3 DICKTPXUMHSUIBIK OHal OackapyFa OONajbl, COHIBIKTAH KAaTHOHIBIK KOCAJIKBI TOP
HeTi3iHJe OHTaWnbl Kypamibl TaHmay o0aeH Mymkin. Cownpaii-ak CU,S TepMOIIEKTpPIiK KacHETTepiH
JKaKcapTy YIIIH MbIC CynbOQUIIHIH OWHApIbl MaTpUIAChIHA CUITLNI MeTaiujapAbl JIeTUpiey Ke3iHae KOl
JKEeTKi3yre 0oambl.

Kinm ce30ep: TepMOIJEKTPIK MaTepuaiiap, MbIC Cyab(uai, KPUCTAIIBIK KYPBUIBIM, OTKI3TIIITIK, KBUTY
OTKI3rimTiK, 3eedex K03 GHUIUEHTI, CyepHOHIBI OTKI3TilITEp.

M.M. Ky6enosa, K.A. Kyrepoekos, M. X. banamanos, P.X. Nmemberos,
I'.JI. Kabnpaxumona, P.A. Anuna, M. Taraii, P. nbnoc

TennoBble cBoiicTBa OUHApHOTO cyabduaa meau Cu,S

XalbKOTeHHABl ~MeIu  O0JamaloT  CIOXKHOM — JJIEKTPOHHOH  CTPYKTYpOH W3-3a  B3aUMOACHCTBHS
THOPUIM30BaHHBIX S- U P- COCTOSHHUI XallbKOTeHa, 00pa3yroNnX BaJCHTHYO 30HY, ¢ 30-COCTOSIHUSIMH MU,
YTO CHJIBHO 3aTpPy/AHSIET HHTEPIPETAlHNI0O TEMIIEPAaTypHbIX 3aBHCHMOCTEH KHHETHYECKHX IapaMeTpoB,
UMEIONINX HEMOHOTOHHBIN Xapakrep. Cympdun memu Cu,S sBisercs 3p(eKTHBHBIM TEPMOIIEKTPUISCKAM
MaTepuajIoM, O3TOMY HHTEPECHO MUCCIIEZIOBATh €0 KHHETHYECKHE ITapaMeTphbl TBEPABIX PAaCTBOPOB, KOTOPbIE
OH o0pa3zyeT ¢ MLIENIOYHBIME MeTalaMd. HecTexHoMmeTpuell XalbKOTEHHIOB MOXKHO JIETKO YIPaBIATH
JNEKTPOXUMHYECKH, TI0ITOMY 3a/1a4a Mo00pa ONTHMAJIBHOTO COCTaBa 10 KaTHOHHOI MOJpPEIIeTKE SBISETCS
BIOJIHE OCYILIECTBMMOI. B craThbe mpencraBiieHBl SKCIIEPUMEHTAIBHBIE HCCIIEIOBaHMs CBOWCTB OHHApHOTO
cyiabduna menu Cu,S. Jlis o6pasiia Cu,S 0OHApyKEHBI TOBOJLHO HU3KUE 3HAYCHUS KO GHUIIMEHTA DIICK-
TPOHHOH TepMo-37c obpasua ot 0,05 MB/K no 0,25 MB/K, xapaktepHsie Gosiee Ul METaIOB, YeM JUIsl 10-
JYIPOBOAHUKOB. TerutonpoBoaHOCTh obpa3ua Cu,S sBIsSeTCs TOCTaTOYHO HHM3KOH, OHA MOIHUMAETCS JI0
0,3 Br/M*K npu ¢dazoBom mepexone oxomno 380 K u e omyckaercs mmke 0,2 Br/mM*K. Takum obpazom,
HECTEXMOMETPHEl XaJIbKOTEHHIOB MOJKHO JIETKO YIPABIATh 3JIEKTPOXHMMHYECKH, MOITOMY 3agada nmoabopa
ONTHUMAJIBHOTO COCTaBa MO KAaTHOHHOHM IOJApEIIeTKe sBIsAEeTCS BIOJMHE ocymecTBuMoil. Kpome Toro,
YIAYULICHHS] TEPMOAJIEKTPUUSCKUX CBOHCTB Cu,S MOXKHO JAOCTHYB TIPHU JIETHPOBAHUH LIENOYHBIX METAIIOB B
MaTtpuily GMHapHOTO Cynbduma Memu.

Kniouesvle ciosa: TEPMOIJIEKTPUUECKHE MaTepHabl, CylbGUA MEIH, KPUCTAJUIMYECKas CTPYKTYpa, MPOBO-
JMMOCTb, TEIJIONPOBOAHOCTD, K03 GHeHT 3eebeka, CylepHOHHbIE TPOBOTHUKH.
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