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The phase diagram of the BiSI-BiSel system was constructed based on the results of the DTA and XRD
measurements. It was determined that it is stable in subsolidus and forms continuous solid solutions between the
BiSI and BiSel compounds. In general, the system is non-quasibinary due to the incongruent melting character of
primary compounds. The lattice parameters a-, b-, and c- increase linearly within the homogeneity area of the y-
phase according to Vegard's rule. Obtained new solid solutions are of interest as optic and high-performance
semiconductor materials.
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INTRODUCTION

In recent years, the discovery of 3D Rashba spin splitting and topological insulator
properties, along with thermoelectric, photovoltaic, optical properties, in layered stibium and
bismuth chalcogenides and chalcohalides has significantly increased interest in these
materials. These innovative materials, which exhibit unique physical properties, are widely
utilized in electronics and technology for the creation of next-generation devices and systems
that are energy-efficient, environmentally friendly, and economically viable [1-9].

BiTel, BiSI and BiSel chalcohalides exhibit significant spin-splitting effects that enable
efficient spin current generation, and potential as high-performance semiconductors with
tunable band gaps, which makes them suitable for optoelectronic and spintronic applications
[7,10-14]. Furthermore, layered chalcohalides exhibit anisotropic electronic structures, band
alignments, and optical properties, which leads to an increase in absorption coefficients in the
near and visible infrared spectra and also in charge carrier mobility within the lattice. Due to
these properties, they are considered perspective materials for photovoltaic efficiencies and
light-harvesting applications.

One of the convenient ways to optimize the superior functional properties of BVXHal
(BV-As,Sb,Bi, X-S,Se,Te, Hal-Cl,Br,l) type compounds is to obtain new multicomponent non-
stoichiometric phases of variable composition by studying phase equilibrium in relevant
systems. Because in such phases it is possible to change the composition at large intervals,
which opens up opportunities for purposeful change of properties [15-19].

In this work, the character of the physico-chemical interaction in the Bi»S3-Bilz-Bi>Ses
guasi-ternary system along the BiSI-BiSel cross-section was studied and the phase diagram
of the cross-section was constructed.

The primary compounds of title system have been studied in detail. The BiSI
compound melts incongruently by decomposition according to the peritectic reaction at 808 K
[20,21]. It crystallizes in the orthorhombic crystal structure with space group Pnma: a=8.529;

6
E-mail address: elvin.j.ahmadov@gmail.com


http://bsuj.bsu.edu.az/en
https://doi.org/10.30546/209501.201.2024.1.04.061
mailto:elvin.j.ahmadov@gmail.com

Elvin Ahmadov / Baku State University Journal of Chemistry and Material Sciences, 2024

b=4.172; c=10.177 A [22]. Another initial compound, BiSel also melts by decomposition due
to the peritectic reaction at 818 K [23]. It crystallizes in the SbSI-type orthorhombic crystal
lattice with space group Pnma: a=8.697(2); b=4.221(1); c=10.574(2) A; z = 4 [24].

EXPERIMENTAL

Materials preparation and synthesis

The BiSI, BiSel compounds and BiSxSeixl solid solutions were synthesized by co-
melting of high purity elements (99.999% by weight) purchased from Alfa Aesar. The
syntheses were carried out in evacuated sealed ampoules (residual pressure of 10 Pa) using
a two-zone inclined furnace considering the high vapor pressure of elemental iodine and
sulfur, by a specially designed methodology. The temperature of the upper "cold" zone (440
K) was slightly lower than the boiling point of iodine (457.5 K) [25,26], while the temperature
of the lower "hot" zone was 30-50 K higher than the melting point of the synthesized
compound. In the specified regime, the ampoules were held until the complete disappearance
of iodine vapors in the "cold" zone. Then, the ampoule was fully inserted into the "hot" zone,
and the temperature was lowered to 770 K, which is slightly below the peritectic decomposition
temperatures of BiSI (808 K) and BiSel (818 K), and maintained for an additional 5-6 hours.
By recording the DTA curves of the samples obtained in this way, it was established that they
contained Bils. Considering this, in the next stage, the samples were ground, pressed into
tablet form, and annealed at 750 K for 300 hours to achieve complete homogenization. Figure
1 presents the DTA heating curves of the BiSI sample before (Fig. 1a) and after (Fig. 1b)
annealing. As can be seen, the thermal effect at 668 K, associated with the melting of Bils (or
more precisely, the eutectic near Bilz in the Bi.Ss — Bils system [21]), is absent in the DTA
curve of the sample after annealing for 300 hours.
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Fig. 1. DTA curves of the BiSI compound: (a) before thermal treatment and (b) after
thermal treatment

Two sets of intermediate alloys of different compositions (0.5 g each) of the BiSI -BiSel
system were prepared in a vacuum by co-melting the stoichiometric amounts of preliminarily
synthesized and identified ternary compounds. The samples were annealed at 750 K for 600
hours to bring them closer to the equilibrium state.

Methods
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The obtained samples were analyzed using differential thermal analysis (DTA) and X-
ray diffraction (XRD) techniques. “Netzsch 404 F1 Pegasus system” differential scanning
calorimeter and a multichannel thermal analyzer based on the electronic “TC-08 thermocouple
data logger” (speed of heating 7-10 K/min) were used in DTA measurements. Bruker D2
PHASER diffractometer at the scanning range of 206=5+75 (CuK, radiation) was used for
recording of XRD patterns. The calculation of the lattice parameters was carried out by using
the TOPAS 4.2

RESULTS AND DISCUSSION.

The powder diffraction patterns of some homogenized BiSxSe1.l alloys are presented
in Figure 2. They clearly show that all intermediate composition samples exhibit qualitatively
identical reflection lines with the initial BiSI and BiSel compounds. We determined that each
diffraction peak is indexed in the orthorhombic syngony with space group Pnma, which
confirms the single-phase of the samples. Additionally, the increasing values of x are
associated with a slight shift of the peaks toward higher angles, which arises due to differences
in the ionic radii between S and Se, a characteristic feature of substitutional solid solutions.
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Fig. 2. PXRD patterns for different alloys of the BiSI-BiSel system

Table 1 presents the DTA data of homogenized samples obtained by heating in
vacuum-sealed ampoules, while Figure 3 shows the T-x phase diagram of the system
constructed based on these data. In interpreting the DTA results, we considered the
incongruent melting behavior of the initial compounds and the presence of a continuous series

of solid solutions in the subsolidus area of the system.
Table 1. DTA results for BiSI-BiSel system

Composition, mol% BiSel | Thermal effects, K
0 (BiSI) 808; 890
10 809; 883
20 810.5; 875
30 812; 864
40 813; 856
50 813.7; 847
60 815; 836
70 815.5; 829
80 816; 822
90 817.5; 827
100 (BiSel) 818; 830
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As seen from the data in Table 1 and Figure 3, the liquidus curve passes through a
minimum point at a composition of approximately 80 mol% BiSel, in agreement with literature
data on phase equilibria in the Bi.Ss—Bils [21] and Bi>Ses—Bils [23] systems. During the
crystallization of the incongruently melting compound BiSl, initially Bi1sS2713 crystals precipitate
from the liquid at 890 K, and then a peritectic reaction occurs at 808K:

L + Bi19S»7l3 < BiSI

In the case of BiSel, Bi.Se; crystals first precipitate from the liquid at 830K, and then
a peritectic reaction occurs at 818K:

L + Bi»Ses; < BiSel

Taking this into account, it can be assumed that in the BiSI-BiSel system, for
compositions <80 mol% BiSel (to the left of the minimum point), the liquidus corresponds to
the primary crystallization of solid solutions based on BiigSx7lz (a-phase), while for
compositions 280 mol% BiSel (to the right of the minimum point), it corresponds to solid
solutions based on Bi.Ses (B-phase).

T, K
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890 1
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800
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Fig. 3. BiSI-BiSel isopleth section
Furthermore, it can be assumed that in the corresponding composition areas, the
crystallization of BiSixSexl solid solutions (y-phase) occurs through peritectic reactions
respectively:
L+a—y and L+B—y

Since these reactions, according to the phase rule, must be monovariant, despite the
presence of clear peaks on the DTA curves (Figure 4, endothermic effects at 810.5 and 815
K) corresponding to these processes, it is evident that they proceed monovariantly within
narrow temperature ranges. Therefore, in Figure 3, the pre-phase areas L+a+y and L+3+y are
delineated by dashed lines.

We are aware that the phase diagram presented by us near the composition of 80
mol% BiSel is simplified. A more accurate depiction of phase equilibria can be established
through a comprehensive study of the Bi.S:—Bi»Ses—Bilz system in entire composition. Thus,
the system under consideration is non-quasibinary due to the incongruent melting character
of the BiSI and BiSel compounds. In the above peritectic reactions, the primary liquid and
crystalline phases are completely consumed and a homogeneous y-phase is obtained since
the nominal compositions of the samples lie in the BiSI-BiSel area, where these solid solutions
are formed.
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Fig. 4. DTA curves of some alloys of the BiSI-BiSel system

The Orthorhombic (Pnma) crystal lattice constants for the y-solid solutions were
calculated using Topas V 4.2 computer software (Table 2) from the PXRD patterns given in

Figure 2.

Table 2.Crystal lattice constants for the BiSxSe1«l alloys.

Phase, mol%

Lattice parameters, A

a b c
100 (BiSI) 8.5090 4.1765 10.2557
80 (y) 8.5542 4.1841 10.3299
60 (y) 8.5915 4.1938 10.3971
50 (y) 8.6297 4.1973 10.4225
40 (y) 8.6353 4.2011 10.4551
20 (y) 8.6652 4.2128 10.5140
0 (BiSel) 8.7044 4.2209 10.5807

It is clearly seen from the concentration dependence graph of lattice constants for
BiSxSei«l solid solutions given in Figure 5 that a-, b-, and c- parameters increase as a linear
function of composition within the homogeneity area of the y-phase according to Vegard'’s rule.

Fig. 5. Concentration dependence of the lattice constants for the y-solid solutions.
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CONCLUSION

In this paper, physico-chemical interaction in the BiSI-BiSel system was studied over
the entire concentration range and a phase diagram was constructed by using DTA and XRD
methods. The system is non-quasibinary, but it is stable in subsolidus and characterized by
the formation of continuous solid solutions between primary compounds. The lattice
parameters a-, b-, and c- increase linearly within the homogeneity area of the y-phase
according to Vegard’s rule. Obtained new solid solutions between the initial compounds are
of interest as potential optic and high-performance semiconductor materials.
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