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Abstract—The interaction in the Sb2Te3–InSe system was studied and the T–x phase diagram was con-
structed by integrated methods of physicochemical analysis (differential thermal, X-ray powder diffraction,
and microstructural analyses) and also by microhardness and density measurements. It was found that the
Sb2Se3–InSe system is a quasi-binary section of the ternary reciprocal system Sb,In||Se,Te. In the Sb2Te3–
InSe system, compounds InSb2SeTe3 and In3Sb2Se3Te3 form, which incongruently melt at 525 and 600°C,
respectively. It was found that the regions of solid solutions based on Sb2Te3 and InSe extend to 3 and 2 mol %,
respectively. The compounds Sb2Se3 and InSe form a eutectic with the coordinates 20 mol % InSe and 510°C.
The temperature dependences of the electrical conductivity and thermal emf of the solid solutions
(Sb2Te3)1 – x(InSe)x (x = 0.01, 0.02, and 0.03).
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INTRODUCTION
The development of multifunctional materials with

given properties is based on studying the composi-
tion–property diagrams of multicomponent systems.
It is known that indium and antimony chalcogenides
and alloys based on them have optical [1–6], photo-
electric [7–10], thermoelectric, and luminescent
properties [11–17] and are widely used in the electron-
ics industry: they are also of interest as semiconduc-
tors. The phase diagrams of many systems containing
indium and antimony [18–24] and some physico-
chemical properties of their alloys [25–27] were inves-
tigated. Therefore, the development of materials based
on antimony and indium chalcogenides is an urgent
problem and requires the fundamental search.

The purpose of this work was the investigation of
the chemical interaction in the Sb2Te3–InSe system
and also the search for new phases and solid solutions.

Donnay and Ondik determined [28] that the com-
pound Sb2Te3 has a crystal structure of the Bi2Te3 type
and crystallizes in the rhombohedral system with the
unit cell parameters a = 4.264 Å and c = 30.42 Å in the
space group R3m.

The crystal structure of the compound Sb2Te3 was
also studied by Kuznetsov and Palkina [29], who
reported that the compound Sb2Te3 crystallizes in the
rhombohedral system with the unit cell parameters a =

4.262 Å and c = 30.450 Å in the space group R3m, 
The data of the works [28] and [29] agree well with
each other.

The compound InSe melts congruently at 660°C,
belongs to the structural type of GaSe, and crystallizes
in the hexagonal system with the unit cell parameters
a = 4.04 Å and c = 16.92 Å [30].

EXPERIMENTAL
Alloys in the system were synthesized by direct

melting of the components Sb2Te3 and InSe in
ampules in the temperature range 700–900°C with
subsequent slow cooling in switched-off furnace
mode. To reach the equilibrium state, the samples
were annealed at 500°C for 140 h.

Differential thermal analysis of samples was per-
formed with a Termoskan-2 thermal recorder at a
heating rate of 9 deg/min. The X-ray powder diffrac-
tion patterns were recorded with a D2 Phaser diffrac-
tometer (CuKα radiation). The microhardness was
measured with a PMT-3 microhardness meter at loads
chosen by studying the microhardness of each phase.
The microstructure of the alloys was investigated with
a MIM-8 microscope. Polished sections of the alloys
were etched with a solution of 10 mL of concentrated
HNO3 in H2O2 in the ratio 1 : 2 for 15–20 s. The den-
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Fig. 1. X-ray powder diffraction patterns of alloys in the Sb2Te3–InSe system: (1) Sb2Te3, (2) InSb2SeTe3, (3) In3Sb2Se3Te3, and
(4) InSe.
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2θ, deg
sity was determined by pycnometry with toluene as
a displacement liquid. The electrical conductivity of
the alloys in the system was studied by known com-
pensation methods [31]. The elemental percentages in
the compounds InSb2SeTe3 and In3Sb2Se3Te3 were
analyzed with a Jeol JSM 6610–ICP-MS 7700 scan-
ning electron microscopy. The elemental percentages
within the range n × 10–8–n × 10% determined with
a mass spectrometer.

RESULTS AND DISCUSSION

Sb2Te3-rich alloys in the Sb2Te3–InSe system are
of silver color, brittle, and layered and acquire a black
shade with increasing InSe content. They are resistant
to air and water, but are decomposed by concentrated
mineral acids (HNO3, H2SO4), whereas organic sol-
vents do not affect them. Equilibrium alloys were
investigated by methods of physicochemical analysis.

The differential thermal analysis of alloys in the
Sb2Te3–InSe system showed that the thermal curves
have two or three thermal events each. The micro-
structural analysis demonstrated that there are limited
homogeneous regions based on the initial compo-
nents. In the system at room temperature, the solubil-
ities based on Sb2Te3 and InSe are 3 and 2 mol %,
respectively; the obtained alloys containing 50 and
75 mol % InSe are also single-phase.
RUSSIAN JOURNAL OF
In the Sb2Te3–InSe system, new compounds,
InSb2SeTe3 and In3Sb2Se3Te3, form, which incongru-
ently melt at 525 and 600°C, respectively.

X-ray powder diffraction analysis was carried out to
confirm the results of the differential thermal and
microstructural analyses. Figure 1 presents the X-ray
powder diffraction patterns of the alloys containing 50
and 75 mol % InSe and the initial components. It was
determined that the X-ray powder diffraction patterns
of the alloys containing 50 and 75 mol % InSe have
diffraction lines that do not correspond in intensity
and position of interplanar distances to the diffraction
lines of the initial components. The compound
InSb2SeTe3 crystallizes in the tetragonal system with
the unit cell parameters a = 19.686 Å, c = 13.490 Å,
ρpyc = 6.18 g/cm3, and ρX-ray = 6.25 g/cm3. The com-
pound In3Sb2Se3Te3 is isostructural to InSb2SeTe3 and
crystallizes in the tetragonal symmetry with the unit cell
parameters a = 19.113 Å, c = 12.892 Å, ρpyc = 5.88 g/cm3,
and ρX-ray = 5.96 g/cm3. Table 1 presents the X-ray
powder diffraction data on the compounds In3Sb2Te6
and InSb2Te4.

The spectra and microstructures of the compounds
InSb2SeTe3 and In3Sb2Se3Te3 were recorded with a
scanning electron microscope and shown in Figs. 2
and 3.
 INORGANIC CHEMISTRY  Vol. 65  No. 10  2020
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Table 1. Interplanar distances d (hkl) and the line intensities in the X-ray powder diffraction patterns of the compounds
InSb2SeTe3 and In3Sb2Se3Te3

InSb2SeTe3 In3Sb2Se3Te3

I, % d, Å h k l I, % d, Å h k l

15 9.8430 2 0 0 19 9.5565 2 0 0

63 5.0134 3 2 1 100 4.8192 4 0 0

69 4.8575 4 0 0 8 3.4795 3 1 3

19 3.3724 0 0 4 13 3.2231 0 0 4

100 3.1178 6 2 0 56 3.1192 6 1 0

25 3.0301 5 3 2 68 3.0012 5 4 0

6 2.6252 6 1 3 6 2.5293 6 1 3

6 2.5293 6 5 0 21 2.3002 5 3 4

30 2.3202 8 3 0 18 2.2472 8 3 0

9 2.2020 8 4 0 21 2.1090 9 1 0

15 2.1103 9 2 1 13 2.0287 8 5 0

38 2.0245 6 5 4 19 1.9347 7 7 0

13 1.9613 10 2 0 9 1.8843 8 2 4

8 1.7503 11 2 1 6 1.7518 8 0 5

16 1.6901 0 0 8 8 1.6888 8 8 0

10 1.6285 3 1 8 19 1.6131 0 0 8

6 1.5689 10 2 5 4 1.5609 12 0 1
The T–x phase diagram of the Sb2Te3–InSe system

was constructed based on the data obtained in this
work (Fig. 4).

The liquidus of the system consists of four curves of
primary phase separation of α-solid solutions based
on Sb2Te3, InSb2SeTe3, and In3Sb2Se3Te3 and β-solid

solution based on InSe. In the system, the cocrystalli-
zation of the α-phase and InSb2Te3Se ends at the

binary eutectic with the coordinates 20 mol % InSe
and 510°C. In the concentration range 0–20 mol %
InSe, primary crystals of the α-phase precipitate from
the liquid; and in the range 40–100 mol % InSe, pri-
mary crystals of the β-phase do. In the range 3–
50 mol % InSe below the solidus line, two-phase
alloys α + InSb2SeTe3 crystallize; in the range 50–

75 mol % InSe below the solidus line, two-phase
alloys InSb2SeTe3 + In3Sb2Se3Te3 do, and in the range

75–98 mol % InSe, two-phase alloys In3Sb2Se3Te3 + β
crystallize.
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vo

Fig. 2. (a) Spectra and (b) microstructure of the compound 
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The determination of the microhardness of alloys
in the Sb2Te3–InSe system gave four different values:

860–890 MPa corresponds to the α-phase of the solid
solutions based on Sb2Te3; 900–930 MPa, to the new

phase InSb2SeTe3; 1210 MPa, to the new phase

In3Sb2Se3Te3; and 600–700 MPa, to the β-solid solu-

tions based on InSe.

The temperature dependences of the electrical
conductivity (Fig. 5) and thermal emf (Fig. 6) of the
solid solutions (Sb2Te3)1 – x(InSe)x (x = 0.01, 0.02, and

0.03) were measured in the temperature range 25–
400°C. It was revealed that, in the low-temperature
range (25–225°C), the conduction of the solid solu-
tions is metallic, and in the high-temperature range
(225°C and higher), the solid solutions are semicon-
ductors.

The electrical conductivity of the alloys of the solid
solutions (Sb2Te3)1 – x(InSe)x containing 1, 2, and

3 mol % InSe, depending on the composition,
l. 65  No. 10  2020

InSb2SeTe3 according to scanning electron microscopy data.
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Fig. 3. (a) Spectra and (b) microstructure of the compound In3Sb2Se3Te3 according to scanning electron microscopy data.
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Fig. 4. T–x phase diagram of the Sb2Te3–InSe system.
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increases from σ = 120 × 103 to 137 × 103 and to 150 ×

103 Ω–1 cm–1. The temperature dependence of the
electrical conductivity of the alloys containing 1, 2,
and 3 mol % InSe corresponds to the metallic conduc-
tion; therefore, the electrical conductivity initially
decreases to 500 K, and with a further increase in tem-
perature, the conduction becomes intrinsic, and the
electrical conductivity of the alloys containing 1, 2,
and 3 mol % InSe increases.

Figure 6 presents the temperature dependence of the
thermal emf of the solid solutions (Sb2Te3)1 – x(InSe)x
(x = 0.01, 0.02, and 0.03). This dependence is seen to
have an extremum: from room temperature to
~180°C, the thermal emf increases, and at high tem-
peratures (180–400°C), it monotonically decreases.
RUSSIAN JOURNAL OF
The dependence α ~ f(1/T), as well as the dependence
σ ~ f(1/Т), can also be divided into two parts. The
thermal emf increases with increasing InSe content. It
was determined from the sign of the thermal emf that,
in the studied temperature range, all the tested alloys
of the solid solutions (Sb2Te3)1 – x(InSe)x (x = 0.01,

0.02, and 0.03) are p-type semiconductors.

CONCLUSIONS

The Sb2Te3–InSe system was studied over a wide

concentration range to characterize the chemical
interaction between the components. It was found that
the Sb2Te3–InSe system is a quasi-binary eutectic sys-

tem. Two compounds form in the system at ratios
 INORGANIC CHEMISTRY  Vol. 65  No. 10  2020
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Fig. 5. Temperature dependences of the electrical conduc-
tivity of the solid solutions (Sb2Te3)1–x(InSe)x at (1) 1, (2)
2, and (3) 3 mol % InSe.
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Fig. 6. Temperature dependences of the thermal emf of the
solid solutions (Sb2Te3)1–x(InSe)x at (1) 1, (2) 2, and (3)
3 mol % InSe.

60

1

3
2

70

80

90

100

110

1.5 2.0 2.5 3.0 3.5

103/T, K–1

α, μV/K
between the components of 1 : 1 and 1 : 3 by the peri-
tectic reactions L + InSe ↔ InSb2SeTe3 (525°C) and

L + InSb2SeTe3 ↔ In3Sb2Se3Te3 (600°C).

The results of the microstructural analysis showed
the presence of limited regions of solid solutions based
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vo
on the initial components at 3 mol % InSe and 2 mol %
Sb2Te3. It was determined that, in the concentration

range 0–20 mol % InSe, α-phases, i.e., solid solutions
based on Sb2Te3, crystallize. The α-phase and

InSb2SeTe3 form a eutectic with the coordinates

20 mol % InSe and 510°C. The temperature depen-
dences of the electrical conductivity and thermal emf
of alloys of the solid solutions (Sb2Te3)1 – x(InSe)x (x =

0.01, 0.02, and 0.03) were investigated. It was deter-
mined from the sign of the electrical conductivity and
thermal emf that, in the studied temperature range, all
the tested alloys of the solid solutions (Sb2Te3)1 – x(InSe)x
(x = 0.01, 0.02, and 0.03) are p-type semiconductors.
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