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Abstract 
Chromium chalcogenides and systems based on them have not been sufficiently studied. Chromium chalcogenide compounds 
Cr2X3 (X = S, Se, Te), new phases and solid solutions based on them are widely used in semiconductor technology, since 
these are materials with thermoelectric and magnetic properties. The purpose of this study was the investigation of chemical 
interactions in the Sb2S3–Cr2Te3 system, the construction of a phase diagram, and the search for new phases and solid 
solutions.
Using the methods of physicochemical analysis (differential thermal, X-ray phase, microstructural analysis, as well as 
density and microhardness measurements), the chemical interaction in the Sb2S3-Cr2Te3 system was studied and its phase 
diagram was constructed. The phase diagram of the system is quasi-binary and is characterized by the formation of a 
quaternary compound Cr2Sb2S3Te3.
Compound Cr2Sb2S3Te3 incongruently melted at 610 °C. Microstructural analysis showed that at room temperature solid 
solutions based on Sb2S3 were formed in the system, which reached up to 5 mol. % Cr2Te3, and based on Cr2Te3 up to – 8 mol. % 
Sb2S3. The Sb2S3–Cr2Te3 eutectic formed in the Sb system contains 20 mol. %Cr2Te3 and has a melting point of 430 °C. The 
Cr2Sb2S3Te3 compound crystallizes in a tetragonal system with the unit cell parameters: a = 10.03; c =16. 67 Å, z = 7, 
rpycn. = 5.72 g/cm3, rX-ray = 5.765g/cm3.
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1. Introduction
The search for functional materials that can 

meet the ever-increasing needs of the electronics 
industry is always in the spotlight. Materials 
that meet these requirements include antimony 
chalcogenide compounds and alloys based on 
them. Antimony sulfides and selenides are used 
in optical systems as photosensitive materials 
[1–7]. Antimony tellurides are materials with 
thermoelectric properties, used as energy 
converters [8–15]. 

It is known that the element chromium and 
chalcogenide compounds are used, not only 
for the manufacture of magnetic materials, 
but also for the production of ferrimagnets of 
complex composition with other chalcogenides. 
Ternary and more complex compounds 
based on chromium chalcogenides have high 
ferromagnetic properties [16–19]. Therefore, 
the production of photosensitive and magneto-
optical materials that retain the properties of the 
original compounds via the chemical interaction 
of photosensitive antimony chalcogenides with 
magnetic chromium chalcogenides is of both 
scientific and practical importance.

The Sb2S3 compound melts congruently at 
559.5 °C and crystallizes in the orthorhombic 
system with lattice parameters: a = 11. 229; 
b = 11.310; c = 3.83 Å, space gr. Pbnm-D16

2h, density 
4.63 g/cm3, microhardness 1400 MPa [20]. The 
Cr2Te3 compound melts congruently at 1280 °C 
and crystallizes in a hexagonal system with lattice 
parameters: a = 6.811; c = 12.062 Å, space gr. 
hP20 - P31c [21]. Phase transition a-Cr2Te3 has a 
temperature of 480 °C. 

2. Experimental
Alloys of Sb2S3–Cr2Te3 were synthesized from 

Sb2S3 and Cr2Te3 components in an evacuated 
quartz ampoule at a pressure of 0.133 Pa in the 
temperature range 600–1100 °C. The samples 
were heat treated at 500 °C for 240 h to ensure 
equilibrium.

Equilibrium alloys were studied by differential 
thermal analysis (DTA), X-ray diffraction (XRD), 
microstructural analysis (MSA), as well as by 
microhardness and density measurements.

DTA analysis of the samples was carried out 
using a frequency pyrometer NTR-73, the error 
was ±5 °C. The reordering of heating and cooling 

curves were carried using an N. S. Kurnakov 
NTR-73 pyrometer. The studied substance was 
placed in a quartz ampoule with the length of 
0.10–0.11  m and diameter.8–10·10–3 m, which 
was pumped out to 0.1333 Pa and sealed. A 
thermocouple passed through a hole of the 
ceramic block with corresponding diameter was 
placed bellow the sample. The tubular furnace, 
inside which a steel block was placed was used 
for heating. NaCl, KCl, Na2SO4, K2SO4 were used 
as reference compounds. Heating and cooling 
curves of these compounds were recorded under 
similar conditions with a heating rate of 10 °C/
min. Based on the data obtained for the reference 
substances, a calibration curve was constructed 
and checked after 15 days. The study mainly 
analyzed the thermal effects detected in the 
heating curves. Chromel-alumel was used as a 
thermocouple. 

XRD was carried out using D2 PHASER X-ray 
device in СuКa- radiation with a Ni filter.

Microstructure analysis (MSA) was performed 
by microscopic study using MIM-8 microscope. 
The solution 1 N HNO3: H2O2 = 1: 1 was used 
as a clarifier to determine phase boundaries. 
Microhardness was measured using a PMT-3 
metallographic microscope. The density of the 
samples was determined by the pycnometric 
method; toluene was used as a filler.

3. Results and discussion
Sb2S3-rich samples easily melted, forming a 

compact mass. After synthesis, Cr2Te3 compound 
was formed in the form of heterogeneous 
ingots. Therefore, the heterogeneous ingot was 
crushed into powder, pressed under a pressure 
of 200 atm and obtained in the form of tablets. 
In tablet form, the sample was placed in a 
quartz ampoule and sealed by sucking out the 
air and melting it in a gas lamp. Then solid-
phase synthesis was carried out by heating 
the sample at a temperature of 800 °C for 100 
h. After verification of the formation of Cr2Te3 
compound, alloys of the Sb2S3–Cr2Te3 system 
were synthesized.

The alloys of the Sb2S3–Cr2Te3 system were 
studied using physicochemical analysis methods. 
According to DTA data, it was established that two 
and three endothermic effects were obtained in 
the thermograms of the alloys.
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After a phase analysis of the alloys of the 
system, it was found that the alloys in proximity to 
the initial components and containing 50 mol. % 
Cr2Te3 are single-phase. At a content above 5 
mol. % Cr2Te3 the second phase was formed, 
i.e., two-phase regions appeared (Fig.  1b). The 
microstructures of alloys containing 5, 10, and 50 
mol. % Cr2Te3 Sb of Sb2S3–Cr2Te3 systems are shown 
in Fig. 1. As can be seen, 2 mol. % Cr2Te3 and the 
sample with 50 mol. % Cr2Te3 were single-phase 

solid solutions (Fig. 1a, c). The sample containing 
10 mol. % Cr2Te3 has two-phases (Fig. 1b).

For the conformation of DTA and MSA results, 
X-ray phase analysis of alloys of 30, 50 and 
92 mol. % Cr2Te3 of the Sb2S3–Cr2Te3 systems was 
performed (Fig. 2). As can be seen from Fig. 2, 
diffraction lines of the sample 92 mol. % Cr2Te3 
did not differ from the X-ray diffraction pattern 
of the Cr2Te3 compound, and a slight shift is 
observed. This sample is a solid solution based 
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Fig. 1. Microstructures of alloys of Sb2S3-Cr2Te3 system (×340): a) – 5 mol %; b) – 10 mol %; c) – 50 (Cr2Sb2S3Te3) 
mol % Cr2Te3

Fig. 2. Diffraction patterns of system alloys of Sb2S3–Cr2Te3 system: 1 – Sb2S3; 2 – 30; 3 – 50 (Cr2Sb2S3Te3); 4 – 
70; 5 – 92; 6 – 100 mol. % Cr2Te3
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on Cr2Te3. In the diffraction patterns of samples 
with 30 and 70 mol. % Cr2Te3 diffraction lines of 
the original components were present, i.e. the 
samples were two-phase.

Diffraction peaks in the diffraction pattern of a 
sample containing 50 mol. % Cr2Te3, differed from 
the diffraction lines in the diffraction patterns of 
the original components by interplanar distances 
and intensity. As a result, a new quaternary 
compound containing Cr2Sb2S3Te3 was obtained 
(Fig. 2). The Cr2Sb2S3Te3 compound can be 
considered as a derivative of CrSbTe3, obtained by 
anionic substitution of Cr2Sb2S3Te3 (abbreviated 
as CrSbS1.5Te1.5). 

As a result of physicochemical analysis, a 
quasi-binary phase diagram of the Sb2S3-Cr2Te3 
system was constructed (Fig. 3). The Cr2Sb2S3Te3 
compound was formed as a result of a peritectic 
reaction: F + Cr2Te3 ↔Cr2Sb2S3Te3 at 610 °C. 

Liquidus of Sb2S3-Cr2Te3 system consisted of 
monovariant equilibrium curves for an a-solid 
solution based on the Sb2S3 compound, a new 
compound Cr2Sb2S3Te and b-solid solution based 
on Cr2Te3 compound. The binary eutectic formed 
in the system has a Cr2Te3 content of 20 mol. % 
and melting point 430 °C.

Crystallization of the a-solid solution was 
completed in the system in the concentration 
range of 0-20 mol. % Cr2Te3. In the range of 
0–20  mol. % Cr2Te3 two-phase alloys (L + d) 
were below the liquidus curve (Fig. 3). Two-
phase alloys consisting of (d + Cr2Sb2S3Te3), 
below the solidus line crystallized in the region 
of 5–50  mol.  % Cr2Te3. In the concentration 
range of 50–92 mol. % Cr2Te3, two-phase alloys 
(Cr2Sb2S3Te + a) were below the solidus line. 
Some physicochemical properties of the alloys 
are shown in Table 1.

As a result of microhardness measurements, 
three different values were obtained. The 
microhardness value (1400–1470) MPa 
corresponded to the microhardness of an a-solid 
solution based on Sb2S3. The microhardness 
value (1750–1880) MPa corresponded to the 
microhardness of the Cr2Sb2S3Te3 compound, 
and the value (2070–2150) MPa corresponded to 
the microhardness of the b-solid solution based 
on Cr2Te3. The dependence of the density of the 
alloys of the system on the composition showed 
that no sharp change was observed.

Based on the results of X-ray phase 
analysis, it was established that the Cr2Sb2S3Te3 

Fig. 3. Phase diagram of the Sb2S3–Cr2Te3 system
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compound crystallizes in a tetragonal system 
with lattice parameters: a = 10.03; c = 16.67 Å, 
z = 7, rpycn.  =  5.72  g/cm3, rX-ray = 5.75 g/cm3. 
Crystallographic data of Cr2Sb2S3Te3 compound 
are shown in Table 2.

4. Conclusions
Thus, the Sb2S3–Cr2Te3 system was studied 

using physicochemical analysis methods and its 
phase diagram was constructed. It was established 
that the Sb2S3–Cr2Te3 section is a quasi-binary 

Table 1. Composition of alloys of the Sb2S3–Cr2Te3 system, DTA results, determination of microhardness 
and density

Composition, mol. %
Thermal effects, °С Density,

103 kg/m3

Microhardness, MPa

Sb2S3 Cr2Te3

a Sb2Cr2S3Te3 b
Р = 0.1 Н Р = 0.2 Н

100 0.0 560 4.63 1400 – –
97 3.0 500, 555 4.70 1450 – –
95 5.0 470, 530 4.78 1470 – –
90 10 440, 515 4.86 1470 – –
85 15 430, 480 4.97 – – –
80 20 430 5.06 eutectic eutectic –
70 30 430, 610, 700 5.29 – – –
60 40 430, 610, 920 5.51 – 1750 –
50 50 610, 1090 5.72 – 1750 3280
40 60 540, 610, 1150 5.94 – 1800 3280
30 70 540, 610, 1195 6.16 – 1850 3280
20 80 540, 610, 1230 6.39 – 1880 3280
10 90 540, 610, 1260 6.65 – – 3280
5.0 95 850, 1270 6.83 – – 3280
0.0 100 480, 1280 6.82 – – 3250

Table 2. Interplanar distances (d), intensity (I) of lines and lattice indices (hkl) in the diffraction pattern 
of the Cr2Sb2S3Te3 compound

No I, % dexp., Å dcal., Å 1/d2
exp., Å 1/d2

cal., Å hkl

1 5.9 10.0289 10.0289 0.0099 0.0099 100
2 15.8 5.5561 5.5561 0.0324 0.0324 003
3 17.4 5.0252 5.0125 0.0396 0.0398 200
4 4.1 3.8528 3.8490 0.0674 0.0675 104
5    6.1 3.3509 3.3445 0.0891 0.0894 300
6 22.5 3.2277 3.2042 0.0960 0.0974 204
7 100 3.1236 3.1159 0.1025 0.1030 311
8 4.4 2.7857 2.7810 0.1288 0.1293 320
9 26 2.6254 2.6380 0.1451 0.1437 322

10 30. 2.3265 2.3344 0.1848 0.1835 331
11 19 2.1097 2.1035 0.2247 0.2260 217
12 23 2.0357 2.0404 0.2413 0.2402 108
13 8.3 1.9602 1.9672 0.2602 0.2584 510
14 8.6 1.7506 1.7453 0.3265 0.3283 426
15 7.2          1.6772 1.6718 0.3555 0.3578 600
16 4.9 1.5776 1.5788 0.4018 0.4012 601
17 6.2 1.5639 1.5665 0.4089 0.4075 540
18 7.1 1.4570 1.4580 0.4711 0.4704 339
19 6.0 1.3475 1.3492 0.5507 0.5493 722
20 6.8         1.3142 1.3170 0.5790 0.5765 730
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section of eutectic type. A quaternary compound 
Cr2Sb2S3Te3 is formed in the system with an anion 
exchange of components in the ratio of 1:1. The 
Cr2Sb2S3Te3 compound is formed by the peritectic 
reaction M + Cr2Te3 ↔ Cr2Sb2S3Te3 at 610 °C. The 
eutectic with a composition of 20 mol. % Cr2Te3 
is formed in the system between the a phase and 
Cr2Sb2S3Te3 at a temperature of 430 °C. In the 
Sb2S3 based system solid solutions reached up 
to 5 mol. % Cr2Te3, and in the system based on 
Cr2Te3 it was up to 8 mol. % Sb2S3. Based on the 
results of X-ray phase analysis, it was established 
that the Cr2Sb2S3Te3 compound crystallizes in a 
tetragonal system with lattice parameters: A = 
10.03; c = 16.67 Å, z = 7, density rpycn. = 5.72 g/cm3, 
rX-ray = 5.5 g/cm3.

Author contributions
Aliev I. I. – writing the article and scientific 

supervision of research; Mamedov E. I. – idea 
for scientific work and writing the article; 
Yusubov F. V. – scientific editing of the text, final 
conclusions; Masieva L. F. – conducting research; 
Gashimov Kh. M – conducting research.

Conflict of interests 
The authors declare that they have no 

known competing financial interests or personal 
relationships that could have influenced the work 
reported in this paper.

References
1. Zhou Y., Wang L., Chen S., … Tang J. Thin-film 

Sb2Se3 photovoltaics with oriented one-dimensional 
ribbons and benign grain boundaries. Nature Photonics. 
2015;9:  409–415. https:/ /doi .org/10.1038/
nphoton.2015.78

2. Fernandez A., Merino M. Preparation and 
characterization of Sb2Se3 thin films prepared by 
electrodeposition for photovoltaic applications. Thin 
Solid Films. 2000;366: 202–206.  https://doi.
org/10.1016/s0040-6090(00)00716-1  

3. Chen, C., Bobela D. C., Yang Y., … Tang J. 
Characterization of basic physical properties of Sb2Se3 
and its relevance for photovoltaics. Frontiers of 
Optoelectronics.  2017;10: 18–30. https://doi.
org/10.1007/s12200-017-0702-z

4. Magomedov A. Z., Aliev A. O., Aslanov M. A., 
Musaeva S. M., Javadova S. D. Features of the 
temperature dependence of the spectral distribution 
of photosensitivity of ferroelectric semiconductors 
Sb2S3–Sb2Se3. Bulletin of Baku University. Series of 

physical and mathematical sciences. 2004;4: 163–169. 
169 (In Azerbaijanian).

5. Ju T., Koo B., Jo J. W., Ko M. J. Enhanced 
photovoltaic performance of solution-processed Sb2Se3 
thin film solar cells by optimizing device structure. 
Current Applied Physics. 2020;20(2): 282–287. https://
doi.org/10.1016/j.cap.2019.11.018

6. Kumar P., Sathiaraj T. S., Thangaraj R. Optical 
properties of amorphous Sb2Se3:Sn films. Philosophical 
Magazine Letters. 2010;90(3): 183–192 https://doi.
org/10.1080/09500830903520704

7. Rajpure K. Y., Bhosale C. H. Effect of Se source 
on properties of spray deposited Sb2Se3 thin films. 
Materials Chemistry and Physics. 2000;62: 169–174. 
https://doi.org/10.1016/s0254-0584(99)00173-x

8. Vieira E. M. F., Figueira J., Pires A. L., … 
Goncalves L. M. Enhanced thermoelectric properties 
of Sb2Te3 and Bi2Te3 films for flexible thermal sensors. 
Journal of Alloys and Compounds. 2019;774(5): 1102–
1116. https://doi.org/10.1016/j.jallcom.2018.09.324

9. Zhang H., Liu C.-X., Qi X.-L., Dai X., Fang Z., 
Zhang, S.-C. Topological insulators in Bi2Se3, Bi2Te3 
and Sb2Te3 with a single Dirac cone on the surface. 
Nature Physics. 2009;5(6): 438–442. https://doi.
org/10.1038/nphys1270

10. Wang G., Cagin T. Electronic structure of the 
thermoelectric materials Bi2Te3 and Sb2Te3 from first-
principles calculations. Physical Review B. 2007;76: 
075201-8. https://doi.org/10.1103/physrevb.76.075201

11. Xu B., Zhang J., Yu G., Ma S., Wang Y., Wang Y. 
Thermoelectric properties of monolayer Sb2Te3. Journal 
of Applied Physics. 2018;124(16): 165104. https://doi.
org/10.1063/1.5051470

12. Kulbachinskii V. A., Kytin V. G., Zinoviev D. A., 
… Banerjee A. Thermoelectric properties of Sb2Te3-
based nanocomposites with graphite. Semiconductors. 
2019;53:  638–640 https://doi .org/10.1134/
s1063782619050129

13. Liu X., Chen J., Luo M., … Tang J. Thermal 
evaporation and characterization of Sb2Se3 thin film 
for substrate Sb2Se3/CdS solar cells. ACS Applied 
Materials & Interfaces. 2014;6: 10687–10695. https://
doi.org/10.1021/am502427s

14. Kutasov V. A. Shifting the maximum figure-of-
merit of (Bi, Sb)2(Te,Se)3thermoelectrics to lower 
temperatures. In: Thermoelectrics Handbook. Boca 
Raton, FL, USA: CRC Press; 2005. 37-18–37-31. https://
doi.org/10.1201/9781420038903.ch37

15. Zargarova M. I., Mamedov A. N., Azhdarova D. S., 
Akhmedova (Veliev) J. A., Abilov C. I. Inorganic 
substances synthesized and studied in Azerbaijan. 
Handbook. Baku: Elm. Publ.; 2004. 462 p.

16. Yamashita O., Yamauchi H., Yamaguchi Y. et.al. 
Magnetic properties of the system CuCr2Se4.xYx (Y = C1, 
Br). Journal of the Physical Society of Japan. 1979;47(2): 
450–454. https://doi.org/10.1143/jpsj.47.450

Condensed Matter and Interphases / Конденсированные среды и межфазные границы   2024;26(2): 197–203

I. I. Aliyev et al. Physicochemical study of phase formation in the Sb2S3–Cr2Te3 system



203

17. Koroleva L. I., Lukina L. N., Busheva E. V., 
Shabunina G. G., Aminov T. G. CuCr2Se4-xSbx: a new 
magnetic semiconductor. Inorganic Materials. 
1999;35(12): 1217–1220. Available at: https://elibrary.
ru/item.asp?id=13328594

18. Aminov T. G., Arbuzova T. I., Busheva E. V., 
Shabunina G. G. СuСг2-хSSbхSe4 and Cu1-ySbyCr2Se4 solid 
solution. Inorganic Materials. 2000;36(2): 114–118. 
https://doi.org/10.1007/BF02758008

19. Nakatani I., Nose H., Masumoto K. Magnetic 
properties of CuCr2Se4 single crystals. Journal of Physics 
and Chemistry of Solids. 1978;39(7): 743–749. https://
doi.org/10.1016/0022-3697(78)90008-2

20. Physico-chemical properties of semiconductor 
substances*. Handbook. Moscow: Nauka Publ.; 1979. 
339 p. (In Russ.) 

21. Phase diagrams of binary metal systems*. 
Handbook. 3 vol. / N. P. Lyakishev (ed.). Moscow: 
Mashinostroenie Publ.; 1997. 1023 p. (In Russ.)

* Translated by author of the article

Information about the authors
Imir I. Aliyev, Dr. Sci. (Chem.), Professor, Head of 

laboratory, Institute of Catalysis and Inorganic 
Chemistry n. a. M. Nagiyev National Academy of 
Sciences of Azerbaijan (Baku, Azerbaijan).

https://orcid.org/0000-0002-7694-1400
aliyevimir@rambler.ru

Elman I. Mammadov, Dr. Sci. (Chem.), Professor, 
Azerbaijan Technical University (Baku, Azerbaijan).

https://orcid.org/0009-0000-8948-7019
kimya@aztu.edu.az
Faxraddin V. Yusubov, Dr. Sci. (Chem.), Professor, 

Head of Department, Azerbaijan Technical University 
(Baku, Azerbaijan).

https://orcid.org/0000-0002-3496-8947
yusubov@asoiu.edu.az
Laman F. Masieva, postgraduate student, Azerbaijan 

Technical University (Baku, Azerbaijan).
https://orcid.org/0000-0002-9908-7294
leman_mesiyeva@mail.ru
Khalig M. Gashimov, PhD in Chemistry, Associate 

Professor, Azerbaijan State University of Economics 
(Baku, Azerbaijan).

https://orcid.org/0000-0002-2208-2655
xaliq1949@mail.ru
Received 28.09.2023; approved after reviewing 

10.11.2023; accepted for publication 15.11.2023; 
published online 25.06.2024.

Translated by Valentina Mittova

Condensed Matter and Interphases / Конденсированные среды и межфазные границы   2024;26(2): 197–203

I. I. Aliyev et al. Physicochemical study of phase formation in the Sb2S3–Cr2Te3 system


