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Phase diagrams of boundary quasi-binary systems within the composition triangle of the Bi,Ss—Bi,Ses—
Bil; system (A) were investigated for selected compositions based on a limited number of DTA data and
the solid-phase equilibrium diagram of system (A). Analytical equations were derived for the liquidus
curves of phases in the boundary systems, as well as for the liquidus surfaces of solid solutions based on
Bi,Ss, Bi,Se; compounds in system (A), and for the intermediate phases BiS;.Sexl and BiygS;7(1-Se€27xl3.
Based on the obtained equations, a 3D visualization of the liquidus surface of system (A) was performed,
and the types and coordinates of mono- and nonvariant equilibria present in the system were determined.
Using the constructed 3D model of the liquidus surface, several isopleth sections of the T—x-y phase
diagram were developed and validated by DTA results obtained from a limited number of samples. The
presented results can be applied to the synthesis and crystal growth of BiS;.Sexl and BiigSy71-xS€27xl3
solid solutions with tunable composition and properties.
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Introduction

Bismuth-based semiconductor
chalcohalide compounds (especially BiSI and
BiSel) and their phases derived from them
occupy an important place in modern materials
science due to their functional properties, and
their  electronic  structure and  optical
characteristics have been extensively studied [1-
3]. Owing to their high photosensitivity and
suitable band gap values, these materials are
considered promising candidates for
photodetector and photovoltaic applications
[4,5]. The electronic and elastic properties
observed in structurally similar A°B°C’-type
compounds, together with their low thermal
conductivity and favorable charge transport
characteristics, further enhance their importance

as ferroelectric and thermoelectric materials [6-
8].

Recently, in addition to these properties,
the discovery of Rashba spin splitting in BiTeX
(X =1, Cl, Br) - type compounds have
significantly increased interest in these materials
[9,10]. This effect arises from strong spin—orbit
interaction and is associated with the breaking
of inversion symmetry in their crystal structure.
As a result, these materials are considered
promising candidates for applications in various
areas of modern technology, particularly in the
development of spintronic devices, and quantum
computing systems [11-13].

The purposeful search, synthesis, and
design of new multicomponent functional
materials are based on a deep study of phase
equilibria and thermodynamic properties in the
relevant systems [14-18]. Obtaining solid
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solutions formed by purposeful substitution of
elements in these materials and whose
composition can be changed within a certain
interval is one of the most effective approaches
to optimizing the required properties [19-21].
The findings on phase equilibria in certain
quasi-ternary and reciprocal systems composed
of chalcogenides and halides of V* subgroup
elements have been reported in several studies
[22-28].

The phase relationships in the BiSs—
Bi,Ses—Bils (A) system were studied in detail in
our previous [29-32] works based on the
analysis of the results obtained by powder X-ray
diffraction (PXRD), differential thermal analysis
(DTA), scanning electron microscopy (SEM),
and electromotive force (EMF) methods of
equilibrated alloys. This article presents the
results of analytical 3D modeling of the liquidus
surface of the (A) system based on DTA results
of a limited number of samples. The types and
coordinates of non- and monovariant equilibria
present in the system are determined, and some
polythermal sections of the T-x-y phase diagram
are constructed.

Analytical modeling of the phase diagram,
particularly ~ the 3D  visualization  of
crystallization surfaces, enables the
determination of optimal conditions for
obtaining solid phases from liquid alloys in the
studied system. For this purpose, literature data
on boundary systems, together with a limited
number of experimental DTA results, were
utilized. At the initial stage, analytical
expressions describing the liquidus surfaces of
the boundary systems were established. All
analytical dependencies were obtained using the
“analysis” module of the OriginLab software.

2. Experimental Part

2.1. Synthesis

High-purity elements (>99.999%, Alfa
Aesar) were employed to synthesize the binary
Bi,S3, Bi,Ses, Bils, and the ternary compounds
BiSel, BiSIl, and BiygSy7l3. Stoichiometric
quantities, measured with 10 g precision, were
co-melted at temperatures 30-50 K above their

respective melting points in evacuated (~107
Pa) and flame-sealed quartz ampoules.

Due to the high vapor pressures of iodine,
sulfur, and selenium, a modified split-tube
furnace approach was adopted: the cold zone
was maintained just below the boiling point of
the volatile component, while the hot zone
exceeded the compound’s melting point by 30—
50 K [33-35]. Taking into account the peritectic
melting behavior of BiSel and BiSI, the
synthesized compounds were then ground,
pelletized, and annealed at 750 K for 300 hours
to ensure full homogenization. The phase purity
was verified by PXRD and DTA, and the results
were in agreement with the literature data.
[24,36-38].

Intermediate alloys within the Bilz-Bi,S3-
Bi,Se; quasi-ternary system (each ~0.5 g) were
synthesized from stoichiometric mixtures of
previously prepared binary and ternary
compounds. The melting process was
conducted between 600 and 1100 K, with
temperatures selected according to the melting
behavior of the constituent phases. Post-
synthesis, alloys in the Bi,S3-BiSI-BiSel-Bi,Se;
subsystem were treated at 700 K, whereas those
in the BiSI-BiSel-Bil; subsystem were treated
at 600 K for 600 h to provide equilibrium.

2.2. Methods

All prepared alloys were examined by
DTA using a multichannel system built on the
“TC-08 Thermocouple Data Logger” (+2 K),
with measurements performed at a heating rate
of 7-10 K/min. Samples were sealed in quartz
ampoules (0.5 cm inner diameter, 2.5-3 cm
length, free volume < 0.5 cm?). Despite the

volatility of Bils, any composition changes
during thermal analysis are negligible.

3. Result and discussion

3. 1. 3D modeling of the liquidus

surface of the Bils-Bi,S3-Bi,Se; system

The modeling of the Bils-Bi,Ss-Bi,Se;
phase diagram was carried out according to the
method described in [39-43] using the 3D
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Table 1. Phase diagrams and analytical dependencies for their liquidus line of the Bils-Bi,Ss, Bils-Bi,Se; and Bi,Ss-
Bi,Se; systems (equations are presented in computer variation)

Phase diagram | System, region Equations: T,K=f(x) Eq.N.
) Bil3-Bi,Ss, 248+433*x 1
T.K .. .
1100 | liquidus Bils,
- PS40z x=x(BiJg)=0.97+1
1000 - Pl P20 Bil3-Bi»S;, 574+920*x-860*x"2 2
liquidus BiSl,
. L#BiSrh x=x(BiJ;)=0.65+0.955
sool. 2 508 Bil3-Bi,Ss, liquidus 993+106*x-600*x"2 3
s @ BiygSyrls,

700} oo | BiSMBisS | & x=x(BiJs)=0.2+0.65

% 3 X Bil3-Bi»S;, 1052-110*x-1000*x"2 4
s Bk Liquidus Bi,Ss,

Bil, 20 40 60 50 Bis, X=x(Bil3)=0+0.2
mol % BLS;

Fig.1. Phase diagram of the system Bils-
Bi,S; [37]
| Bily-Bi,Ses, 979-173*x-182*x/\2 5
800 : : . . liquidus Bi,Ses, x=x(Bils)=
— 0+0.584
L 1 Bil;-Bi,Ses, 1830-4334%*x+ 6
6004 ™ ] liquidus BiSel, x=x(Bil3)= | 6317*x"2-3192*x"3
& 3A5L5°C e 0.584+0.955
= 5001 N TS T
a e S 1S,
400 R T Ll T TR 503+178%% 7
300 . : , liquidus Bils,
nlﬁ % n(:f))l%liié& Mg xx(Bidg)=0.985+1

Fig.2. Phase diagram of the system Bils-

Bi,Se; [44, refined in this work]

800 Bi,S3- Bi,Ses, 1052-123*x+ 100*x"2- | 8
liquidus Bi,Ss3, 140*x"3
x=x(Bi,Se3)=0+0.78

100 Bi,S3-Bi,Ses, 590+720%*x-331*x"2 9

liquidus Bi,Ses,
sz(Bi2893)=0.78+1

“Eutectic

point
600

500

300

0 20 40 60 80 100
Mol % BisSa

Fig.3. Phase diagram of the system

Bi,Ses- Bi,S; [45]

analytical option of the OriginLab computer
program. The temperature dependences of the
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crystallization surface are determined as a
function
T=f(x,y) 1)
where: x -is the relative mole fraction Bils:
y=X(Bi,Ses/[x(Bi,S3)+X(Bi,Ses)].
The obtained analytical expressions for
the ternary system, the Bilz-Bi,S3-Bi,Ses and its

binary boundary systems are given in Tables 1
and 2. Modeling is carried out in this order.
First, the temperature dependences on the
composition are determined for the liquids of
binary boundary systems. Next, on the basis of
using the experimental ternary, the Bils-Bi,Ss-
Bi,Se; system defined function T=f (x, y).

Table 2. Analytical dependencies for liquidus surfaces of the Bils-Bi,S3-Bi,Se; system

Compound liquidus

T,K=f(x,y);

x=0.2-0.65, y=0-0.8

surface x=X(Bls): y= X(BisSes/[X(Bi,Ss)+ X(Bi,Ses)] Eq.N.

— : (1052-123%y+100*y"2-140%y"3)*(1-x)"0.306

likvidus oBi,S3) x=0-0.2, y=0-0.78 10

— : (979-173*%-182%x"2)*y"0.12

likvidus B(Bi,Se3) x=0-0.584, y=0.78-1 11
LV Fy N\ * - *

5Bl (993+106*x-600%x"2)*(1-y)*0.038 0

liquidus
Y(BiS1xSed)

(1830-4334*x+6317*x"2-3192*x"3) *y+(574+920*x-
860*x"2)*(1-y)+98*x*(1-X)*y*(L-Y) 13
S side 0.65-0.95, Se side 0.584-0.95, y=0-1

liquidus Bils,
x=0.955+1

(503+178*x)*y+(248+433*X)*(1-y)

14

Binary boundary systems

The boundary quasi-binary constituents of
the system Bil3-Bi,S3-Bi,Se; have been studied
in detail [37, 44, 45]. In the system Bi,S;—Bils
(Fig.1), two ternary compounds, BiSI and
Bi19S2713, form, which melt with decomposition
by peritectic reactions at 808 and 990 K,
respectively [37]. The compound BiSI
crystallizes in the orthorhombic symmetry, and
Bi19S,713 has a hexagonal lattice. In the system
Bi,Ses-Bil; (Fig.2), one compound BiSel, is
formed, which melts incongruently at 818 K
[44]. Quasi-binary system of Bi,S3-Bi,Ses
(Fig.3) eutectic type with a wide solubility
region in the solid state [45]. The phase
diagrams of the quasi-binary boundary systems
Bil3-Bi,S3, Bils-Bi,Se; and Bi,S3-BiSe; and
their analytical dependences for liquidus lines
are shown in Table 1.

3.1.2. 3D modeling of the liquidus surface
The analytical dependences for 3D
modeling of the liquidus surfaces of the Bils,

BizSg, BizSEg, BIS', Bi19827|3y and BiSel phases
are given in Table 2 (equations 10-14). These
equations allow visualizing the crystallization
surfaces of all phases (Fig. 4).

As can be seen from Fig. 4, the liquidus
surface of the system consists of five primary
crystallization fields. Four of the largest fields
correspond to the primary crystallization of the
a-, PB-, vy-, and o-phases from the melt.
Meanwhile, the liquidus surface of the Bils

compound is nearly degenerate near the
corresponding vertex in the compositional
triangle.

In contrast to the binary compounds in
the system, all three ternary compounds
undergo incongruent melting via peritectic
reactions. Consequently, the  primary
crystallization fields of the y- and o-phases
(fields 3 and 4) are located outside their
respective compositional (homogeneity) ranges.
The constructed phase diagram thus enables the
selection of appropriate liquid-phase
compositions for crystal growth.

AZERBAIJAN CHEMICAL JOURNAL Ne 3 2026



66 QURBANOV AA. etal.

1052
1014
975.2
\\

936,8
BEI \::&g} " 8 18984
860,0
8216
783,2
744 8

7064

668,0

Fig. 4. 3D model of crystallization surfaces of the Bi,Ss-Bi,Ses-Bils system, visualized by equations 10-14 in Table 2.
Liquidus surface of solid solutions based on a-(Bi,Ss)

Liquidus surface of solid solutions based on p-(Bi,Se3)

Liquidus surface of solid solutions based on 6-( BiygS,7J3)

Liquidus surface of solid solutions based on y-( BiS;4Sexl)

Liquidus surface of Bils

arwdE

The liquidus surfaces of the various points. Detailed information on the nature and
phases are delineated by a set of monovariant  temperatures of all identified invariant and
equilibrium curves and invariant equilibrium  monovariant equilibria is collected in Table 3.

Table 3. Non- and monovariant equilibria in the Bi,Ss-Bils-Bi,Se; ternary system

Curve z?go_' pointin Equilibrium TK
Py L + Bi;S3 <> Bi;oS,;15 990
P, L + BijS,,13¢> BiSI 808
P, L + Bi,Se; <> BiSel 818
e Le o+t ﬁ 950
e L « BiSI + Bils 670
es L < BiSel + Bil, 665
U, L+aep+3d 908
U, L+Beoy+d 815
P,U, L+taod 990-908
Uy Lo a+p 950-908
U,U, Lop+d 908-815
P5U, L+Beoy 818-815
U2P2 L+« Y 815-808
€83 L« y+ Bil; 670-665
3. 2. Isopleth Sections construct any isopleth or isothermal section of
Based on the projection of the liquidus the volumetric T—x-y diagram.
surface (Fig. 4) and the phase diagram of solid- Figures 5-7 present, as examples,

phase equilibria of the system, it is possible to  modeled T-x diagrams of the isopleth sections
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for the Bi,S,Se-Bils, Bi,SSe,-Bil; and
Bi,Sp5Se05-Bils  systems. For each section,
DTA results obtained from several thermally
treated samples are indicated (points). As can
be seen, the limited number of experimental
DTA data points is in good agreement with the
modeled T—x diagrams.

Let us analyze the presented isopleth
sections in the context of the 3D model of the
liquidus surface and the solid-phase equilibria
diagram. As shown in Fig. 5, along the Bi,S,Se-
Bils section, moving from left to right, primary
crystallization from the melt proceeds as
follows: the a-phase based on Bi,S; (0-20
mol% Bils), the 6-phase based on BiygS,713 (20—
60 mol% Bils), y-phase solid solutions of BiS;.
xSexl (60-98 mol% Bils), and finally the Bils
compound. Below the liquidus curves,
crystallization continues via the monovariant
peritectic reactions L+ta«d (Fig. 4, curve e;U1),
L+Bey (curve P,U,), and the monovariant
eutectic reaction L—>y+Bil3 (curve exe3). As a
result of these reactions, three-phase regions
L+a+d, L+6+y, and L+y+Bils are formed on the
phase diagram (Fig. 5). Crystallization is

T,K
€
1000

900

completed by the formation of single-phase &
and vy alloys at compositions of 10 and 50 mol%
Bils, respectively, while in intermediate
composition ranges, two-phase alloys o+9, y+96,
and vy+Bil; are formed. The crystallization
processes along the Bi,SSe,—Bils section (Fig.
6) are qualitatively similar to those described
above.

For the Bi,Sy5Seqs-Bils section (Fig. 7),
the liquidus consists of three curves
corresponding, from left to right, to the primary
crystallization of the B-phase based on Bi,Se;
(0-55 mol% Bils), the y-phase (55-98 mol%
Bils), and the Bil3 compound. Following the
primary crystallization of the p-phase, the
process continues via the monovariant eutectic
reactions Leoatf (curve e;U;) and Lep+y
(curve UjUy), and is completed through the
nonvariant transition reactions L+o<«>p+06 (Uy,
908 K) and L+é—p+y (U, 815 K). Under
conditions of liquid-phase deficiency, these
reactions terminate in the subsolidus region,
leading to the formation of three-phase fields
a+B+06 and P+y+o.

800
0+ Lty
el i L+y+Bils 2 685
i | [meeeeees =y
600 y+Bils
1 1 1
Bi-S-Se 20 40 60 80 Bils
mol% Bils

Fig. 5. Bi,S,Se-Bilsisopleth section

AZERBAIJAN CHEMICAL JOURNAL Ne 3 2026



68 QURBANOV AA. et al.
1000
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900
800
L+
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Hap L+y+Bils p 685
m e Bil|
600 - y+Bils
1 | 1 1
Bi-SSe: 20 40 60 80 Bils
mol% Bils
Fig. 6. Bi,SSe,—Bil; isopleth section
1000
LK
900
800
L+y
L L+y+Bils p 685
+5 | == =
Pty Bils
600 y+Bils
| | | |
"Bi2So.sSe2.s" 20 40 60 80 Bils
mol% Bils
Fig. 7. Bi,Sp5Seo5-Bils isopleth section
Conclusion sections. The primary crystallization fields of

In this work, analytical modeling and 3D
visualization of the liquidus surface of the
Bi,S3-Bi;Ses-Bils (A) system were performed
using phase diagrams of boundary quasi-binary
systems and differential thermal analysis (DTA)
data for selected alloys along several internal

the phases, as well as the types and coordinates
of non- and monovariant equilibria, were
determined, and several polythermal sections of
the T-x-y phase diagram were constructed. The
obtained analytical dependencies for the
liquidus curves of the phases in the boundary
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systems, derived from the solid-phase
equilibrium diagram of system (A), as well as
for the liquidus surfaces of solid solutions and
intermediate phases BiS;,Sexl and BiigSo7(-
xS€27xl3 based on Bi,S3 and Bi,Sez compounds
in system (A), enabled 3D visualization of all
elements of the phase diagram within a single
graph. The analytical dependencies were
obtained using the 2D and 3D capabilities of the
OriginLab program. The tabular data, presented
in the form of matrices of dimensions
100x100=10.000 and 50x50=2.500, can be used
to select the optimal composition and
temperature parameters for the synthesis of
binary and ternary phases in the (A) system.
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Bi,S;-Bi,Ses-Bil; SISTEMININ T-x-y FAZA DIAQRAMININ ANALITIK MODELLOSDIRILMOSI VO 3D
VIZUALLASDIRILMASI

A.A.Qurbanov, E.C.9hmoadov, A.I.Agazads, G.F.Hasanov, F.S.ibrahimova,
I.C.Alverdiyev, A.N.Mammadov

Sorhad kvazibinar sistemlorin faza diaqramlar1 Bi,S;-Bi,Se;—Bils (A) qatiliq tigbucagi daxilindo segmo torkiblor iigiin
mohdud sayda DTA molumatlari vo (A) sisteminin borkfaza tarazliqlar1 diagrami osasinda sarhoad sistemlards fazalarin
likvidus ayrilari {igiin, homg¢inin (A) sistemindo Bi,S3, Bi,Sez birlosmoalori osasinda bark mohlullarin vo BiS;,Se,l vo
Bi19Sy7(1-x/5€27xl5 araliq fazalarmin likvidus sethlori iigiin analitik tonliklor alinmisdir. Almmuis tonlikler ssasinda (A)
sisteminin likvidus sothinin 3D vizuallagsmasi hoyata kegirilmis, sistemdo moévcud olan non- va monovariant
tarazliglarin tiplori vo koordinatlar1 miioyyon edilmisdir. Likvidus sathinin 3D modeli asasinda T-x-y faza diaqgraminin
bozi politermik kasiklori qurulmus vo mohdud sayda niimunlorin DTA naticalori ilo tesdiq edilmisdir. Togqdim edilon
naticalor tonzimlonen tarkib vo xasseloro malik BiS;Sxl Vo Bi1gSz7(1-xSe€27xl3 bork mahlullarinin sintezi vo krsitallarinin

yetigdirilmasinds istifads oluna bilar.

Agar sézlor: bismutun tio- va selenoyodidlori, faza diaqram, likvidus sathi, 3D analitik modellasdirma, bark

mohlullar.
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