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Abstract: Copper-tin and copper-antimony chalcogenides have received increasing attention as promising 

thermoelectric materials due to their high efficiency and low toxicity. Many of these phases are synthetic 

analogues of natural copper chalcogenide minerals and have been drawing more interest for the 

development of new environmentally friendly materials. In this regarding, we studied phase equilibria in the 

Cu2Se - Cu3SbSe4 - Cu2SnSe3 system using Differential Thermal Analysis (DTA), Powder x-ray Diffraction 

(PXRD) and Scanning Electron Microscope (SEM). Based on experimental data, a number of polythermal 

sections, the solid-phase equilibria diagram at 600 K and a projection of the liquidus surface were 

constructed for the title system. The system has revealed limited regions of solid solutions based on ternary 

compounds Cu3SbSe4 (α) and Cu2SnSe3 (β). It has been established that the liquidus surface consists of three 

regions corresponding to primary crystallization (HT-Cu2Se), as well as α- and β-phases.  
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1. Introduction 
 

Ternary and complex copper 

chalcogenides have been the subject of 

extensive research due to their many 

applications, including thermoelectric (TE) and 

photoelectric capabilities, among others [1–9]. 

Some of them are attractive materials with 

considerable potentials to achieve improved TE 

performance with various cationic and anionic 

substitutions [10-13]. Particularly, compounds 

and phases of variable composition of the Cu-

Sn-Sb-X (X= S, Se) systems illustrated highly 

effective thermoelectric properties in the 

medium temperature range (600 ÷ 800 K) due to 

the crystal structure features [14-18]. It is 

known, that one of the effective ways to 

optimize the properties of functional materials is 

to obtain solid solutions based on them. For this 

purpose, it is advisable to study phase equilibria 

in the corresponding systems [19-24].  Earlier, 

in some previous works [25-33] we studied a 

few systems based on copper chalcogenides, in 

which we found new phases of variable 

compositions. In this paper we present new 

experimental data of studying of phase 

equilibria in the Cu2Se-Cu2SnSe3-Cu3SbSe4 

subsystem of the Cu-Sn-Sb-Se system.  

The initial compound Cu2Se melts 

congruently at 1403 K and has a polymorphous 

transformation at 396 K [34]. The homogeneity 

region of this compound is located at 

compositions enriched with selenium and has 

maximal value at 800 K (33.3-36.6 at% Se).  

The high-temperature modification of Cu2Se 

crystallizes in a cubic structure with the lattice 

parameters:  (Sp. gr. Fm3m), a=5.859(1) Å. The 

low-modification has monocline structure (Sp. 

gr. C2/c) with the unit cell parameters:  

a=7.1379(4) Å, b=12.3823(7) Å, c=27.3904(9) 

Å and β=94.308
0
 [35].  

Cu3SbSe4 melts congruently at 755 K and 

crystallizes in a tetragonal structure (Sp. gr. 

I42m) with lattice parameters: a=b=5.6609(8) 

Å; c=11.280(5) Å [36]. Copper-tin selenide 

Cu2SnSe3 melts congruently at 968 K and has a 

polymorphic transition at 948 K [37,38].  The 

high-temperature modification crystallizes in a 

http://www.chemprob.org/
mailto:%20Ismayilova818@mail.ru


                                                         E.N. ISMAILOVA et al.                                                          37 
 

                                                                                        CHEMICAL PROBLEMS 2025 no. 1 (23) 

cubic lattice (a=5.6877) [39, 40] and low-

temperature one is monocline (space group Cc) 

with the unit cell parameters:  a =6.9670(3) Å, 

b=12.0493(7) Å, c=6.9453(3) Å, β=109.19(1)
º
; 

z=4 [39, 40]. 

The phase diagram of the Cu2SnSe3-

Cu3SbSe4 system were studied in [41], based on 

the results of DTA and X-ray diffraction 

analysis. The Cu2SnSe3-Cu3SbSe4 section is 

quasi-binary and has phase diagram with  

eutectic type (coordinates: 68 mol% Cu3SbSe4, 

727 K) and formation of wide regions of solid 

solutions (α- and β-phases) based on both 

starting compounds. According to [42], the 

Cu3SbSe4-Cu2Se system is a quasi-binary, and 

the solubility area (not more than 5 mol %) 

based on initial compounds is observed.  The 

Cu2Se-Cu2SnSe3 section has the phase diagram 

of the simple eutectic type. Eutectic point has 

coordinates 938 K and 55 mol% Cu2Se [43].  

 

2. Experimental part 

 

2.1. Synthesis 

Stoichiometric amounts of high purity 

elemental substances from EVOCHEM 

ADVANCED MATERIALS GMBH 

(Germany), copper granules (Cu-00029, 

999999%), antimony granules (Sb-00005, 

99.999%) and selenium granules (Se-00002, 

99.999%) were used for synthesis. Cu2Se, 

Cu3SbSe4 and Cu2SnSe3 were synthesized by 

fusion of simple components in evacuated to 

~10
-2

 Pa and sealed quartz ampoules at 

temperatures 50 ºC  above from  the melting 

points of the synthesized compounds. 

Cu2Se was produced in a two-zone 

inclined furnace. The temperature of the 

lower,“hot” zone was 1300 K, while the upper 

“cold”, zone was 900 K that is somewhat below 

the selenium boiling temperature (958 K [44]). 

In order to obtain homogeneous Cu2Se, the 

ampoule with the stoichiometric composition, 

was quenched from a temperature of 1300 K in 

cold water after synthesis [45]. The ternary 

compounds Cu2SnSe3 and Cu3SbSe4 were 

synthesized in single-zone mode at temperatures 

of 1000 and 850 K, respectively, and then 

annealed at 700 K for 50 hours. 

All of the synthesized compounds were 

controlled using differential thermal analysis 

(DTA) and X-ray diffraction (XRD). The 

melting points of all synthesized compounds 

were close to literature data within an error of 

±3 K. More than 30 alloys of the Cu2Se-

Cu3SbSe4-Cu2SnSe3 system were prepared.  

From the DTA data for selected 

compositions of cast non-homogenized alloys, it 

was indicated that their crystallization was 

completed higher than 650 K. Therefore, to 

achieve a state closer to the equilibrium, alloys 

were annealed at 600 K within 500-700 h.  

2.2.  Research Methods  

The alloys of the studied system were 

characterized by DTA, X-ray diffraction and 

SEM methods. DTA measurements were 

conducted using Netzsch 404 F1 Pegasus 

system and the NETZSCH Proteus software 

with a heating rate of 10 K min-1 and accuracy 

was within ±2 K. 

The X-ray analysis was carried out at 

room temperature by the D8 advance powder 

diffractometer with CuKα1 radiation from 

Bruker, and patterns were indexed using the 

Topas V3.0 software.  

The SEM studies were carried out in back 

scattered to reveal the compositional contrast 

between different phases. For this purpose, 

SEM analysis of some polished samples was 

performed using a TESCAN Vega 3 SBH 

scanning electron microscope and a Thermo 

Scientific Ultra Dry Compact EDS detector.

 

3. Results and discussion 

 

3.1. Isothermal section of the phase 

diagram at 600 K. 

Fig. 1 shows a diagram of the solid phase 

equilibria established on the basis of the results 

of XRD and SEM of annealed at 600 K samples 

of the Cu2Se-Cu2SnSe3-Cu3SbSe4 system. It can 

be seen from the Fig. 1, the system is 

characterized by the formation of wide region of 

solid solution based on the initial components. 

Area of solid solutions based on HT-Cu2Se are 
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5-6 mol%. Homogeneity areas of α- and β- solid 

solutions formed along the Cu2SnSe3-Cu3SbSe4 

section penetrate into the 3-8 mol % of 

concentration triangle and the corresponding 

single-phase bands are formed. (HT-Cu2Se), α-  

 

and β- phases with each other produce three 

two-phase: (HT-Cu2Se) + α, (HT-Cu2Se) + β, α 

+ β areas and one three-phase (HT-Cu2Se) + α + 

β area. All phase areas were confirmed by XRD 

and SEM technique.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1. Diagram of solid-phase equilibria in the Cu2Se-Cu3SbSe4 -Cu2SnSe3  at the 600 K 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2. X-ray powder diffraction patterns of the alloy 1 (30%Cu2Se-30%Cu2SnSe3-40%Cu3SbSe4) 

and alloy 2 (40% Cu2Se-60Cu2SnSe3). 
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Powder diffraction patterns of alloys were 

confirmed by X-ray phase analyses. It can be 

seen from Fig.2 the diffraction patterns of the 

selected alloy #1 (see Fig.1) consist of the three-

phase mixture  + +(HT-Cu2Se), and alloy #2 

comprises  the two-phase mixture of +(HT-

Cu2Se). 

SEM–EDS analysis of certain  

composition of the -phase showed their single-

phase character. For example, Figure 3 shows 

the SEM image of the -phase with the 

composition 10 mol% Cu3SbSe4 (alloy 3 in 

Fig.1). The element composition of the alloy is 

shown in Table 1 using results of the EDS 

analysis and corresponds to the formula 

Cu2.1Sb0.1Sn 0.9Se3.1 (Fig.4). 

 

 
Fig.3. SEM image of α-phase with composition Cu2.1Sb0.1Sn0.9Se3  

 

 

Table 1. Elemental analysis results for Cu2.1Sb0.1Sn0.9Se3. 

 

 

 

 

 

 

 

 

 

 

 

Fig.4. EDS analysis for the Cu2.1Sb0.1Sn0.9Se3 

             

Element Weight % Atomic % 

 

Cu K 

Sb K 

Sn L 

Se L 

 

25,2 

3,1 

22,0 

49,7 

 

33,87 

1,62 

14,51 

50 

Total 100,0 100,0 
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3.2.  Liquidus surfase 

The projection of the liquidus surface of 

the Cu2Se-Cu3SbSe4-Cu2SnSe3 system was 

established using our experimental results and 

literature data for boundary quasibinary systems 

[41-43] (Fig. 5). As can be seen, the considered 

plane of the Cu-Sn-Sb-Se concentration 

tetrahedron is a quası-ternary system and its T-

x-y phase diagram belongs to the eutectic type. 

 

 
 

Fig. 5. Liquidus surfase of the Cu2Se- Cu3SbSe4-Cu2SnSe3 system.Primary crystallization fields: 1-

HT-Cu2Se; 2-α-; 3- β-phase 

 

The liquidus surface of the Cu2Se-

Cu2SnSe3-Cu3SbSe4 system consists of three 

fields of primary crystallization of (HT-Cu2Se), 

α- and β- phases. The curves from the eutectic 

points of boundary quasibinary systems (e1E, 

e2E, e3E) intersect in the triple eutectic point. 

These curves are characterized by the following 

monovariant eutectic equilibria: 

 

L↔ (HT-Cu2Se) + α                    (e1E;, 940-725 K)                         (1) 

L↔ (HT-Cu2Se) + β                    (e2E; 750-725 K)                          (2) 

  L↔ α+ β                                    (e3E; 733-725 K)                         (3) 

 

The following nonvariant equilibrium is formed at the triple eutectic point E (725 K): 

 

L↔ (HT-Cu2Se) + α+ β                                                              (4) 

 

Some polythermal sections of the phase 

diagram were constructed in order to observe 

the crystallization processes and specify the 

boundaries of the liquidus areas in the system. 

3.3.  Polythermal sections of the phase 

diagram 
Phase equilibria of three polythermal 

sections of the T-x-y diagram of the Cu2Se-

Cu3SbSe4-Cu2SnSe3 system were plotted and  

briefly interpreted.      

The Cu2Se - [B] section (where [B] is an 

alloy of the 3/8Cu3SbSe4-0,5Cu2SnSe3 side 

system corresponding to the composition 1:1).  

The liquidus of this section consists of 2 curves 

(Fig.6). Solid solution based on HT-Cu2Se and 

α-phase based on Cu2SnSe3 are initially 

crystallized from the melt (from left to right). 
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Fig. 6. Phase diagram of the Cu2Se-[B]. [B] – alloy of the 0,5Cu2SnSe3-3/8Cu3SbSe4 side system 

coesponding to the composition 1:1 

 

At the intersection point of these two 

curves, the eutectic mixture (HT-Cu2Se) + α 

crystallizes directly from the melt. Below the 

liquidus, monovariant process (1) continues in a 

wide region (~13-75 mol%).  A monovariant 

crystallization process is proceeds according the 

reaction (3) in a small composition (~ >90 

mol%) range. Then the crystallization process is 

completed by the nonvariant eutectic reaction 

(4).  

It should be noted that crystallization 

process near the Cu2Se is finished by the 

precipitation of the (HT-Cu2Se) phase. As the 

temperature decreases, α-phase is released from 

this phase and   two-phase region (HT-Cu2Se) + 

α is formed. Near the [B] point (> 95 mol%), the 

process ends according to reaction (3) and two-

phase region α+β is formed in the subsolidus. 

The formation of solid solution on the 

basis of Cu2Se is accompanied by a decrease in 

the polymorphic transformation temperature 

(400 K) of this compound and the emergence of 

eutectoid equilibrium (395 K). 

The [A]- 0,5Cu2SnSe3 section. This 

section of the phase diagram is presented in 

Fig.7 (where [A] is an alloy of the Cu2Se – 

3/8Cu3SbSe4 side system corresponding to the 

composition 1:1).   

The liquidus of this section consists of 

two curves reflecting the primary crystallization 

of (HT-Cu2Se) and α-phases. Below the 

liquidus, from left to right, crystallization 

continues in accordance with monovariant 

schemes (2) and (1). Three-phase fields L+ 

(HT-Cu2Se) +β (0-20 mol%) and L + (HT-

Cu2Se) +α (20-85 mol %) are formed in the 

system during the process. Then the 

crystallization of samples in the range of 25-70 

mol% is completed with a nonvariant eutectic 

reaction (4). In the range of composition 0-15 

mol% Cu2SnSe3, crystallization is completed 

according to the reaction (2) and two-phase field 

(HT-Cu2Se) + β is formed in subsolidus. In the 

~70 - 85 mol% 0/.5Cu2SnSe3, the crystallization 

is completed by reaction (1) which leads to the 

formation of α + (HT-Cu2Se) in the subsolidus. 

Finally, the crystallization in the system 

completes near the Cu2SnSe3 and resulted by the 

formation of α-solid solutions. 
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Fig. 7. Phase diagram of the [A]- 1/2Cu2SnSe3 system. [A] – alloy of the Cu2Se-3/8Cu3SbSe4 side 

system corresponding to the composition 1:1 

 

The horizontal line at 395 K represents the 

polymorphic transition of (HT-Cu2Se) ↔ (RT- 

Cu2Se), as in the previous section. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Phase diagram of the [C]- 3/8Cu3SbSe4. [C] – alloy of the Cu2Se–0.5Cu2SnSe3  side system 

corresponding to the composition 1:1 

 

Section [C] - 3/8Cu3SbSe4 (Fig. 8) (where 

[C] is an alloy of the Cu2Se-0,5Cu2SnSe3 side 

system corresponding to the composition 1:1). 

First of all (HT-Cu2Se) crystallizes from liquid 

in a wide range of composition (0-85 mol%), 

while, in the range of >85 mol% β-phase 

crystallizes and the afterwards corresponding 

two-phase region is formed. The crystallization 

process continues according to reaction (1) in 

the of 0-55 mol% composition range and in 

accordance with reaction (2) in the 55-95 mol% 

area. As a consequence of these processes two 
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three-phase fields L + α + (HT-Cu2Se) and L + 

β + (HT-Cu2Se) are formed. It should be noted 

that, the completion of reaction (1) ends with 

consumption of the liquid phase in the of 0-18 

mol% concentration area and the α+ (HT-

Cu2Se) two-phase region is formed. Near the 

Cu3SbSe4, the processing of crystallization is 

completed by L↔β or L ↔ β + (HT-Cu2Se)  

equilibrium, thus, β and β + (HT-Cu2Se) fields 

are formed in the subsolidus. The process of 

crystallization of the samples  in the 

composition range of ~18-93 mol% completes 

by a nonvariant eutectic reaction (4) and tree-

phase region α + β + (HT-Cu2Se) is formed in 

the subsolidus, which transforms into α + β + ( 

RT-Cu2Se), at 395 K. 

 

Conclusion 

 

The complete picture of phase equilibria 

in the quasi-ternary system Cu2Se-Cu2SnSe3-

Cu3SbSe4 was obtained, including the solid-

phase equilibria of the system at 600 K, a series 

of polythermal section and the projection of 

liquidus surface, based on the experimental 

data. The liquidus surface consists of 3 areas 

related to the primary crystallization of (HT-

Cu2Se), α- and β- phase based on the Cu2SnSe3 

and Cu3SbSe4. The studied qausi-ternary system 

is characterized by the formation of limited 

regions of solid solution based on the initial 

compounds. Homogeneity regions of α- and β-

solid solutions which were formed on the 

boundary section (Cu2SnSe3-Cu3SbSe4) 

penetrate into the 3-8 mol% concentration 

triangle and forming single-phase bands. 
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