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Abstract
Objectives: Copper-tin and copper-antimony chalcogenides are highly desirable for the creation of novel, affordable, and 
ecologically friendly thermoelectric materials. Due to the potential for improving their thermoelectric performance through 
different cationic and anionic substitutions, these compounds have recently attracted increased attention. The aim of the 
work was to establish the nature of the physicochemical interaction in the Cu2SnSe3-Cu3SbSe4-Se compositions region of 
the Cu-Sn-Sb-Se quaternary system by experimentally studying phase equilibria. 
Experimental: Elemental components of high purity (≥ 99.999 %) from EVOCHEM Advanced Materials GmbH (Germany) 
were used for the synthesis of the ternary compounds. The synthesis was carried out in evacuated (~10-2 Pa) quartz ampoules 
at temperatures 50 °C above the melting points of the ternary compounds. Phase equilibria in the Cu2SnSe3*Cu3SbSe4-Se 
system were experimentally studied using differential thermal analysis (NETZSCH 404 F1 Pegasus system) and X-ray 
diffraction (diffractometer Bruker D2 PHASER). This paper presents the T-x diagram of the Cu2SnSe3-Cu3SbSe4 boundary 
system, the isothermal section at 300 K, the liquidus surface projection, as well as three polythermal sections of the phase 
diagram. The primary crystallization fields of the phases and the types and coordinates of non- and monovariant equilibria 
are also determined. 
Conclusions: The Cu2SnSe3-Cu3SbSe4 system has been established to be a quasi-binary eutectic system. Eutectic equilibrium 
is established at 68 mol % Cu3SbSe4 and 727 K. The liquidus surface of the studied system consists of two wide regions of 
primary crystallization of the Cu2SnSe3 and Cu3SbSe4 phases and one degenerate region near the selenium corner of the 
concentration triangle. A wide immiscibility area of two liquid phases is observed in the system, which has the form of a 
continuous solid solutions between the corresponding regions of the Cu2SnSe3-Se and Cu3SbSe4-Se boundary systems.
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Introduction
During the global energy and climate crisis, 

the widespread use of thermoelectric (TE) 
materials in low-emission energy conversion 
technologies is a key priority in the scientific 
community [1–5]. Among these materials, 
multicomponent chalcogenides, especially those 
based on Cu, have attracted considerable attention 
as environmentally friendly materials [6–13]. 
Many of these compounds, due to their optical 
and electronic properties, can be used in various 
types of electrical devices such as electrochemical 
sensors, solid-state electrolytes, ion-selective 
electrodes, displays, etc. In particular, phases 
of variable composition formed in Cu-Sn-Sb-X 
systems and being synthetic analogs of the 
tetrahedrite mineral Cu12Sb4S13 exhibit high ZT 
values and can be considered good candidates as 
thermoelectric materials [14–20]. It is well known 
that changing the composition and structure 
of materials is one of the effective methods for 
optimizing their functional properties. On the 
other hand, the availability of reliable data on 
phase equilibria and thermodynamic properties 
of the corresponding multicomponent systems 
is particularly important for the search and 
development of new materials and a better 
understanding of the relationship between 
composition, structure, and properties [21–30]. 
For this reason, it is advisable to conduct studies 
of the physicochemical interactions in the Cu–
Sn–Sb–Se system, identify the phases of variable 
composition formed in it, and establish a general 
picture of phase equilibria.

In our earlier reports, phase equilibria in 
the Cu-Sn-Sb-Se system were studied in the 
composition ranges of Cu2Se-Cu2SnSe3-Cu3SbSe4, 
Cu2Se-SnSe-Sb2Se3, and Cu2SnSe3-Sb2Se3-Se using 
differential thermal analysis (DTA) and X-ray 
diffraction (XRD) [31-34]. The fields of primary 
crystallization of phases and the boundaries of 
homogeneity regions were determined, and the 
characters and types of non- and monovariant 
equilibria of these systems were established. 
It was found that the quaternary compound 
CuSnSbSe3 is formed by a peritectic reaction in 
the Cu2Se-SnSe-Sb2Se3 system and exists in a very 
narrow temperature range (~ 650–723 K) [33].

In this paper, we present the results of a study 
of phase equilibria in the Cu2SnSe3-Cu3SbSe4-Se 

system over the entire concentration range. This 
region plays an important role in determining the 
complete picture of phase equilibria in the Cu2Se-
SnSe2-Sb2Se3-Se system. The ternary compound 
Cu2SnSe3 melts with an open maximum at 968 K 
and undergoes a polymorphic transition at 948 K 
[35, 36]. The high-temperature cubic phase of this 
compound has a lattice parameter a = 5.6877 Å 
[35, 37]. Below the polymorphic transition point, 
the monoclinic phase (Sp. Gr.Cc) crystallizes with 
the following unit cell parameters: a = 6.9670±3 Å, 
b = 12.0493 ± 7 Å, c = 6.9453 ± 3 Å, β = 109.19(1)°; 
z = 4 [38, 39]. The compound Cu3SbSe4 melts 
congruently at 755 K and has a tetragonal crystal 
structure (Sp. Gr. I42m) with the lattice parameters: 
a = b = 5.6609 (8) Å; c = 11.280 (5) Å [40].

Both boundary side Cu2SnSe3-Se and 
Cu3SbSe4-Se of the studied Cu2SnSe3-Cu3SbSe4-
Se quasi-ternary system are quasi-binary. The 
Cu2SnSe3-Se system is characterized by presence 
of the monotectic and eutectic equilibria [36]. 
At the monotectic temperature (910 K), the 
region of immiscibility of the two liquid phases 
covers the composition range of 37–95 at. % 
elemental Se (these numbers refer to the scale of 
1/6Cu2SnSe3-Se, i.e., 1 g-atomic amounts of the 
compound and elemental selenium). The eutectic 
point is degenerate near the selenium corner 
of the concentration triangle. The character 
of the phase equilibria of the 1/8Cu3SbSe4-Se 
system is qualitatively identical to the previous 
1/6Cu2SnSe3-Se system. At the monotectic 
temperature, the immiscibility region extends 
over a wide composition range of ~ 10–97 at. % Se, 
and the eutectic is also degenerate near Se [36]. In 
[41], the formation of solid solutions with Sn-Sb 
substitution in the Cu2SnSe3-Cu3SbSe4 system at 
673 K was established, and their thermoelectric 
properties were studied. However, there is no 
information in the literature on the phase 
diagram of this system. 

2. Experimental
2.1. Synthesis

High-purity (≥ 99.999 %) primary components 
from EVOCHEM Advanced Materials GmbH 
(Germany) were used for the synthesis. Ternary 
compounds of the studied system were obtained 
by melting simple substances in stoichiometric 
ratios corresponding to the Cu2SnSe3 and 
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Cu3SbSe4 formulas. The synthesis was carried 
out in evacuated (~10–2 Pa) quartz ampoules at 
temperatures 50 °C above the melting points of 
the ternary compounds [36]. After synthesis, the 
furnace was shut off and the ampoules were slowly 
cooled to room temperature and then annealed 
at 700 K for 50 hours to obtain a homogeneous 
stoichiometric composition.

The individuality of the synthesized ternary 
compounds was controlled using differential 
thermal analysis (DTA) and powder X-ray 
diffraction (XRD). The determined melting 
point and crystal lattice parameters for the two 
synthesized compounds were similar to the 
literature data given above within the margin of 
error (± 3 K and ± 0.0003 Å) [35–40].

To conduct the experiments, 32 samples 
were prepared along the 1/6Cu2SnSe3-[B], 
[A]‑1/8  Cu3SbSe4, and [C]-Se cross-sections, as 
well as some additional alloys outside these 
cross-sections, by melting the initial compounds 
in a vacuum. According to the DTA of cast non-
homogenized samples, their crystallization from 
melts is complete at 500 K. Therefore, to achieve 
a state as close to equilibrium as possible, the 
obtained cast alloys were annealed at 450 K for 
400 h.

2.2. Research methods
DTA and XRD were used for the studies. 

Equilibrium samples were heated in evacuated 

quartz ampoules using a NETZSCH 404 F1 
Pegasus system differential scanning calorimeter 
at a heating rate of 10 °C/min. The results were 
processed using NETZSCH Proteus software. The 
temperature measurement accuracy was ± 2 K.

X-ray diffraction patterns of the annealed 
homogenized alloys were obtained at room 
temperature using a Bruker D2 PHASER 
diffractometer with CuKα1 radiation. Topaz 
V3.0 software, provided by Bruker, was used to 
index the powder diffraction patterns of the 
studied alloys.

3. Results and discussion
A combination of the DTA and XRD data for 

three internal sections of the studied system, 
along with literature data on phase equilibria in 
boundary quasi-binary systems [34, 39], allowed 
us to determine the phase equilibria in the 
Cu2SnSe3-Cu3SbSe4-Se system. The phase diagram 
of the Cu2SnSe3-Cu3SbSe4 boundary system, the 
solid-phase equilibria diagram of the system at 
300 K, the liquidus surface projection, and three 
polythermal sections of the phase diagram are 
presented below.

3.1. The Cu2SnSe3-Cu3SbSe4 quasi-binary 
section 

Powder diffraction patterns of selected 
intermediate alloys of the studied Cu2SnSe3-
Cu3SbSe4 system are shown in Fig. 1. As can 

Fig. 1. Powder XRD patterns of alloys of the Cu2SnSe3-Cu3SbSe4 system 
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be seen, the diffraction patterns of alloys with 
compositions of 20 and 80 mol % Cu3SbSe4 are 
qualitatively identical to the diffraction patterns 
of the initial Cu2SnSe3 and Cu3SbSe4 compounds, 
respectively. This indicates the existence of wide 
solubility regions based on these compounds. 
Alloys with compositions of 40 and 60 mol % 
Cu3SbSe4 consist of a two-phase mixture of 
Cu2SnSe3+Cu3SbSe4 compounds.

Based on DTA and XRD data, a phase diagram 
of the Cu2SnSe3-Cu3SbSe4 system was constructed 
(Fig. 2). It was established that this system is 
quasi-binary, forms a eutectic-type T-x diagram, 
and is characterized by the formation of wide 
solid solutions (α- and β-phases) based on 
both initial components. The liquidus of the 
system consists of the primary crystallization 
curves of the α- and β solid solutions. At room 
temperature, the solubility of Cu2SnSe3 and 
Cu3SbSe4 reaches ~30 and ~25 mol %, respectively. 
The eutectic equilibrium point corresponds to 
68 mol % Cu3SbSe4 and 727 K. Below the solidus, 
co-crystallization of the α- and β-phases occurs.

3.2. Isothermal Section at 300 K
According to the solid-phase equilibria 

diagram (Fig. 3), the Cu2SnSe3-Cu3SbSe4-Se 
system consists of two two-phase regions (α + Se 
and β + Se) and a three-phase region (α + β + Se) 
separating them.

XRD data of alloys from various regions 
confirmed their phase composition. As can be seen 
from Fig. 4, the powder diffractograms of alloys 

No. 1 and No. 2, shown in Fig. 3, are the sum of 
the diffraction patterns of the Cu2SnSe3 + Se and 
Cu3SbSe4+Se phases, respectively, while the XRD 
pattern of sample No. 3 contains a set of diffraction 
lines corresponding to a mixture of α + β + Se.

3.3. Liquidus surface projection (Fig. 5)
The liquidus surface of the studied quasi-

ternary system consists of two wide fields of 
primary crystallization of the α- and β-phases. 
The immiscibility region that forms on the 
boundary Cu2SnSe3-Se and Cu3SbSe4-Se systems 
penetrates the concentration triangle and 
forms a wide region of immiscibility of the 
two liquid phases (L1 +L2). The eutectic curve 
emanating from e1, corresponding to the eutectic 
equilibrium of the boundary Cu2SnSe3-Cu3SbSe4 
system, intersects this immiscibility region. As 
a result, the monovariant eutectic equilibrium 
Le1 ↔ α+β is transformed into the nonvariant 
monotectic equilibrium L1↔ L2+ α + β (T = 710 K). 
The compositions of the liquid phases in this 
equilibrium correspond to points M1 and M2. 
Another nonvariant equilibrium in the system 
degenerates near the corner of the elementary 
Se of the concentration triangle. This part of the 
phase diagram is shown in Fig. 5 at an enlarged 
scale. At point E, which corresponds to the 
composition of the ternary eutectic mixture, a 

Fig. 2. Phase diagram of the Cu2SnSe3-Cu3SbSe4 system Fig. 3. Solid-phase equilibria diagram of the Cu2SnSe3-
Cu3SbSe4-Se system at 300 K. The composition of the 
mentioned phases is shown in Fig. 4
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Fig. 4. X-ray powder diffraction patterns of the alloys #1 (50 % Cu2SnSe3-50 % Se), #2 (45 % Cu3SnSe4-55 % Se), 
and #3 (40 % Cu2SnSe3-30 % Cu3SnSe4-30 % Se) in Fig. 3
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four-phase eutectic equilibrium L ↔ α + β + Se 
occurs at 490 K. The conjugate curves (e2E and 
e3E) at the eutectic point (E) degenerate into the 
following equilibria:

Le2E ↔ α + Se

Le3E ↔ β + Se

The immiscibility regions are bounded by the 
conjugate curves m1M; m1'M' и m2M; m2'M', which 
reflect the monovariant monotectic equilibria 
L1 ↔ L2 + α and L1 ↔ L2 + β, respectively. The 
curves e1M and M'E reflect monovariant eutectic 
equilibria L1 ↔ α + β and L2 ↔ α + β (Fig. 5).

3.4. Polythermal Sections
Polythermal sections of the T-x-y phase 

diagram are important  for  visual izing 
crystallization processes in the system.

Section 1/6Cu2SnSe3-[B] (Fig. 6). ([B] is an alloy 
of the 1/8Cu3SbSe4-Se side system, corresponding 
to a 1:1 composition). This region passes through 
the immiscibility region and the liquidus surface of 
the α- and β-phases. From left to right, the α-phase 
crystallizes from the liquid in the range < 55 mol 
% [B]: L ↔ α. In the 55-85 mol % [B] composition 
range, the α-phase initially crystallizes from 
the immiscibility region via the monovariant 
monotectic reaction L1 ↔ L + α; and the β-phase 
crystallizes in the concentration range > 85 mol % 

[B]. After the primary crystallization of the α-phase 
based on Cu2SnSe3 in the range of ~2–55 mol % [B], 
crystallization continues via a monotectic reaction. 
As a result of these processes, the region L2+ α (L2 
is a liquid based on elemental Se) is formed in Fig. 
6. The horizontal line (M) at 710 K in the phase 
diagram reflects the monovariant equilibrium L1 ↔ 
L2 + α + β. This reaction ends with the formation of 
a three-phase region L2+ α + β.

Fig. 5. Liquidus surface of the Cu2SnSe3-Cu3SbSe4-Se 
system. Primary crystallization fields: 1 – α (solid 
solution based on Cu2SnSe3); 2 – β (solid solution based 
on Cu3SbSe4); 3 – Se. Red lines are the studied poly-
thermal sections

Fig. 7. Polythermal section [A]-1/8Cu3SbSe4 system. 
[A] is an alloy of the 1/6Cu2SnSe3-Se boundary system 
with the composition ratio 1:1

Fig. 6. Polythermal section 1/6Cu2SnSe3-[B] system. 
[B] is alloy of the 1/8 Cu3SbSe4-Se boundary system 
with the composition ratio 1:1
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Crystallization is completed by degenerate 
non- and monovariant eutectic reactions (E, 
e2E, e3E, and M′E) at ~ 490 K, and heterogeneous 
regions of α + Se, β + Se, and α + β + Se are formed 
in the subsolidus.

Section [A]-1/8 Cu3SbSe4 (Fig. 7). ([A] is an 
alloy of the 1/6Cu2SnSe3-Se boundary system, 
corresponding to a 1:1 composition). The 
crystallization process in this section is somewhat 
different. Here, the α-phase crystallizes from 
immiscible liquid phases in the 0–58 mol % 
1/8  Cu3SbSe4 compositions range. In the ~58–
70 mol % 1/8 Cu3SbSe4 compositions range, 
the β-phase initially crystallizes from the L1+L2 
region, whereas at compositions > 70 mol % 
1/8 Cu3SbSe4, it crystallizes from the liquid phase 
L1. In the composition range of 10-63 mol % 
1/8 Cu3SbSe4, the system undergoes a nonvariant 
monotectic equilibrium M, and in the Cu3SbSe4-
rich region (63–100 mol %), the reaction 
L1 ↔ L2+ β occurs, leading to the formation of the 
region L2+ β (Fig. 7).

Thus, the regions L2+ α, L + α + β, and L2 + β 
exist along this section before the crystallization 
of elemental selenium. As in the previously 
considered polythermal section, complete 
crystallization in this section occurs through 
eutectic reactions, and two-phase mixtures of 
α + Se, β + Se, and α + β + Se are formed in the 
solid state.

Section [C]-Se (Fig. 8). (here [C] is an 
alloy of the boundary system 1/6Cu2SnSe3-

1/8Cu3SbSe4 with a composition of 1:1). This 
section completely intersects the region of 
primary crystallization of the α-phase. In the 
concentration range of ~ 0–23 at. % elemental Se, 
the α-phase primarily crystallizes from liquid L1, 
and in the range of > 95 at. % Se (el.), from liquid 
L2. In intermediate compositions, the primary 
crystallization of the α-phase proceeds according 
to the monovariant eutectic reaction L1 ↔ L2 + α 
in the L1 + L2 immiscibility region. It should be 
noted that the initial temperature of this process 
is constant (790 K), indicating that the direction 
of the L1-L2 tie line in the immiscibility region 
coincides with the plane of this region. Below 
the liquidus, in the concentration range of 
0–10 at. % Se (el.), crystallization continues via 
the monovariant eutectic reaction L1 ↔  α  +  β, 
and at 710 K, the system undergoes a four-phase 
transition reaction: L1+ α ↔ L2+ β. Crystallization 
is completed via the invariant eutectic process 
L ↔ α + β + Se.

These research results provide the scientific 
basis for the synthesis and growth of single 
crystals of selenium-enriched solid solutions 
based on Cu2SnSe3 and Cu3SbSe4 compounds.

4. Conclusion
Thus, this study presents a complete picture 

of phase equilibria in the Cu2SnSe3-Cu3SbSe4-Se 
system based on experimental results obtained 
by differential thermal analysis and X-ray 
diffraction. It was established that it is a quasi-
ternary plane corresponding to the quaternary 
system. A projection of the liquidus surface 
and a solid-phase equilibria diagram at 300 
K are presented, and a series of polythermal 
sections is constructed. It is established that 
the liquidus surface of the phase diagram of the 
studied quasi-ternary system consists of three 
primary crystallization fields. The crystallization 
fields of the α- and β-solid solutions based on 
Cu2SnSe3 and Cu3SbSe4 are the most extensive. 
The region of elemental selenium is degenerate 
in the corresponding corner of the concentration 
triangle. A wide region of immiscibility of the 
two liquid phases is observed in the system, 
which appears as a continuous band between the 
corresponding regions of the Cu2SnSe3-Se and 
Cu3SbSe4-Se boundary systems.

Fig. 8. Polythermal section [C]-Se system. [C] is an 
alloy of the 1/6Cu2SnSe3-1/8Cu3SbSe4 boundary system 
with the composition ratio 1:1
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