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The new solid solution phases crystallized in the hexagonal and tetragonal system were revealed in the GaSe-InSe system,
and a new orthorhombic phase with a new type of structural blocks has been proposed. The structural features of the In1-xGaxSe
solid solutions (where 0<x<1) were studied using X-Ray Diffraction (XRD).
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INTRODUCTION

The outstanding electronic properties of graphene
inspired researchers to find new 2D layered materials
with related exotic properties. The design of the new
2D materials is a very promising area for modern
materials science and condensed matter physics.
Thanks to intriguing semiconducting properties, the
layered binary InSe and GaSe compounds are
promising materials for generating broadband radiation
in the near, medium, and far-infrared ranges. The
ternary compounds based on these binaries have been
studied limited, i.e., literature data on the crystal
structure of the ternary compound InGaSe; are very
scarce and contradictory [1-4].

The existence of a hexagonal phase for InGaSe;
was first reported by Mobarak et al. [2]. However, the
hexagonal lattice parameters a and c indicated in this
work correspond to the tetragonal phase of InGaSe2,
rather than the hexagonal one.

In Ref. [7], the authors propose a new van der
Waals heterostructure consisting of GaSe and InSe
structural slabs, preserving the P-6m2 space groups for
the gallium selenide. No more ternary phases in the
GaSe-InSe system were reported up to date. Hence, the
only tetragonal phase known so far for the InGaSe;
compound crystallizes in the TISe-type structure [8-9].

The most specific feature of the InSe and GaSe
structures is the presence of intermetallic In-In and Ga-
Ga bonds, respectively. Moreover, the Ga-In bond in
the crystal structure of the Gagglnoialloy was also
found in Ref. [24]. Taking into account that such
intermetallic bonds are possible, here we propose new
structural models for the InGaSe, compound.

2. EXPERIMENTAL PART
2.1. Synthesis

Gallium (99.999 mass %), indium (99.99 mass
%), and selenium (99.999 mass %) purchased from
Alfa Aesar were used for the syntheses of the starting
InSe and GaSe as well as for In;«GaxSe (x=0, 0.1,
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0.2,...,1.0) solid solution series. The polycrystalline
alloys were synthesized by direct melting
stoichiometric amounts of the constituent elements in
evacuated “graphitized” silica ampoules at 1000°C for
5 h. Each sample was stirred at the synthesis
temperature by shaking the furnace and was then
cooled down to 400 °C. Further, the samples were kept
at this temperature for a fortnight to achieve complete
homogenization and were then slowly cooled down to
room temperature. The high-temperature phases of the
InSe-GaSe system were prepared by the same synthesis
technique, but those samples were further water-
quenched.

2.2. Analysis

The experimental Powder X-ray Diffraction
(PXRD) data were collected on BRUKER D2 Phaser
Diffractometer  (5<26<120°; CuK,;) at room
temperature and the crystal structure refinement was
carried out by the Rietveld method using the BRUKER
EVA and TOPAS-4.2 software.

Fig. la shows the XRPD patterns of all the
synthesized ingots along with the InSe-GaSe system,
whereas Fig. 1b and c illustrate the enlarged diffraction
peaks profiles of the most intense [002] and [004] lines
in the range of 20=10-11.5°and 26=21-23°,
respectively. Fig. 1e displays the shifting of the c lattice
parameter for solid solutions based on InSe (red line),
GaSe (blue line), and intermediate phase (green line).

3. DISCUSSION
3.1. Phase compositions of the slowly cooled samples

As seen from Fig. 1a, the most intense diffraction
peaks [002] and [004] are positioned at 26=~11° and
26=~22°. Fig. 1b and c illustrate these areas where a
single and symmetric diffraction peak for InSe, GaSe
binary compounds, as well as for the following alloys:
Ino.sGao1Se, InosGao2Se, 1np7GapsSe, InosGaosSe,
Ino.2Gap.sSe, and Ino.1Gag.eSe are visible. No extra peaks
on the diffraction patterns for these alloys were
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observed. Therefore, the thelnSe-IngsGaosSe and

Ing.2Gap sSe-GaSe areas highlighted in Fig. 1b and c|

with red and blue line scans be considered as solid-
solubility fields based on InSe and GaSe, respectively.
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Fig. 1. a), The XRD patterns of the Gai-nlnnSe (n=10.1; 0.2 ... 1.0): 1, GaSe; 2, Ino.1Gao.oSe; 3, Ino2Gao.sSe; 4,
Ino.3Gaon.7Se; 5, Ino4Gao.eSe; 6, InosGaosSe; 7, InoeGao.sSe; 8, Ino.7Gao.sSe; 9, InosGao2Se; 10, Ino.9Gao.1Se;
11, InSe; b), The enlarged range of 26 = 10-11.5; c), The enlarged range of 26 = 21-23 ; d), The shifting of
the ¢ parameter for solid solutions based on InSe (red line), GaSe (blue line), and intermediate phase (green

line).

A careful examination of the diffraction patterns
for the IngsGagsSe, InpsGageSe, and Ing3Gao7Se
samples clearly shows the splitting of the [004]
reflection into three peaks. Two of them - left and right
- can be considered as peaks for solid solutions based
on InSe and GaSe meaning that the InSe-GaSe system
does not form a continuous solid solution in the entire
range. The third peaks located in the middle and
indicated by green arrows in Fig. 1b and c, do not
belong to any of the solid solutions based on the initial
compounds. Also, the third peak shown with red arrows
in Fig.1b cannot belong to solid solutions based on the
starting compounds. Apparently, in addition to the
mentioned solid solutions series, a new structure is
formed in which the amount of In and Ga atoms is equal
(InGaSey). To explain these intermediate peaks, one of

the possible ideas would be the formation of a mixed- |
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blocks. In this case, the Se-Ga-Ga-Se and Se-In-In-Se
slabs alternate in a single structure with a 1:1 ratio (Fig
1a). In Ref. [9], such a model was used for theoretical
calculations. Probably, it is a very flexible model that
can be suitable for any ratio of blocks or continuous
solid solutions. However, as above mentioned, the X-
ray analysis showed the absence of continuous solid
solutions in the GaSe-InSe section. Thus, the
suggestion of alternative models is relevant. We
assume that the appearance of these peaks is associated
with the formation of new type structural blocks where
the gallium and indium atoms are arranged in an orderly
manner. In this case, the new models for ternary
InGaSe, may differ significantly from the hexagonal
GaSe-type structure. We have proposed three new
structural models, which are shown in Figs. 2b-d.
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Fig. 2. Various 3D models of the GalnSez crystal structure: a), hexagonal P-6m2 configuration used in Ref. [7]; b),
hexagonal P6zmc; c), trigonal P-3m1, d), ortho- rhombic Pnnm.



CRYSTAL STRUCTURE PECULIARITIES OF THE NEW SOLID SOLUTIONS IN THE InSe-GaSe SYSTEM

CONCLUSIONS

In the InSe-GaSe system, the regions of the solid

solution of the hexagonal phase have been refined. It is
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is formed, which does not belong to solid solutions of
the initial components InSe and GaSe. New structural
models are proposed for the InGaSe; phase.
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Kamans K. A3nzosa, Umamenaun P. AMupaciaanos, 3us C. Auniie, 3akup A. Jl>kaxaHrupJu

OCOBEHHOCTHU KPUCTALVNIMYECKUX CTPYKTYP HOBBIX TBEPJABIX PACTBOPOB B

CHUCTEME InSe-GaSe

B cucreme GaSe-InSe oGHapykeHbI HOBBIE (ha3bl TBEPAOTO PACTBOPA, KPHUCTAIIN3YIOIIHECS B T€KCATOHATHLHON H

TETparoHaIbHOMN CUCTEME, H IIPEeJIOKEHA HOBast OPTOpOMONUecKast (haza c HOBBIM TUIIOM CTPYKTYPHBIX 0510K0B. CTPYKTYpHBIE
ocoOeHHOCTH TBep IbIX pacTBopoB Ini-xGaxSe (rae 0<x<1) n3y4ann MeTo0M peHTreHoBCKOH audpakmuu (PDA).

Kamals K. 9zizova, Imamaddin R. ®miraslanov, Ziya S. 8liyev, Zakir A. Cahangirli

InSe-GaSe SISTEMININ YENI BORK MOHLULLARININ KRISTALLIK QURLUSLARININ

XUSUSIYYOTLORI

GaSe-InSe sistemindo heksoqonal vo tetraqonal sistemdo kristallasan yeni bork mohlul fazalar1 askar edilmis. Buna

osaslanaraq iso yeni tip struktur bloklari ilo yeni ortoromblu faza toklif edilmisdir. In1-xGaxSe bork mohlullariin struktur
xiisusiyyatlori (burada 0<x<1) rentgen difraksiyasindan (XRD) istifado edilmoklo todqiq edilmisdir.
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