Condensed Matter and Interphases. 2022;24(2): 182-186

ISSN 1606-867X (Print)
ISSN 2687-0711 (Online)

Condensed Matter and Interphases

Kondensirovannye Sredy i Mezhfaznye Granitsy
https://journals.vsu.ru/kcmf/

Original articles
Research article
https://doi.org/10.17308/kemf.2022.24/9257

The quasi-binary Cu,In.S, - Feln,S, section

Sh. S. Abdullaeva™, I. B. Bakhtiyarly, R. J. Kurbanova, Z. M. Mukhtarova

Institute of Catalysis and Inorganic Chemistry named after M. Nagiev of the Azerbaijan National Academy of Sciences,
113 H. Javid ave., Baku Az1143, Azerbaijan

Abstract

The Cu,In.S,~Feln,S, section was studied by methods of physicochemical analysis; differential thermal (DTA), X-ray phase
(XRD), microstructural (MSA) and microhardness measurement. Based on the results of the obtained data, a phase diagram
of the Cu,In,S,~Feln,S, section of the Cu,S-In,S,~FeS ternary systemwas constructed. It was established that the Cu,In,S -
Feln,S, section is a quasi-binary section of the ternary Cu,S-In,S,.-FeS systems and is eutectic by type with limited solubility
based on both initial components. The liquidus of the system consists of two branches of primary crystallization of 5, (solid
solution based on Cu,In,S;) and ¢ (solid solution based on Feln,S,) phases. The eutectic point has coordinates: 1150 K
temperature and composition 42 mol% Feln,S,. The boundaries of the solid solutions were also determined. The region of
solid solutions based on Cu,In.S, extends to 3 mol. % Feln,S, the region of solid solutions based on Feln,S, extends to 5
mol. % Cu,In,S at room temperature.
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1. Introduction

The study of systems based on heavy metal
chalcogenides is of interest due to the relevance
of the development of new semiconductor
materials with different functional properties.
These include systems based on compounds
of groups I, IIT and VI (where I is Cu, Ag; III is
Al Ga, In; VI is S, Te) [1-8]. Ternary compound
Feln,S, is a dilute magnetic semiconductor. This
group of semiconductors attract attention due to
the potential for their use in spintronics [9-12]
for the production of Schottky diodes, switches,
and lasers controlled by a magnetic field, light
modulators, and other devices [13-16].

This study is a continuation of our research
on the ternary Cu,S-In,S_-FeS system along the
Cu,In,S,~Feln,S, section. The study was carried
out in order to clarify the nature of the chemical
interaction in the ternary Cu,S-In,S.-FeS
system in regions with a high content of In,S,
and the determination of the phase formation in
Cu,In,S,~In,S.~Feln,S, and CuFeln,S ~Cu,In .S~
Feln,S, systems [17].

The initial components of the Cu,In.S; and
Feln,S, section are formed in the corresponding
binary Cu,S-In,S, and In,S.-FeS systems which
are quasi-binary sections of the ternary Cu,S-
In,S.—FeS system [18-20].

The compound with the composition of
Cu,In.S, melts congruently at a temperature
of 1085 °C and crystallizes in a monoclinic
system with lattice parameters: a = 0.660 nm,
b =0.691 nm, c = 0.812 nm, B = 89°,Z =1 [17,
18, 21]. The compound with the composition of
Feln,S, melts congruently at a temperature of
1125 °C and crystallizes in a cubic lattice with
parameters: a = 1.053 nm [20, 24, 25].

The purpose of this study was the investigation
of the nature of the chemical interaction between
the Cu,In.S, and Feln,S, compounds.

2. Experimental

Samples for the study were synthesized
from preliminarily obtained Cu,S, In,S,, and
FeS in evacuated quartz ampoules (1.33 Pa)
with a length of 15-18 cm, a diameter of
15 c¢m, at temperatures of 1370+1400 K. After
completion of the reaction the ampoules were
kept under the regime for 1.5-2 h. After that, the
ampoules were cooled to 900 K and long-term
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homogenizing annealing was carried out at the
same temperature.

The alloys were studied by methods of
physicochemical analysis: differential thermal
DTA, microstructural MSA, X-ray phase XRD
analyses; microhardness measurement. DTA
was carried using a Jupiter STA 449 F3 thermal
analyser (NETZSCH, Germany) at a heating rate
of 10 deg/min using a Pt-Pt/Rh thermocouple.
The device was operated under control of the
Proteus software.

XRD of the samples was carried using a
D2 Phaser X-ray diffractometer (Bruker,
Germany) using CuKo-radiation (Ni-filter). The
microhardness of the alloys was measured using
a PMT-3 microhardness tester under loads of 0.1
and 0.2 N. The MSA of the alloys of the system was
studied using an MIM-8 metallographic microscope
on pre-etched sections polished with paste. An
etchant of the composition NH,NO, (3-8 wt %) +
K,Cr,0. (0.02-0.5 wt %) + concentrated H,SO,
during the study of the microstructure of the alloys
with the etching time of 20 s.

3. Results and discussion

The interaction between Cu,In,S,and Feln,S,
was studied using 15 samples, the compositions
of which are presented in the Table. Based on
the DTA data, it can be assumed that the nature
of the interaction between these compounds is
simple, since the samples have two effects on the
thermograms.

Table 1. Composition and DTA results of alloys of
the Cu,In. S —Feln,S, system

Composition mol. %
Cu.In,S, Feln,S, Thermal effects T, K
100 - 1360
95 5 1350, 1275
90 10 1340, 1215
80 20 1300, 1150
70 30 1240, 1150
60 40 1148, 1170
50 50 1150, 1200
40 60 1150, 1250
30 70 1300, 1155
20 80 1350, 1150
10 90 1370, 1150
5 95 1390, 1150
- 100 1400
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MSA studies, carried out on ground polished
surfaces of alloys, showed that samples up to
5 mol % Feln,S, and 7 mol % Cu,In. S  were
homogeneous, and with an increase in the content
of the second component, two-phase mechanical
mixtures consisting of solid solutions based on
the initial components (¢ + o) were formed.

Microhardness was measured under a load of
0.1 N. When measuring the microhardness, the
values for Cu,In,S, of 2900 MPa and for Feln,S, of

HwMPa
3500} 3300
2900
2800l ————- —o—o—o—o—\
2100
1400 |-
FelnzS4 mol % == CuslnsSo

Fig. 1. Hu-x diagrams of the Cu,In.S, - Feln,S, system
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3300 Mpa were stably obtained (Fig. 1.) As can be
seen from the Figure, the microhardness values
of alloys rich in Cu,In.S, and Feln,S,, increased
significantly from 2700 to 2900 MPa and from
3150 to 3300 MPa with the formation of solid
solutions.

Samples containing 0, 30, 50, 70, and 100 mol %
Feln,S, were studied by the XRD method.

Samples of 30, 50, 70 mol % Feln,S, turned
out to be two-phase (Fig. 2).

The results of DTA are presented in the
Table 1.

Based on the obtained results, the phase
diagram of the Cu,In.S,—Feln,S, section was
constructed. The phase diagram provides an idea
about the nature of the chemical interaction
between the initial components (Fig. 3)

The section is a quasi-binary section of the
ternary Cu,S-In,S.-FeS system.

The liquidus of the system consists of two
branches of primary crystallization of the ¢, (solid
solution based on Cu,In.S ) and 5, (solid solution
based on Feln,S,) phases.

The co-crystallization of o, and o, phases
occurs at a composition of 42 mol % Feln,S, and
a temperature of 1150 K:
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Fig. 2. Powder X-ray diffraction patterns of alloys of the Cu,In.S, - FeIn,S, system: I — Cu,In.S_; 2 - 30 mol %

FeIn.S ; 3 - 50 mol % Feln.S ; 4 — 70 mol % Feln.S
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Fig. 3. Phase diagram of the Cu,In,S,~Feln,S, system

The composition of the eutectic was also
confirmed by the plotting of the Tamman’s
triangle using a graphical method. As can be seen
from the Figure, there are solid solution areas on
the bases of the components.

To determine the limits of the regions of
the solid solutions, alloys with the following
compositions were additionally synthesized: 2.0;
3.0; 5.0 mol % Feln,S, and 3.0; 5.0; 8.0; mol %
Cu,In,S,. The samples were annealed at 700 K for
150 h and then quenched in iced water. After heat
treatment, the microstructures of these samples
were carefully studied. It was established that
at a temperature of 700 K the mutual solubility
of the components reached 5 mol % based on
Cu,In,S, and 7 mol % based on Feln,S,. At room
temperature the mutual solubility was 3 mol %
based on Cu,In.S, and 5 mol % based on Feln,S,.

4. Conclusion

The phase diagram of the Cu,In.S -Feln,S,
system was constructed. It has been established
that the section is a quasi-binary section of the
ternary Cu,S-In,S.-FeS system and is eutectic.
The mutual solubility of the components at a
temperature of 700 K reaches 5 mol % based on
Cu,In.S, and 7 mol % based on Feln,S,.

Author contributions

All authors made an equivalent contribution
to the preparation of the publication.

2022;24(2): 182-186

The quasi-binary Cu,In.S, - Feln,S, section

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. Babanly M. B., Yusibov Yu. A., Abishev V. T.
Three-component chalcogenides based on copper and
silver. Baku: BSU Publ.; 1993. 342 p. (In Russ.)

2. Isika M., Nasser H., Ahmedova F., Guseinov A.,
Gasanly N. M. Optical properties of Cu,In.S, single
crystals by spectroscopic ellipsometry. Optik. 2018;171:
77-82. https://doi.org/10.1016/j.ij1e0.2018.06.056

3. Gasanly N. M. Combined low-temperature
photoluminescence and thermally stimulated current
studies in Cu,InS, layered single crystals. Optik.
2016;127(12): 5148-5151. https://doi.org/10.1016/j.
ijle0.2016.03.0064.

4.Babaeva B. K. In: Triple semiconductors and their
application. Kishinev: Shtiintsa Publ.; 1976. 96 p. (In
Russ.)

5. Berends A. C., Mangnus M. J. J., Xia C.,
Rabouw F. T., de Mello Donega C. Optoelectronic
properties of ternary I-III-VI, semiconductor
nanocrystals: Bright prospects with elusive Origins.
The Journal of Physical Chemistry Letters. 2019;10(7):
1600-1616. https://doi.org/10.1021/acs.
jpclett.8b03653

6.Guseinov A. G.,Kyazimzade A.G., Salmanov V.M.,
Mamedov R. M., Salmanova A. A., Gasanova L. G.,
Mahammadov A. Z. Features of laser-induced
luminescence and photoconductivity of layered
Cu,InS, crystals. Optics and Spectroscopy. 2016;121(6):
897-900. https://doi.org/10.1134/s0030400x16120134

7. Parlak M., Ercelebi C., Gunal I., Ozkan H.,
Gasanly N. M., Culfaz A. Crystal data, electrical
resistivity and mobility in Cu,In.S,and Cu,In Te single
crystals. Crystal. Research and Technology. 1997;32(3):
395-400. https://doi.org/10.1002/crat.2170320305

8. Tomashik V. Cu-In-S (Copper-Indium-Sulfur).
In: Non-Ferrous Metal Systems. Part 1. Landolt-
Bornstein — Group IV Physical Chemistry. 2006;
300-318. https://doi.org/10.1007/10915981 24

9. Niftiev N. N. Thermostimulated currents in
single crystals MnIn, S, . Fizika i tekhnika poluprovodnikov.
2002;36(7): 836—-837. (In Russ.). Available at: https://
www.elibrary.ru/item.asp?id=21323814

10. Myoung B.R.,Lim]. T.,Kim C. S. Investigation
of magnetic properties on spin-ordering effects of
FeGa,S, and Feln,S,. Journal of Magnetism and Magnetic
Materials. 2017;438: 121-125. https://doi.
org/10.1016/j.jmmm.2017.04.056

11. Niftiev N. N., Tagiev O. B., Mamedov F. M.,
Muradov M. B. Electrical properties of Feln,S, on

185



Condensed Matter and Interphases / KoHaeHcMpoBaHHble cpeabl M MexdasHble rpaHuLbl

Sh.S. Abdullaeva et al.

alternating current. Zhurnal tekhnicheskoi fiziki.
2012;82(4): 147-149. (In Russ.). Available at: https://
www.elibrary.ru/item.asp?id=20325563

12. Bodnar I. V., Pavlyukovets S. A., Rud V. Yu.,
Rud Yu. V. Growing Feln,S, single crystals and
fabrication of photosensitive structures on their basis.
Semiconductors. 2009;43(11): 1510-1513, https://doi.
org/10.1134/s1063782609110190

13. Mammadov F. M., Babanly D. M., Amirasla-
nov I.R., Tagiyev D.B., Babanly M. B.FeS-Ga,S.~In,S,
system Russian Journal of Inorganic Chemistry.
2021;66(10): 1533-1543. https://doi.org/10.1134/
S0036023621100090

14. Hwang Y., Choi J., Ha Y., Cho S., Park H.
Electronic and optical properties of layered
chalcogenide Feln,Se,. Current Applied Physics.
2020;20(1): 212-218. https://doi.org/10.1016/j.
cap.2019.11.005

15. Niftiyev N. N., Mammadov F. M., Muradov M. B.
AC electrical conductivity of FeGalnSe,. Semiconductors.
2020;54(6): 627-629. https://doi.org/10.1134/
$1063782620060123

16. Guseinov A. G., Salmanov V.M., Mamedov R. M.,
Magomedov A.Z.Specific features of photoluminescence
and nanosecond relaxation of photocurrent in Culn,S,
crystals upon strong optical excitation. Optics and
Spectroscopy. 2020;128(12): 1978-1982. https://doi.
org/10.1134/s0030400x20120905

17. Bakhtiyarly I. B., Kurbanova R. J.,
Abdullaeva Sh. S., Mukhtarova Z. M., Mammadova F.
M. Liquidus surface of the quasi-ternary system Cu,S-
In,S.-FeS. Kondensirovannye sredy i mezhfaznye
granitsy= Condensed Matter and Interphases. 2021;23(1):
16-24. https://doi.org/10.17308/kemf.2021.23/3293

18. Binsma J. J. M., Giling L. J., Bloem J]. Phase
relations in the system Cu,S-In,S.. Journal of Crystal
Growth. 1980;50(20): 429-436. https://doi.
org/10.1016/0022-0248(80)90090-1

19. Womes M., Olivier-Fourcade J., Jumas J.-C.,
Aubertin F., Gonser U. Characterization of the single
phase region with spinel structure in the ternary
system In,S_-FeS-FeS,. Journal of Solid State Chemistry.
1992;97(2): 249-256. https://doi.org/10.1016/0022-
4596(92)90032-q

20.Mammadov F. M., NiftiyevN.N.,MammadovF.I.
Synthesis and crystal structure of the FeGalnS,
compound. Azerbaijan Chemical Journal. 2017;2: 56—
59. Available at: https://akj.az/en/journals/211

21. Abdullayeva Sh. S., Mammadov F. M.,
Bakhtiyarly I. B. Quasi-binary section CulnS, -Feln,S,.
Russian Journal of Inorganic Chemistry. 2020;65(1);
100-105. https://doi.org/10.1134/s0036023619110020

186

2022;24(2): 182-186

The quasi-binary Cu,In.S; - Feln,S, section

22. Bakhtiyarly I. B., Abdullayeva Sh. S., Gurbano-
va R.J., Mammadova F. M., Guseynova Sh. B. Study of
interactions in the CulnS,-FeS system. Russian Journal
of General Chemistry. 2019;89(8): 1659-1661. https://
doi.org/10.1134/5s1070363219080188

23. Novikova M. A. Optical properties of solid
solutions (FeIn,S,), (In,S.) . Doklady BGUIR. 2014;(3):
22-26.(In Russ., abstract in Eng.). Available at: https://
doklady.bsuir.by/jour/article/view/301

24. Bodnar I. V., Zhafar M. A., Kasyuk Y. V.,
Fedotova Y. A. Single crystals of (FeIn,S ) (Culn,S)),
alloys: Crystal structure, nuclear gamma resonance
spectra, and thermal expansion. Semiconductors.
2017;51: 279-284. https://doi.org/10.1134/
S106378261703006X

25. Allakhverdiev K. R., Bedalova S. A., Gasano-
vaL.G.,Magomedov A.Z.Raman scattering in Cu,In.S,
crystals. Physica Status Solidi (b). 1991;167: K75-K77.
https://doi.org/10.1002/pssb.2221670157

Information about the authors

Abdullaeva Shahri Seyfaly, PhD student, Researcher,
Institute of Catalysis and Inorganic Chemistry named
after M. Nagiev of the Azerbaijan National Academy
of Sciences (Baku, Azerbaijan).

https://orcid.org/0000 0003 17232783

sehri.abdullayeva.83@mail.ru

Bakhtiyarly Ikhtiyar Bahram oglu, Dr. Sci. in
Chemistry, Professor, Institute of Catalysis and
Inorganic Chemistry named after M. Nagiev of the
Azerbaijan National Academy of Sciences (Baku,
Azerbaijan).

https://orcid.org/0000-0002-7765-0672

ibakhtiyarli@mail.ru

Kurbanova Ruksana Jalal, PhD in Chemistry,
Associate Professor, Institute of Catalysis and
Inorganic Chemistry named after M. Nagiev of the
Azerbaijan National Academy of Sciences (Baku,
Azerbaijan).

https://orcid.org/0000-0001-6467-0079

kurbanova.48@inbox.ru

Mukhtarova Ziyafat Mamed, PhD in Chemistry,
Associate Professor, Institute of Catalysis and
Inorganic Chemistry named after M. Nagiev of the
Azerbaijan National Academy of Sciences (Baku,
Azerbaijan).

https://orcid.org/0000-0003-1222-969X

ziyafatmuxtarova@mail.ru

Received 13.01.2022; approved after reviewing
04.03.2022; accepted for publication 15.05.2022;
published online 25.06.2022.

Translated by Valentina Mittova
Edited and proofread by Simon Cox



