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Abstract: Phase relations in the Cu3SbS4-Sb2S3-S system were determined experimentally over the entire 

concentration range by means of differential thermal analysis (DTA) and powder X-ray diffraction (PXRD) 

techniques. One boundary, two internal polythermal sections, and the liquidus surface projection of the 

system were constructed. Primary crystallization fields of existing phases, as well as, types and coordinates 

of non- and monovariant equilibria were determined. It was defined that, the concentration triangle under 

study is an independent subsystem of the Cu-Sb-S ternary system and belongs to the monotectic type with a 

wide stratification field of two liquids.  
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1. Introduction 

Copper, antimony-based chalcogenides 

have been recognized as a large group of 

materials composed of non-hazardous, cost-

effective merit elements promising for a variety 

of applications [1,2]. So that, sulphosalt group 

semiconductors such as chalcostibite (CuSbS2), 

skinnerite (Cu3SbS3), famatinite (Cu3SbS4), 

tetrahedrite (Cu12+xSb4+yS13, 0 ≤ x ≤ 1.92 and 

0.02 ≤ y ≤ 0.27) are a relatively new class of 

materials that can be utilized in thin-film solar 

cells, photoelectrochemical hydrogen 

production, etc. [2-5]. Among them, famatinite 

mineral - Cu3SbS4 has a simple zinc-blende 

related structure with a moderate band gap, 

which is favorable for high thermoelectric 

performance [6-8]. It is reported that Cu3SbS4 is 

suitable as a superabsorber material in 

photovoltaics because of high absorption 

coefficient over the visible region [9-11]. 

From the chalcogenide semiconductor 

class, stibnite (Sb2S3) is a continuing promising 

contender for applications in the most diverse 

electronic devices including the vidicon type of 

television camera tubes, microwave, switching, 

optoelectronic and photovoltaic devices [12-15]. 

It has also been proposed as a photoanode 

material in photocatalytic water splitting 

[16,17].  

The study of phase relations composed 

of known phases possessing promising 

functional properties is one of the basic 

approaches to the design and preparation of 

novel advanced materials in inorganic materials 

science [18-23]. Taking into consideration the 

scientific and practical importance of the Cu-

Sb-S ternary system in terms of the search for 

environmentally friendly, low-cost functional 

materials, the solid-phase equilibrium diagram 

of this system, and the thermodynamic 

properties of copper antimony sulfides were 

studied by us [24]. Later on, the CuSbS2-

Cu3SbS3-Sb2S3 and CuSbS2-Sb2S3-S 

independent subsystems of this system were 

studied as well [25, 26]. 

In the present contribution, as a 

continuation of our investigations, we report 

about the phase interactions in the subsystem 

Cu3SbS4-Sb2S3-S  (A). 

Constituent phases of the subsystem (A) 

have been studied in detail. Sb2S3 melts 

congruently at 823 K [27] and crystallizes into 

orthorhombic structure (Sp.gr. Pnma): a = 

11.3107; b = 11.2285 Å; c = 3.8363 [28]. 

Cu3SbS4 known as famatinite mineral melts 

congruently at 908 K [29,30] and crystallizes 
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into tetragonal structure (Sp.gr. I4̅ 2m):  a = 

5.391(1), c = 10.764(1) Å [31].  

Two boundary quasi-binary sections of 

the system A have been previously studied. The   

phase diagram of the system Cu3SbS4 - Sb2S3 is 

of a simple eutectic type [25], while the system 

Sb2S3-S is characterized by the monotectic and 

eutectic equilibria [27]. 

 

                                                      2. Experimental part 

Alloys of the system (A) were prepared  

from the preliminarily synthesized and identified 

Sb2S3 and Cu3SbS4 compounds, and elemental 

sulphur. Elemental copper (Cu-00029; 99.9999%), 

antimony (Sb-00002; 99.999%) and sulphur (S -

00001; 99.999%) of high purity from Evochem 

Advanced Materials GmbH (Germany) were 

used for synthesis. 

Compounds were synthesized by fusion of 

the elemental substances in stoichiometric ratios in 

evacuated up to ~10
-2

 Pa and sealed quartz 

ampoule of the 15x1.5 cm size in a two-zone 

inclined furnace [24-26]. The temperature of the 

hot zone of the furnace was gradually increased to 

~50
0
C higher than the melting point of the 

corresponding compound within 3-4 hours, while 

the temperature of the upper, "cold" zone of the 

furnace was 650 K, which is slightly below the 

boiling point of sulphur (718 K [32]). The 

synthesis was continued in this mode for the next 

3-4 hours and the ampoules were completely 

transferred into the hot zone. The resulting liquids 

were mixed by shaking the alloys and the oven 

was gradually cooled. After synthesis, the 

ampoules were kept at 750 K for 100 h.  

The identity of the synthesized compounds 

was monitored by differential thermal analysis 

(DTA) and powder X-ray diffraction (PXRD) 

methods, obtained data well coincided with the 

literature [27-31]. 

Two sets of samples (0.5 g by mass  

each) were prepared by сo-melting of different 

proportions of the preliminarily synthesized 

compounds in evacuated quartz ampoules. 

Because of the presence of elemental sulphur in 

the alloys of the Cu3SbS4-S section and 

Cu3SbS4-Sb2S3-S concentration triangle, during 

the synthesis and analysis of these alloys by the 

DTA method, we used specially designed thick-

walled (~2.5 cm) transparent quartz ampoules. 

The Interior diameter of ampoules was 5-6 mm, 

length – 25-30 sm. In this case, the empty 

volume inside the ampoule doesn’t exceed 500 

mm
3
 (0.5 cm

3
), which in turn allows to keep the 

composition of alloys constant during heating 

due to the evaporation of sulphur. After 

synthesis, alloys were annealed at 500 K for 

~100 hours, then at 370K for 20 hours.  

Obtained equilibrium samples were 

examined by DTA and PXRD methods. DTA of 

the samples was carried out in evacuated quartz 

ampoules on a differential scanning calorimeter 

of the 404 F1 Pegasus System (NETZSCH). 

NETZSCH Proteus Software was used to 

process the results of measurements. The 

accuracy of the temperature measurements was 

within 2 
0
. X-ray analysis was carried out at 

room temperature on the Bruker D2 PHASER 

diffractometer with CuK1 radiation. Topas 4.2 

Software was used to index obtained diffraction 

patterns.

 

3. Results and discussion 

Compositions of alloys are expressed in 

equal numbers of atoms using the corresponding 

coefficients in front of their formulas on the 

phase diagram of the system (A) and its various 

sections. This is identical to the expression of 

composition in atomic percent and allows this 

data to be used in the general phase diagram of 

the Cu-Sb-S system without recalculation of 

composition. 

 

               3.1.   0.125Cu3SbS4 – S quasi-binary boundary system (Fig.1) 

As it can be seen from the T-x diagram 

constructed based on the DTA results (Fig.1), 

the system Cu3SbS4 – S is characterized by 

monotectic and eutectic equilibrium 

degenerated near elemental sulphur. The 

immiscibility area at the monotectic equilibrium 

temperature (896K) occupies a wide (~5-99 at 

% el. S) concentration range. Eutectic 

composition Cu3SbS4 + S crystallizes at 390K.  
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Figure 1. The T-x phase diagram of the system Cu3SbS4-S 

 

XRD results prove constructed T-x 

diagram of the system Cu3SbS4-S. As can be 

seen from Fig.2, the PXRD spectrum of the 50 

mol% Cu3SbS4 alloy is composed of the 

diffraction lines of Cu3SbS4 and elemental 

sulphur. 

 

 
 

Fig. 2. PXRD spectrum of the 50 mol% Cu3SbS4 + 50 mol% el. S alloy 

 

 

                3.2.  Projection of the liquidus surface of the system A (Fig.3) 

Projection of the liquidus surface of the 

system A on the concentration triangle is given 

in Fig. 3.  Concentration triangle Cu3SbS4-

Sb2S3-S is an independent subsystem and 

characterized by monotectic and eutectic 

equilibriums. Equilibria near the sulphur corner 

of the concentration triangle are presented on a 

large scale. There is a stratification field (L1+L2) 

of two liquids (m1m2m2
/
m1

/
) in a wide 

concentration interval. This immiscibility field 
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is located in the primary crystallization areas of 

the famatinite (area 1) and stibnite (area 2) 

dividing them into 2 parts. The primary 

crystallization area of an elemental sulphur 

(area 3) occupies a small region near the S  

corner of the liquidus surface (Fig.3).  

Liquidus surfaces of phases are limited 

by the e1E, e2E, and e3E eutectic curves. These 

curves converge in the triple eutectic point E at 

~390K (Fig.3). Nonvariant and monovariant 

equilibria of the system A are given in the table.                    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Projection of the liquidus surface of the system A. Primary crystallization areas: 

1– Cu3SbS4, 2 – Sb2S3, 3 – S.  Dotted lines are studied polythermal sections of the system A 

 

 

Table. Nonvariant and monovariant equilibria in the system Cu3SbS4-Sb2S3-S 

 

Point or curve in the Fig.3 Equilibria Temperature, K 

e1 L  Cu3SbS4 + Sb2S3 745 

e2
* 

L  Cu3SbS4 + S 390 

e3
* 

L  Sb2S3 +S 383 

E* L  Cu3SbS4 + Sb2S3 + S 381 

m1(m1
/
) L1  L2 + Cu3SbS4   896 

m2(m2
/
) L1  L2 + Sb2S3 803 

MM
/
 L1  L2 + Cu3SbS4 + Sb2S3 735 

e1M L1  Cu3SbS4 + Sb2S3 745-735 

M
/
E

* 
L2  Cu3SbS4 + Sb2S3 735-381 

m1M(m1
/
 M

/
) L1  L2 + Cu3SbS4   896-735 

m2M(m2
/
 M

/
) L1  L2 + Sb2S3 803-735 

e2
*
E

* 
L  Cu3SbS4 + S 390-381 

e3
*
E

* 
L  Sb2S3 +S 383-381 

             Note: degenerated equilibria near elemental Sulphur are given with asterisk. 

 

 

                   3.3. Polythermal sections of the system A (Fig.4 a,b) 

Two polythermal sections of the phase 

diagram of the system A are given below (Fig.4 

a,b) and analyzed in context with the projection 

of the liquidus surface (Fig.3). Here, [A] and 

[B] are 1:1 mix ratios of the constituent 

substances of the 0.125Cu3SbS4-S and 0.2Sb2S3-

S boundary binary systems, consequently.  
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Fig. 4. T-x phase diagrams of the systems 0.2Sb2S3- [A] (a) and 0.125Cu3SbS4-[B] (b) 

 

      

                               0.2 Sb2S3- [A] polythermal section (Fig.4a). 

There is a wide (~ 85 mol%) 

immiscibility region of two liquid phases 

(L1+L2) along this polythermal section. Cu3SbS4 

primarily crystallizes from this two-phase 

region at the ~0-60 mol% Sb2S3 concentration 

interval by the monovariant monotectic reaction 

L1  L2 + Cu3SbS4.  Sb2S3 crystallizes in the 

area rich in Sb2S3 (80 mol%) from one-phase 

liquid, and then from the  L1+L2 two-phase area 

by monotectic reaction L1  L2 + Sb2S3. The 

isothermal line at 735 K belongs to the 

nonvariant monotectic equilibrium (Table MM
/). 

Crystallization in the system ends by the 

formation of the ternary eutectic mixture 

Cu3SbS4+Sb2S3+S at 390K (Fig.4a). 

 

                         0.125 Cu3SbS4 - [B] polythermal section (Fig.4b). 

Crystallization processes along this 

polythermal section are qualitatively similar to 

the ones in the previous system. The difference 

is that here the initial crystallization of the 

Cu3SbS4 compound occurs in a small (~ 12 

mol%) concentration interval from the one-

phase liquid L, and in a wide concentration 

interval (~70 mol%) from the L1+L2 

immiscibility area by monovariant reaction 

(Fig.4b). Moreover, Sb2S3 crystallizes in a small 

composition interval from the immiscibility 

area. 

Thus, a comparative analysis of all 

elements of the phase diagram (Fig. 1,3,4) 

indicates their compatibility with each other. 

Presented results can be used to prepare phases 

based on the primary constituents of the system 

A, as well as their eutectic composites.  

 

Conclusion 

 

For the first time, the nature of the 

physicochemical interaction of the stibnite, 

famatinite minerals, and elemental sulphur was 

determined using DTA and powder X-ray 

methods. The phase diagram of the Cu3SbS4 – S 

boundary system, 2 isopleth sections, as well as, 

the projection of the liquidus surface of the 

Cu3SbS4-Sb2S3-S system were constructed. It 

was established that the system is of eutectic 

and monotectic type and characterized by the 

formation of a wide immiscibility area L1+L2 of 

two liquid phases.  
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Cu3SbS4-Sb2S3-S SİSTEMİNDƏ FAZA ÇEVRİLMƏLƏRİ 
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Xülasə: Cu3SbS4-Sb2S3-S sistemində faza tarazlıqları tam qatılıq intervalında diferensial termal 

analiz (DTA) və rentgen-faza analizi  (RFA) üsulları ilə tədqiq edilmişdir. Sistemin bir sərhəd, iki 

daxili politermik kəsiyi və likvidus səthinin proyeksiyası qurulmuşdur. Mövcud fazaların ilkin 

kristallaşma sahələri, nonvariant və monovariant tarazlıqların tipləri və koordinatları təyin 

edilmişdir. Müəyyən olunmuşdur ki, tədqiq olunan qatılıq üçbucağı Cu-Sb-S üçlü sisteminin 

müstəqil alt sistemi olub geniş təbəqələşmə sahəsinə malik monotektik tipli faza diaqramı əmələ 

gətirir. 

Açar sözlər:  DTA, RFA, faza diaqramı, stibnit, famatinit, təbəqələşmə sahəsi 
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Аннотация: Фазовые равновесия в системе Cu3SbS4-Sb2S3-S в полном диапазоне 

концентраций были исследованы методами дифференциального термического (ДТА) и 

рентгенофазового анализов (РФА). Построены одно граничное и два внутренних 

политермических сечения, а также проекция поверхности ликвидуса системы. Определены 

поля первичной кристаллизации существующих фаз, типы и координаты нон- и 

моновариантных равновесий. Установлено, что исследуемый концентрационный 

треугольник является самостоятельной подсистемой тройной системы Cu-Sb-S и 

относится к монотектическому типу с широкой областью расслаивания двух жидкостей. 

Ключевые слова: ДТА, РФА, фазовая диаграмма, стибнит, фаматинит, область 

расслаивания 
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