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Abstract. Using the methods of physico-chemical analysis: differential-thermal analysis (DTA), X-ray
diffraction (XRD), microstructural analysis (MSA), as well as density and microhardness measurements,
the chemical interaction in the InySes-SrinSe; system was studied and its phase T-x diagram was
constructed. The phase diagram of the system is quasi-binary and eutectic. The composition of the
eutectic formed between the compounds In.Se; and SrinSe; is 35 mol % SrinSe,, with a melting point
of 720°C. According to the results of the microstructural analysis in a system based on the In,Ses
compound, the solid solution region reaches up to 7 mol % SrinSe, and based on SrinSey, the solubility
is 10 mol % In,Ses. The temperature dependences of electrical conductivity and thermoelectric driving
force, as well as the spectral dependence of photoconductivity of solid solution alloys (In;Ses):-
x(SrInSez)x (x=0.01; 0.03; 0.05), have been studied.
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1. Introduction

The alkaline earth chalcogenide additives are potent activators; they are widely used
to prepare phosphors with luminescent properties (Wauters et al., 2000; Wu et al., 2002;
Tagiev et al., 2000; Van Haecke et al., 2004; 2005; Chartier et al., 2003). Systems based
on strontium chalcogenides have been less studied than calcium chalcogenides. There are
only several pieces of information in the literature about systems consisting of strontium
chalcogenides (Andreev et al., 2008; 1991; Yagubov et al., 2023a; 2023b; 2022). Since
elements of this group are highly reactive, they are also used as neutron moderators in
nuclear reactors. Many systems involving indium chalcogenides have been studied
(Mahammadrahimova et al., 2018; Aliyev et al., 2019; 2020; Mammadov, 2019). Indium
chalcogenides are also semiconductor materials with photoelectric properties (Liu et al.,
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2022; Island et al., 2015; Jacobs-Gedrim et al., 2014; Zhai et al., 2010; Xue et al., 2020;
Zhou et al., 2019; Ho et al., 2013). From this point of view, exploring the interactions
between In.Sez and SrinSe; is of scientific and practical importance.

This work aims to study the photo- and electrophysical properties of phases
obtained by analyzing the interactions in the In,Ses-SrinSe; system and constructing its
phase diagram.

The In2Sesz compound melts congruently at 900°C and crystallizes in the hexagonal
syngony, with lattice parameters: a=16.00; c=19.24 A; its density was found to be 6.67
g/cm?®, microhardness 600 MPa (Lyakishev, 2001). In the In,Ses compound, the following
phase transitions were observed: a«>f (200°C), <>y (650°C), y«>3 (750°C). The SrInSe>
compound melts congruently at 1180°C; its density and microhardness were found to be
p=5.13 g/cm® and Hu=1080 MPa, respectively (Yagubov et al., 2024).

2.  Experimental part

The synthesis of alloys of the In>Ses-SrinSe; system was carried out by the method
of joint melting of the In,Sez and SrinSe> components in a quartz ampoule with air inflow
to a pressure of 0.133 Pa. The synthesis of alloys was carried out in the temperature range
of 1000-1100°C. The alloys were subjected to heat treatment for 150 hours at 800°C to
homogenize them. Then, we studied the samples with the use of physicochemical analysis
(DTA, XRD, MSA measurement of density and microhardness).

Differential thermal analysis (DTA) of the alloys was carried out using a
TERMOSKAN-2 device. Chromel-alumel was used as a thermocouple; the heating rate
was 5°C/min.

X-ray phase analysis (XPA) was carried out on a D2 PHASER X-ray diffractometer.
In this case, CuKa radiation and a Ni filter were used. The microstructure of the samples
was analyzed using a MIM-8 microscope. A chromium solution was used as a mordant
to separate phases in well-polished samples.

The microhardness of the alloys was measured using a PMT-3 metallographic
microscope. The density of the samples was determined by the pycnometric method;
toluene was used as a working solution.

Electrical conductivity and thermo-EMF of (In2Ses)1.x(SrinSez)x solid solutions
were measured by the conventional direct current method in weak electric and magnetic
fields (E < 10 V/cm, H < 10 kG) using a UA-1 electrometric amplifier UA-51-1
(Kolomiets, 1962; Glazov et al., 1969). The spectral dependence of the photoconductivity
of (In2Ses)1x(SrinSe2)x solid solutions was measured by the compensation method
(Ryvkin, 1963).

3.  Results and discussion

The alloys of the system were synthesized to study the possible chemical interaction
in the In2Ses-SrinSez system. The prepared alloys are moderately resistant to air and
organic solvents. Strong acids (HNOs, HCI) quickly decompose them.

Thermograms of the alloys were recorded in the temperature range of 1000-1200°C.
As a result of the analysis, it was established that the thermograms of the samples contain
two, three and four endothermic effects. The abundance of effects in the system
corresponds to phase transitions of the In.Sez compound.
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To determine the microstructure of the samples, the microstructure of the alloys
around the main components and in the intermediate part was studied. It has been
established that in the InoSes-SrinSe> system, a single-phase region was found (7-90 mol
% SrInSe,), whereas the remaining alloys were found to be two-phase ones. Figure 1
shows the microstructures of samples of the In>Ses-SrinSez system with contents of 7, 20,
35 and 90 mol % SrinSe;.

l }!

Figure 1. Microstructure of alloys in the In,Ses-SrInSe; system.
1-7, 2-20, 3-35, 4-90 mol % SriInSe,

As can be seen from Figure 1, single-phase samples containing 7 and 90 mol %
SrinSe; are solid solution alloys based on InSes and SrinSe> compounds, respectively. A
sample containing 30 mol % SrinSe: is a two-phase alloy. A sample containing 35 mol
% SrInSez is an eutectic alloy.

To confirm the results of differential thermal and microstructural analysis, X-ray
diffraction patterns were taken of alloys containing 7, 70 and 90 mol % SriInSe. (Figure
2). It has been established that the existing diffraction lines in the diffraction patterns of
single-phase alloys containing 7 and 90 mol % SrinSe; are identical to the diffraction
lines of the compounds In2Ses and SrinSey, respectively. These samples are solid solution
alloys based on InSes and SrinSe> compounds. As a result, it became clear that the
diffraction lines of intermediate alloys consist of a mixture of diffraction lines of the
original components. Its powder XRD result shows an alloy with 70 mol % SriInSe; is
two-phase. That is, the In,Ses-SrInSe> system is quasi-binary. Thus, X-ray phase analysis
confirms the results of DTA and MSA analyses.
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Figure 2. Diffraction patterns of alloys of the In,Ses-SrinSe; system
1- InySes, 2-7, 3-70, 4-90, 5-100 mol % SriInSe;
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Figure 3. T-x phase diagram of the In,Ses-SrInSe; system

The T-x phase diagram of the In,Ses-SrInSe, system was constructed based on the
results of physicochemical analysis methods (Figure 3).

As seen from Figure 3, the phase diagram of the system is of the eutectic type. Based
on the starting components, there is a limited region of solid solutions. In a system based
on InzSes, solid solutions reach up to 7 mol % SrinSe». To determine the area of the solid
solution based on the SrinSe> compound, alloys containing 3, 5, 10 and 15 mol % In.Ses
were synthesized, kept at 300 and 500°C for 150 hours and then directly cooled in ice
water. Then their microstructural analysis was carried out. As a result, it became clear
that the solubility based on SrinSe> extends up to 10 mol % In,Sez at room temperature.

The microhardness measurements of alloys of the InSes-SrinSe; system show that
two different microhardness values have been determined.

The dependence of some physicochemical properties of the alloys of the system on
the composition is presented in Table 1. As can be seen from the table, the microhardness
value (630-680) MPa corresponds to the microhardness of a-solid solutions based on
In2Ses and the value (1080-1130) MPa corresponds to the microhardness value o-solid
solutions based on the SrinSe> compound. The dependence of density on composition
varies linearly.

The liquidus of the InSes-SrInSe, system consists of monovariant crystallization
curves d and o of solid solutions. For the In,Ses compound, there are phase transitions
a<—p (200°C), B>y (650°C), y«>06 (750°C). Alloys of the system in the range of 0-7 mol
% SrinSez and 90-100 mol % SrinSe; are single-phase. Two-phase alloys consisting of (a
+ o) crystallize below the solidus line in the 7-90 mol % SrinSe> range. The eutectic
formed in the system has a coordinate of 35 mol % SrInSe; and a temperature of 720°C.
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Table 1. Compositions, DTA results, microhardness and density measurements of alloys

of the In;Ses-SrinSe; system

Composition, mol %

Density,

Microhardness, MPa

Thermal effects,°C Ism? o o
InxSes SrinSe; q
P=0,15N P=0,20 N
100 0,0 900 5,67 630 -
95 5,0 610,820,900 5,69 650 -
90 10 670,730,750,890 5,60 670 -
80 20 720,850 5,55 670 -
70 30 600,660,720,775 551 680 -
65 35 670,720, 5,40 Eutec Eutec.
60 40 600,670,720,800 5,45 - -
50 50 600,670,720,930 5,39 - 1130
40 60 600,670,720,1020 5,35 - 1130
30 70 600,670,720,1070 5,29 - 1130
20 80 720,1100 5,23 - 1130
10 90 790,1140 5,19 - 1130
5,0 95 925,1160 5,16 - 1110
0,0 100 1180 5,13 - 1080
lgo, Omism?
5,01
-55r
-6,01
65 3
2
-7,0f 1
-1.51
2,0 25 3,5
10%/T K

Fig.4. Temperature dependence of electrical conductivity (o)
(InzSes)1x(SrInSez)x(x = 0,01; 0,03; 0,05) solid solutions of alloys

1-1 mol %, 2-3 mol %, 3-5 mol % SrinSe;
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Fig.5. Temperature dependence of thermo-emf (a) (In2Ses)1-x(SrInSez)x (x = 0,01; 0,03; 0,05) solid
solutions of alloys 1-1 mol %, 2-3 mol %, 3-5 mol % SrinSe;

When 1, 3, 5 mol % SrinSe> was added to the InoSesz compound, its conductivity
increased depending on the composition (Figure 4). When the SrinSe, compound was
added to the In.Ses compound, it penetrates between the layers of the In.Ses compound.
It participates in conductivity, which leads to an increase in electrical conductivity.
Considering that the electrical conductivity value for n-type semiconductors was
calculated using the following formula.

Eg—En
KT

0 = 0gye

where E, is the chemical potential. Then, the dependence o~1/T will be entirely
exponential at co=const. With increasing temperature in the regions of the (In.Ses)i-
x(SrinSez)x solid solution, the electrical conductivity increases; these alloys are
substances with semiconductor properties.

As a result of electrical conductivity measurements, it was established that the
(In2Ses)1x(SrinSez)x  solid solution alloys are n-type semiconductors. At room
temperature, the electrical conductivity value of SrinSe; alloys containing 1, 3, 5 mol %
is Igo = -7.80 Om™cm?, Igos =-6.85 Om™*-cm™ and Igc =-6.40 Om™*cm? (Figure 4). In
the 300-400 K temperature range, impurity conductivity is observed in all three alloys
containing 1, 3 and 5 mol. % SrIinSe». The intrinsic conductivity of the samples begins
after 400 K-the value of the electrical conductivity of alloys containing 1, 3 and 5 mol. %
SrinSey, at a temperature of 500 K Igo=-5.50 Om™.cm?, Igo=-5.75 Omt.cm?and Igo=
-5.90 Om?*cm?.

Figure 5 shows the temperature dependence of thermo-EMF of solid solutions
(In2Ses)1.x(SrinSez)x (x=0.01; 0.03; 0.05). As can be seen from Figure 5, the maximum
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significance of thermo-EMF reaches the value 0=715 pV (5 mol %), a= 735 pV (3 mol
%), =770 uV (1 mol %), after which it begins to decrease sharply.
The sample of (In2Sez)1-x(SrInSe2)x (x=0.01;0.03;0.05) solid solutions to measure

the photoconductivity have to be selected as small as possible because the v sensitivity
of the samples is inversely proportional to the d thickness.

A

9= d(1—exp(=kd))’

Their homogeneity is essential when selecting contacts since photoconductivity
parameters (lifetime, quantum energy, etc.) can change due to the impact on the zones.
Therefore, the length of the samples between the electrodes should be increased so that
the influence of the contacts is kept to a minimum.

l, 10712 4
25 |-
20 |-

15

10 F

3
1 2

700 800 900  1oao 1100 1200 nrm

Figure 6. Spectral dependence of the photoelectric current of solid solution samples
(InzSes)1x(SrinSez)x (x=0.01;0.03;0.05). (1-1 mol %; 2-mol %; 3-5 mol % SrinSe,)

Measurements of the photoelectric properties of  (In2Ses)1x(SrinSe2)x
(x=0.01;0.03;0.05) showed that adding 1 mol % and 3 mol % SrInSe, to the InzSes
compound increases the magnitude of the photocurrent (Figure 6). The maximum
photocurrent was observed in a sample with a concentration of 3 mol % SrinSe,. When
added to the composition, 5 mol % SrinSe, photoconductivity decreases (Figure 6). The
compensation of electrical charges can explain it. These samples were found to be
sensitive to 800-1200 nm wavelengths. The bandgap based on maximum
photoconductivity can be calculated using the following formula:

AE = hs/A = 1.24/).

Maximum photoconductivity was observed at a wavelength of 950 nm. As can be
seen from Figure 5, when adding 1, 3 and 5 mol % SriInSe> to the In2Ses compound, the
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maximum value of the photoelectric conductivity of the sample shifted slightly to the
longer wavelength side.

4. Conclusion

The chemical interaction in the In.Ses-SrinSez system was studied using the
following methods: differential thermal analysis (DTA), X-ray diffraction (XRD),
microstructural analysis (MSA), as well as density and microhardness measurements and
a T-x phase diagram was constructed. The phase diagram of the system is quasi-binary,
of the eutectic type, characterized by the formation of a solid solution region based on the
initial components. The combined crystallization of the compounds In.Ses and SrinSe>
ends at the double eutectic point; the eutectic composition is 35 mol % SrinSe», with a
melting point of 720°C. At room temperature, solid solutions based on the In>Ses
compound reach up to 7 mol % SrinSe> and those based on SrinSe, up to 10 mol % In.Ses.
The dependence of the density and microhardness of alloys of the In,Ses-SrinSe; system
on composition has been studied. Electrical conductivity, thermo-Emf and photoelectric
properties of solid solutions (In2Ses)1x(SrinSe2)x (x=0.01; 0.03; 0.05) were studied.
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