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Ternary chalcogenide compounds, in particular phases based on silver and antimony
sulfides, have attracted research attention because of their potential applications. Antimony
chalcogenides are semiconductor materials with photosensitive properties and are
therefore widely used in photoresistors, photocells, electron-beam devices, solar cells,
semiconductor sensitizers, micromechanical, and optical devices. In the study of the
Ag,SnS,—AgSbS, system, the initial compounds (AgsSnS,, AgSbS,) were first synthesized.
Elements of at least 99.99 wt.% purity were used in the synthesis. Synthesis involving a
volatile component (sulfur) was carried out using a visual-combined method. Alloys of
the AgSbS,—AgSnS, system were synthesized from ligatures using the ampoule method
in a vertical furnace. The maximum temperature of alloy synthesis was 1200 K. The
synthesis lasted for 3.5 h with mechanical stirring and slow cooling. Annealing of the
AgSbS,—AgSnS, alloys was carried out in evacuated, sealed quartz ampoules at
550—700 K for 380 h. The paper presents data on phase equilibria in the AgSbS,—Ag,SnS,
system. Based on the results of X-ray structural and microstructural analyses, differential
thermal analysis, and thermodynamic calculations, a phase diagram of the
AgSbS,—Ag,SnS, section over a wide concentration range was constructed. It was found
that this is a quasi-binary section of the ternary system Ag,S—SnS,—Sb,S;. The
AgSbS,—AgSnS, system is eutectic; the eutectic point corresponds to 38 mol.% Ag,SnS,
and 750 K. The homogeneity regions based on AgSbS, and Ags,SnS; were determined.
Solid solutions based on AgSbS, are formed at room temperature (300 K) at 10 mol.%
AgeSnS,, whereas solid solutions based on Ag,SnS are formed at 16 mol.% AgSbS,. Solid
solutions based on AgSbS, crystallize in the monoclinic syngony, and those based on
Ag,SnS, crystallize in the rhombic syngony.

Keywords: eutectic, solid solution, Ag,S—SnS,—Sb,S;, phase diagram, system, Gibbs free
energy.
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Introduction semiconductor materials with photosensitive properties,
Ternary chalcogenide compounds, in particular and therefore these compounds are widely used in
phases based on silver and antimony sulfides, have photoresistors, photocells, electron-beam devices, solar
attracted the attention of researchers due to their cells, semiconductor sensitizers, micromechanical and
potential applications. Antimony chalcogenides are  optical devices. The search for and acquisition of new
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functionally promising materials, especially the growth
of their high-purity single crystals, and the study of
the temperature-composition dependence of the
corresponding systems is of great importance from a
technological point of view [1—5].

The AgSbS, compound occurs in nature as the
mineral miargyrite. This compound was obtained in
laboratory conditions during the study of the
Ag,S—Sb,S; section [6]. According to [6], this section
is quasi-binary and forms two congruently melting
compounds Ag;SbS; and AgSbS,. AgSbS, crystallizes
in the monoclinic syngony with the following
parameters:! a=12.861 A, b=4.409 A, c=13.282 A,
B=98.21°. In study [7], AgSbS, was synthesized using
microwave radiation. In study [4], the phase diagram
of Ag,SnS;—AgSbS, was constructed, and the
boundaries of solid solutions based on ternary
compounds were determined.

Silver thiostannates (Ag,SnX,; X=S,Se) are
promising inorganic materials with functional
electrophysical properties. The literature contains
information on the study of the side systems that
make up the quasi-ternary system Ag,S—SnS,—Sb,S;.
In a study of the Ag,S—SnS, system [8], it was
established that three compounds exist with the
following compositions: Ag,SnS,, Ag,SnS; and
Ag,Sn,S,. The Ag,SnS; compound melts congruently
at 1125 K and has two polymorphic forms. The
transition from high-temperature modification to high-
temperature modification occurs at a temperature of
444 K [9]. The low-temperature modification of
Ag,SnS; has a rhombic structure (space group Pmn2,)
with lattice parameters: a=15.298 A, b=7.548 A,
¢=10.699 A [10]. The high-temperature modification
of AgiSnS, exhibits a cubic structure (space group
F-43m, a=10.850 A) [11]. Kitazawa et al. [12] also
studied the Ag,S—SnS, systems. They determined that
the compounds of the compositions Ag,Sn;S,, Ag,SnS,
and Ag,SnS, are formed in the systems.

There is no information on the phase
diagram of Ag,SnS,—AgSbS, in the literature. The
aim of this study is to investigate the phase diagram
AgSnS,—AgSbS, of the four-component
Ag—Sn—Sb—S system and determine the boundaries
of solid solutions based on both components.

Experimental

When studying the Ag,SnS,—AgSbS, system, the
initial compounds (AgsSnS, and AgSbS,) were first
synthesized. Elements of at least 99.99 wt.% purity
were used in the synthesis. Synthesis involving a
volatile component, in this case sulfur, was carried
out using a visual-combined method. Alloys of the
AgSbS,—Ag,SnS, system were synthesized from

ligatures using the ampoule method in a vertical
furnace. The maximum temperature of alloy synthesis
was 1200 K. The synthesis lasted for 3.5 h using a
mechanical stirrer with slow cooling. Annealing of
the AgSbS,—Ag,SnS, system alloys was carried out in
evacuated and sealed quartz ampoules at 550—700 K
for 380 h. The annealed samples were quenched in
cold water.

The interaction in the Ag,SnS,—AgSbS, systems
was studied by differential thermal analysis (DTA),
X-ray phase analysis (XPA), microstructural analysis
(MSA), and density determination. XPA was
performed on a D2 PHASER model X-ray device
using CuKo radiation (Ni filter). DTA of the alloys
of the system was carried out in evacuated quartz
ampoules on a differential scanning calorimeter
NETZSCH 404 F1 Pegasus system and using
NETZSCH Proteus software. The accuracy of
temperature measurements was +=2K.

When studying the microstructure of the
alloys, an etchant of the composition
NH,NO; (3—8wt.%)+K,Cr,0, (0.02—0.5wt.%)+concentrated
H,SO, was used, the etching time was 20 s. The
MSA of the alloys of the systems was studied using a
metallographic microscope MIM-8 on pre-etched
sections. The phase diagram of the AgSbS,—Ag,SnS,
system was constructed using experimental methods
of physicochemical analysis (DTA, MSA, X-ray
fluorescence, microhardness and density
measurements) with the use of thermodynamic
calculations.

Results and discussion

Experimental results

To study the phase equilibrium in the
AgSbS,—Ag,SnS, system, 12 alloys of different
compositions were synthesized (Table 1).

Based on the results of physicochemical analysis
(XRD, DTA, MSA and density determination), a T
vs. composition phase diagram of the AgSbS,—Ag,SnS;
system was constructed (Fig. 1). The DTA results
showed that all thermograms of alloys of the system
with a composition of 30—70 mol.% AgiSnS, have
three endothermic effects except for those containing
38 mol.% AgySnS;, and four endothermic effects are
observed for alloys of 90 and 80 mol.% AgSbS,
(Table 1). The effects at 640 K correspond to the
phase transition B(AgSbS,)«>p'(AgSbS,).

As can be seen from Fig. 1, the phase diagram
of the AgSbS,—Ag,SnS, system belongs to the eutectic
type with limited solubility of the initial components
in the solid state. At room temperature, the solubility
of a system based on AgSbS, is 10 mol.% AgSnS,,
while the solubility of a system based on AgiSnS; is

! Miargyrite AgSbS2. P. 2001-2005. Mineral Data Publishing, version 1. handbookof-mineralogy.org/pdfs/miargyrite.pdf.
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16 mol.% AgSbS,. At the eutectic temperature, the
solubility reaches 15 and 25 mol.%, respectively. The
eutectic has a composition of 38 mol.% Ag,SnS, and
crystallizes at a temperature of 750 K.

The study of the microstructure of samples of
the AgSbS,—Ag,SnS, system showed that they are all
two-phase, with the exception of alloys near the initial
components (0—10 and 84—100 mol.% Ag,SnS;),
which are solid solutions. The results of XRD and
MSA of the alloys of the studied system are consistent

Table 1
Composition and DTA results of alloys of the
AgSbS,—Ag;SnS, system

Sﬁﬁfgﬁéz Thermal effects, K

100 785

90 640; 660; 765; 780

80 640; 645; 750, 775

70 650; 750; 765

62 750 (eutectic)

60 640; 750, 770

50 640; 750; 875

40 640; 750; 935

30 640; 750; 980

20 805; 1020

10 960; 080
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Fig. 1. Phase diagram of the AgSbS,—Ag,SnS, system

with the DTA data and confirm the existence of solid
solutions based on AgSbS, and Ag,SnS,. According to
XRD data (Fig. 2), the diffraction lines of alloys
containing 0—10 mol.% AgsSnS, are identical to the
diffraction pattern of AgSbS,. The diffraction lines of
alloys with compositions of 10—84 mol.% AgcSnS,
consist of a set of reflection lines of AgSbS, and
AggSnS, phases. The diffraction patterns of alloys from
the region of solid solutions of 84—100 mol.% AggSnSq
are identical to the diffraction pattern of AggSnS,.
The above alloys have solid solution structures.

To determine the boundaries of solid solutions
in the AgSbS,—Ag,SnS, system, alloys of different
compositions on both sides were additionally
synthesized. The resulting alloys were annealed at
700 and 550 K for 170 h and then quenched
(Table 2).

Solid solutions based on AgSbS, crystallize in
monoclinic syngony, while solid solutions based on
thiostannates (AggSnS;) crystallize in orthorhombic
syngony. As can be seen from Table 3, the
orthorhombic lattice parameters increase with an
increase in the AgSbS, content.

Measurement of the density of alloys in the
AgSbS,—Ag,SnS, system showed that the density varies
within the density range of AgSbS, and Ag,SnSq
(Table 4).

As can be seen from Table 4, the microhardness
values of alloys rich in AgSbS, and AgySnS, increase
significantly from 1400 to 1570 MPa (B) and from
2710 to 2885 MPa (a), respectively, upon the
formation of solid solutions.
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Fig. 2. XRD patterns of alloys of the AgSbS,—Ag,SnS,
system: 1 — AggSnSg; 2 — 85 mol.% AggSnS,;
3 — 50 mol.% AgSnS,; 4 — 10 mol.% AggSnSg; 5 — AgSbS,
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Thermodynamic calculations

The boundaries of solid solutions based on
o(AggSnS¢) and B(AgSbS,) were refined using the
temperature-concentration dependence of the Gibbs
free energy. The Agi,SnS, and AgSbS, compounds
differ significantly in composition and crystallographic
data. Therefore, for thermodynamic calculations, a
modified version of the regular solution model was
used, taking into account the dependence of the mixing
parameter on the composition [4,13]:

AGP™ = ax"(1-x)' + RT[xInx +(1-x)In(1-x)]. (1)

Here the first term represents the enthalpy of
mixing of solid solutions within the framework of the
asymmetric version of the regular solution model
(according to the model of strictly regular solutions
m=1; n=1), the second term represents the
configurational entropy of mixing of solid solutions.
The dependences of free energy of mixing of the
solid solutions of AgeSnS; and AgSbS, are visualized
in Fig. 3, which allows clarifying the boundaries of
solid solutions in the Ag,SnS,—AgSbS, system
(Fig. 1). The analytical dependences of the Gibbs

free energy of mixing on the composition for solid
solutions based on the compounds Ag,SnS; and AgSbS,
are presented in the captions to Fig. 3. The calculations
were performed using the OriginLab program.

Conclusions

1. The phase diagram of the AgSbS,—Ag,SnS,
system was studied and constructed using
physicochemical analysis methods (XRD, DTA, and
MSA). It was found that the system is a quasi-binary
section of the Ag,S—SnS,—Sb,S; ternary system and
belongs to the eutectic type.

2. The formation of solid solutions based on the
initial components was detected in the AgSbS,—Ag,SnS;
system. At room temperature, the solubility of a system
based on AgSbS, is 10 mol.% Ag,SnS,, and the
solubility of a system based on AggSnS; is 16 mol.%
AgSbS,.

3. Within the framework of the asymmetric
version of the regular solution model, the dependences
of the Gibbs free energy on temperature and
composition were determined, which made it possible
to clarify the boundaries of solid solutions based on
AgSbS, and Ag,SnS, compounds.

Table 2
Annealing of alloys of the AgSbS,—Ag,SnS, system at temperatures of 550 and 700 K
. . 0 111 0,
Composition, mol.% Phases Composition, mol.% Phases
0.0 100 o o 18 82 B+a. B+a
2.0 98 o o 100 0,0 B B
4.0 96 a [0 98 2.0 B B
6.0 94 a o 96 4.0 B B
8.0 92 o o 94 6.0 B B
10 90 o o 92 8.0 B B
12 88 o o 90 10 B+a B
14 86 B+o o 88 12 B+ B+a
16 84 Bto o
Table 3

Crystal lattice parameters of solid solutions based on Ag;SnS; in the AgSbS,—Ag;SnS, system

rri?]ﬁ}zflgtls%rgz Lattice parameters, A° Pr.gr Syngony
0.00 a=15.298; b=7.548; c=10.699 Pmn2, rhombic
0.02 a=15.301; b=7.550; ¢=10.700 Pmn2, rhombic
0.04 a=15.303; b=7.553; ¢=10.704 Pmn2, rhombic
0.06 a=15.304; b=7.555,c=10.705 Pmn2, rhombic
0.08 a=15.306; b=7.556; ¢c=10.706 Pmn2, rhombic
0.10 a=15.308; b=7.561; ¢c=10.707 Pmn2, rhombic
0.12 a=15.310; b=7.562; ¢=10.709 Pmn2, rhombic
0.14 a=15.313; b=7.569; c=10.714 Pmn2, rhombic
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Table 4

Microhardness and density of alloys of the
AgSbS,—Ag;SnS, system
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JOCIIIKEHHA ®A3U 3MIHHOI'O CKIALY .
Y3HOBXK TIEPETUHY AgSbS,—Ag SnS, ¥ YETBEPTHIN
CUCTEMI Ag—Sn—Sb—S

Hlapagpam X. Mammados, Acu¢p H. Mammados

TpUKOMIIOHEHTHI XaJIbKOTEHIIHI CITOIYKH, 30KpeMa (as3u
Ha OCHOBIi cynb®inmiB cpibia Ta cypMM, BUKJIMKAIM iHTEpeC y
IOCTIZHUKIB 4yepe3 iXHi MOTeHUiiHi 3acTtocyBaHHsS. CypMOBi
XaJIbKOTCHIANW € HAITBIIPOBITHUKOBUMM MatepiagaMu 3 (PoTo-
YYTJIUBUMHU BJIACTUBOCTSIMM, TOMY IIi CITOJIYKU HIMPOKO 3aCTO-
COBYIOTBCSI Y (hoTopesucTopax, (oroeseMeHTax, eJeKTPOHHO-
MPOMEHEBUX TMpUIagaxX, COHIUYHMX eJIeMEHTaX, HarmiBIPOBia-
HUKOBUX CEHCUTU3ATOpPax, MiKpOMEXaHiYHMX Ta ONTHUUYHUX
npuctposix. [Ipu BuBYeHHi cuctemu Ag,SnS,—AgSbS, crmouar-
Ky OyJIO CUHTE30BaHO BUXifHI crionyku (AgsSnS,, AgSbS,). s
CHHTE3y BHUKOPUCTOBYBAJIU €JIEMEHTH YMCTOTOIO HE MEHIIe
99,99 mac.%. CuHTe3 i3 BUKOPUCTAHHSIM JIETKOTO KOMITOHEH-
Ty (CipK¥) TPOBOAWIM Bi3yaJbHO-KOMOIHOBAHUM METOIOM.
CrunaBu cuctemu AggSnS¢—AgSbS, otpumyBaiu i3 jiratyp am-
MyJbHUM METOAOM Yy BepTHUKaJbHill meui. MakcumaabHa
TeMmIiepaTtypa cuHTe3y ciuiaBiB craHoBuia 1200 K. CunTtes tpu-
BaB 3,5 rom 3 MeXaHiYHUM IEPEMIlLlyBaHHSM i IMOBIIBHUM OXO-
JomkeHHsM. Bignan cruiaBiB cuctemu AggSnS,—AgSbS, mnpo-
BOIMJIM Y BaKyyMOBaHUX i 3aMasiHUX KBapILOBMX aMITyJiax Mpu
550—700 K mpotsirom 380 rom. Y poOoTi HaBemeHO maHi LIOHO
¢azoBoi piBHOBaru B cuctemi AgSbS,—Ag,SnS,. Ha ocHoBi pe-
3yJbTATiB PEHTIEHOCTPYKTYPHOTO Ta MiKPOCTPYKTYPHOTO
aHaJTi3iB, TU(pEepEeHLIHOIO TePMIYHOTO aHaJi3y Ta TepMOIUHA-
MIYHUX PO3paxyHKiB OyJio moOymoBaHO (ha3oBy miarpamy Iie-
petuHy AgSbS,—Ag,SnS; y mmpokoMy KOHIIEHTpaIliifHOMY
nmiama3oHi. BcTaHoBIIeHO, 110 1e¢ KBas3iOiHApHMI Tepepi3 TpU-
koMnoHeHTHO1 cuctemu Ag,S—SnS,—Sb,S;. Cucrema
AgSbS,—Ag,SnS; € eBTEeKTUUHOI; KOOPAMHATU €BTEKTUKU
BianosigaoTh 38 Mon.% AggSnS, ta 750 K. ¥V cucremi Bu3Ha-
YEHO MUISTHKM TOMOTE@HHOCTI, 10 0a3yioThcsa Ha AgSbS, Ta
AgeSnS,. Ipu kimuarhiit Temneparypi (300 K) tBepai pozunHu
Ha ocHOBi AgSbS, yrBopiototbcst Tipu 10 Mon.% AggSnS,, Toni
SK TBEpJi PO3YMHM Ha OCHOBiI AggSnS; yTBOpPIOIOTHCS IO
16 mon.% AgSbS,. TBepai po3unHu Ha ocHOBi AgSbS, KpucTa-
JI3YIOThCSI B MOHOKJIIHHINI CHMHTOHII, a Ti, 110 0a3yloTbcsd Ha
AgeSnS,, — y poMOiuHiil CUHTOHIi.

KnwouoBi ciaoBa: eBTeKTUKa; TBEpPAUN pPO3YUH;
Ag,S—SnS,—Sb,S;; dazoBa miarpama; cuctema; BiJIbHa eHEpTis
li66ca.
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Ternary chalcogenide compounds, in particular phases based
on silver and antimony sulfides, have attracted research attention
because of their potential applications. Antimony chalcogenides
are semiconductor materials with photosensitive properties and
are therefore widely used in photoresistors, photocells, electron-
beam devices, solar cells, semiconductor sensitizers,
micromechanical, and optical devices. In the study of the Ag,SnS,—
AgSDbS, system, the initial compounds (AgsSnS,, AgSbS,) were
first synthesized. Elements of at least 99.99 wt.% purity were
used in the synthesis. Synthesis involving a volatile component
(sulfur) was carried out using a visual-combined method. Alloys
of the AgSbS,—Ag,SnS, system were synthesized from ligatures
using the ampoule method in a vertical furnace. The maximum
temperature of alloy synthesis was 1200 K. The synthesis lasted
for 3.5 h with mechanical stirring and slow cooling. Annealing of
the AgSbS,—Ag,SnS; alloys was carried out in evacuated, sealed
quartz ampoules at 550—700 K for 380 h. The paper presents
data on phase equilibria in the AgSbS,—Ag,SnS, system. Based
on the results of X-ray structural and microstructural analyses,
differential thermal analysis, and thermodynamic calculations, a
phase diagram of the AgSbS,—Ag,SnS, section over a wide
concentration range was constructed. It was found that this is a
quasi-binary section of the ternary system Ag,S—SnS,—Sb,S,.
The AgSbS,—Ag,SnS, system is eutectic; the eutectic point
corresponds to 38 mol.% AggSnS, and 750 K. The homogeneity
regions based on AgSbS, and Ag,SnS; were determined. Solid
solutions based on AgSbS, are formed at room temperature
(300 K) at 10 mol.% AgSnS,, whereas solid solutions based on
AgSnS¢ are formed at 16 mol.% AgSbS,. Solid solutions based
on AgSbS, crystallize in the monoclinic syngony, and those based
on AggSnS, crystallize in the rhombic syngony.

Keywords: eutectic; solid solution; Ag,S—SnS,—Sb,S;; phase
diagram; system; Gibbs free energy.
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