364

East EUROPEAN JOURNAL OF PHysICcS. 3. 364-368 (2024)
DOI:10.26565/2312-4334-2024-3-43 ISSN 2312-4334

STUDY OF STRUCTURAL AND VIBRATIONAL PROPERTIES OF Cu:InsSe;
BY ANALYTICAL METHODS

S.I. Ibrahimova?, ©®Sakin H. Jabarov**, G.M. Agamirzayeva®, ©Afsun S. Abiyev®, ©Yusif L. Aliyev*?
“Institute of Physics of Ministry of Science and Education of the Republic of Azerbaijan, Baku, AZ-1143, Azerbaijan
bInnovation and Digital Development Agency, Baku, AZ-1073, Azerbaijan
“Azerbaijan State Pedagogical University, Baku, AZ-1000, Azerbaijan
dWestern Caspian University, Baku, AZ-1001, Azerbaijan
*Corresponding Author e-mail: sakin@jinr.ru

Received June 14, 2024; revised July 30, 2024; accepted August 8, 2024

The compound CuzlnsSe7 was synthesized, the crystal structure and atomic dynamics were studied. The studies were carried out at
room temperature and under normal conditions using XRD, Raman spectroscopy and FTIR spectroscopy. The obtained X-ray structural
spectra were analyzed by the Rietveld method and various crystallographic parameters were determined. It was established that the
crystal structure of this compound corresponds to tetragonal symmetry with the space group P-42¢ (112). As a result of the analysis of
the Raman spectrum with the Gaussian function, it was established that in the Cu2InsSe7 crystal in the frequency range v = 0-800 cm'!
3 main vibrational modes are observed: vi = 146 cm™!, v2 = 171 cm™! and v3 = 229 ¢cm’!. It was found that these modes correspond to
vibrations of InSe4 tetrahedra formed by In-Se bonds. As a result of analysis of the FTIR spectrum, it was established that 3 main
vibration modes are observed in the CuzInsSe7 crystal in the wavenumbers range v = 400-4000 cm'. These modes are associated with
water and carbon dioxide molecules in the sample.

Key words: Crystal structure; Chalcogen; Atomic dynamics; Crystallographic parameters

PACS: 74.62.bf, 61.10.nz, 36.20.ng

1. INTRODUCTION.

The crystal structure and various physical properties of copper and silver chalcogenide semiconductors have long
been studied by various methods. However, there are still a number of questions in this direction that require study.
Compounds and solid solutions of the ABX; type (A — Cu, Ag; B — Fe, In, Ga; X — S, Se, Te) have been in the field of
research for many years as promising electrically and optically sensitive materials. Studying the structure of these
compounds, structural phase transitions and atomic dynamics is important for explaining their other physical properties.
Therefore, extensive research has been carried out in this direction recently [1-5].

Copper chalcogenides have some advantages and disadvantages compared to other chalcogenides. The main
advantage is that copper atoms, due to their variable valency, can form crystals of various configurations. These crystals
differ in both electronic structure and crystal structure. The missing point is that two- and three-phase systems are often
observed in these compositions. At high temperatures, the process of phase formation occurs and a single-phase system
is formed [6-10].

In chalcogenide semiconductors, the effect of cation-cation substitutions is big. Because with substitutions, important
changes occur in both the electronic structure and the crystal structure. At this time, chalcogenides exhibited interesting
optical, electrical, and thermal properties. Therefore, extensive research is being carried out in this direction [11-13]. It has
been established that the acquisition and study of single-phase systems with cation-cation substitution leads to the production
of semiconductors with stable properties. In this work, a new compound CuInsSe; with Cu — In substitutions was
synthesized. The structure and atomic dynamics of the resulting compound were studied by analytical methods.

2. EXPERIMENTAL PART

2.1. Synthesis. Polycrystalline sample of the CuzInsSe; compound was synthesized by a standard method typical of
chalcogenide semiconductors [14,15]. In the synthesis process, metal chalcogen elements Cu, In and Se with a purity of
at least 99.98% were used. Based on the stoichiometry of the intended sample, the elements were weighed on a high-
precision electronic balance, then a mixed mass weighing 5 g was poured into a synthesis ampoule and air (~102 Pa) was
sucked into the ampoule). The oven temperature was previously raised to 700 K. For the synthesis process, the finished
ampoule is placed in an inclined oven. After holding in this mode (700 K) for an hour, the furnace temperature was
increased to 1200 K at a rate of 50 degrees/hour. The ampoule was shaken periodically and kept at this temperature for
1.5 hours. At the next stage, the oven temperature was again reduced to 750 K. To achieve sample homogeneity, long-
term tabulation was carried out. During the heating process, the sample was kept at a temperature of 750 K for fifteen
days. Upon opening the ampoule, it was noticed that the synthesized mass mainly consists of small single-crystalline
tetrahedral grains.
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2.2. XRD analysis. The crystal structure of the chalcogenide compound CuzInsSe; was studied by X-ray diffraction.
X-ray diffraction experiments of the synthesized sample were carried out on a modern D8 ADVANCE diffractometer.
Diffractometer parameters: with CuKa irradiation, 2 = 1.5406 A, 40 kV, 40 mA. The synthesized polycrystal was ground
in a mortar, and then structural studies were carried out. The X-ray phase spectrum obtained at room temperature and
under normal conditions for the CuzxInsSe; compound was analyzed by the Rietveld method in the Mag2Pol program and
the crystallographic parameters were determined.

2.3. Raman spectroscopy. Vibrational properties of the samples were studied by Raman spectroscopy method. The
experiments were carried out on the Nanofinder 30 Raman spectrometer at room-temperature. Nd:YAG laser with a
wavelength A = 532 nm and a maximum power of 10 mW was used as an excitation source. The obtained spectra were
analyzed by the Gaussian function.

2.4. FTIR spectroscopy. The sample for the FTIR (Fourier transforms infrared spectroscopy) experiment was
prepared from cylindrical CuylnsSe; compounds. The infrared spectrum was obtained at room temperature in the
wavenumber range v = 400-4000 cm™' using a Varian 640 FT-IR instrument.

3. RESULTS AND DISCUSSIONS
The X-ray diffraction spectrum of the chalcogenide compound CuzInsSe; obtained at room temperature is shown in
Figure 1.
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Figure 1. X-ray diffraction spectrum of Cuz2InsSe; compound
B — experimental points, C — calculated curve, D — difference between experimental and calculated curves, F — atomic planes.

The diffraction spectrum obtained for the CuzInsSe; compound in the diffraction angle range 10° < 26 < 90° was
analyzed by the Rietveld method in the Mag2Pol program. As a result of the analysis, it was established that the crystal
structure of this compound corresponds to a tetragonal system with space group P-42¢(112). Values of lattice parameters:
a=b=5.7624 A, c=11.5432 A, V'=383.295 A3, p=4.9697 g/cm?, Z=2. As a result of spectrum analysis, the coordinates
of Cu, In and Se located in different crystallographic positions (Table 1).

Table 1. Atomic coordinates of the CuzlnsSe7 compound.

Atom X y z Occ
Inl 0.00000 0.50000 0.25000 0.930
In2 0.50000 0.50000 0.00000 0.600
In3 0.50000 0.00000 0.25000 0.400
Se 0.25345 0.22727 0.12586 0.875
Cu 0.00000 0.00000 0.00000 1.000

It has been established that the crystal structure of the CuzInsSe; compound consists of Cu atoms located at lattice
sites, In atoms distributed throughout the lattice volume, and Se atoms forming tetrahedra by combining with In atoms.
The three-dimensional crystal structure obtained in the Diamond 3.2 program, corresponding to tetragonal symmetry, is
presented in Figure 2.

From the structure presented in Figure 2, it is clear that indium atoms combine with selenium atoms, forming InSe4
tetrahedra. Although the indium atoms occupy three different positions, they are all monovalent, and all the polyhedra
they form with the chalcogen atoms are tetrahedra. It is known that copper atoms form monovalent and divalent covalent
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bonds in crystals. In the CuzInsSe; compound, the copper atoms are located in the same crystallographic position and are
in the monovalent state. Therefore, the crystal structure has a fairly simple form. It is known that copper atoms form
monovalent and divalent covalent bonds in crystals. Interatomic distances were determined depending on the atomic
coordinates and ionic radii. The obtained values are shown in Table 2.

Figure 2. Crystal structure of the Cu2InsSe7 compound

Table 2. Interatomic distances in the CuzInsSe7 compound

Atoms Interatomic distances
Inl - Se 2.5800
In2 - Se 2.5689
In3 - Se 2.4056
Cu - Se 2.4411

Crystals with a polyhedral structure exhibit interesting atomic dynamic. Vibrations corresponding to both metal-
chalcogen-metal bonds and vibrations of polyhedra are observed. From the structure shown in Fig. 2, it is clear that the
CuzIngSe; compound also forms a structure consisting of polyhedra. This predicts the observation of interesting
vibrational properties in this compound. Therefore, the atomic dynamics of the Cu,InsSe; compound was studied using
Raman spectroscopy. The Raman spectrum obtained in the wavenumbers range v = 0-800 cm’! at room temperature is
shown in Figure 3.

2000

1500

[y
(3
S
=)

500

Intensity (a.u.)

0 200 400 600 800
Raman shift (cm'l)

Figure 3. Raman spectrum of the CuzInaSe7 compound

From Figure 3 it can be seen that 3 main vibration modes are observed in the CusInsSe; crystal. These vibrational
modes were interpreted using a Gaussian function. It has been established that these vibration modes correspond to the
following wavenumbers: v; = 146 cm™!, v = 171 cm! and v; = 229 cm’!. It is known that in the wavenumbers range
v=0-100 cm™! vibrations of bonds formed by heavy elements are observed. At higher wavenumbers, vibrations of bonds
formed by atoms of light elements such as H, C and O are observed. The main reason for the absence of such vibrations
in the Raman spectrum obtained for the Cu,InsSe; crystal is that the sample was obtained with high purity. Consequently,
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the obtained vibration modes correspond only to the frequencies of the bonds formed by the chemical elements included
in the composition. It has been established that these modes correspond to In — Se bonds and vibrations of InSe4 octahedra
formed by these bonds. From the Raman spectrum it is clear that vibration modes are not observed at wavenumbers v >
250 cm!. Vibration modes that occur at higher wavenumbers are observed mainly in bonds formed by atoms of light
elements, such as H, C, O. It is known that there are no atoms of light elements in the Cu,InsSe; compound. However, in
real crystals, due to contact with molecules of water and carbon dioxide in the air, it becomes possible to form bonds
under the influence of atoms of light elements. FTIR spectroscopy studies were carried out to determine such connections.
In Figure 4 shows the Fourier transform IR spectrum obtained for a Cu,InsSe; crystal under normal conditions and at
room temperature.
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Figure 4. FTIR spectrum of the compound CuzInsSer

From the spectrum shown in Figure 4, it is clear that in the wavenumbers range v = 400-4000 cm™! three main
maxima are observed. These maxima correspond to the values v; = 1500, v, = 2500 and v; = 3500 cm™'. In previous
studies, it was found that vibrations with a wavenumber of v ~1500 cm™' are carbon and oxygen, vibrations with a
wavenumber of v ~ 2500 cm! are carbon, oxygen and hydrogen, and vibrations with a wavenumber of v ~ 3500 cm™! are
vibrations of bonds formed by oxygen and hydrogen atoms correspond to [16].

It is known that copper atoms are a metal of variable valence. The lengths of the bonds formed by chemical elements
with variable valence are also different. Therefore, these systems have a complex structure. In the CuzInsSe; compound,
each of the Cu, In and Se atoms is in a stable divalent state. Therefore, such crystals have a simple structure. Such
structures can be used as model objects to explain the structural aspects of certain physical properties. In recent years,
crystal structures have begun to be used for theoretical and practical modeling of a number of processes [17,18]. From
this point of view, the structural data obtained for the Cu,InsSe; compound may be useful for various purposes in the
future. The results obtained can be used to study the electrical, optical, thermal and other physical properties of this crystal.

4. CONCLUSIONS
In the course of studying the crystal structure and atomic dynamics of the CuzInsSe; compound, the following main
results were obtained:

1. It has been established that the compound under study, Cu,InsSe, crystallizes in tetragonal systems and its
crystallographic parameters are: a = b = 5.7624 A, ¢ = 11.5432 A, V' =383.295 A3, p = 4.9697 g/cm’, Z = 2 and
P- 42¢(112), corresponding to their values.

2. When studying the atomic dynamics of the CuInsSe; compound, it was found that the vibration modes
corresponding to the wavenumbers v; = 146 cm™, v, = 171 cm™ and v; = 229 cm! belong to In — Se bonds and
vibrations of polyhedra formed by these bonds. The vibration modes observed at higher wavenumbers correspond
to water and carbon dioxide molecules in the sample.
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JOCIIIKEHHA CTPYKTYPHHUX TA KOJABAJBHUX BIACTUBOCTEM Cu:InsSe;
AHAJIITUYHUMHU METOJAMU
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b4zenmemeo innoeayiti ma yugpoeozo possumxy, baxy, AZ-1073, Azepbaiioncan
“Azepbatiodcancokuti Oepoicasruti nedazociynuil ynieepcumem, baxy, AZ-1000, Azepbatioscan
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CunresoBaHno crionyky CuzlnsaSe7, nociimKeHO KpUCTaNiYHy CTPYKTYPY Ta aTOMHY JUHAMIKY. JloCTipKeHHs IPOBOANII TIPH KIMHATHIH
TeMmreparypi Ta 3BHYaiiHUX ymoBax i3 3actocyBanHsiM XRD, pamanoBcbkoi cnekrpockomii Ta FTIR-cmexrpockomii. Otpumani
PCHTTCHIBCBbKI CTPYKTYypHI CIEKTPH aHali3yBajid MeTofoM PiTBenbaa Ta BHM3HAYanu pi3HI KpucramorpadivuHi mapamerpu.
BcraHoBneHo, 0 KpUCTaiuHa CTPYKTYpa Li€l CIIOTYKH BiAMOBIiAE TETparoHaNbHIH CHMETpIii 3 MPOCTOpOBOIO rpymnoto P-42¢ (112).
B pesynbrari ananizsy KP cnekrpa 3 QyHkuicio I'aycca Bcranosneno, mo B kpuctani CuzlnsSes B mianasoni wactor v = 0-800 cm!
CIIOCTEPIraroThes 3 0CHOBHI KOMMBaIbHI Moau: vl = 146 cm!, v2 = 171 em' i v3 = 229 cm!. BeranoBiieHo, 110 1l MOH BiAOBIAAIOTH
KoNuBaHHAM TeTpaenpiB InSed, yrBopenux 3B's3kamu In-Se. B pesymerari ananmizy crnekrpy FTIR BcranosmeHo, mo B kpucTaii
Cu2InsSe7 cniocrepiratoTbess 3 OCHOBHI MOJM KONMBAaHb B Jiana3oHi XBUIboBUX uucen v = 400-4000 cm!. Lli pexumu mos's3ani 3
MOJIEKYJIaMHU BOJIM 1 BYIJICKHCIIOTO T'a3y B 3pasKy.

Kuro4oBi ci1oBa: kpucmaniyvna cmpykmypa, XaivkozeH, amomua OuHamika, Kpucmanospaiyni napamempu



