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Abstract 
Complex copper-tin and copper-antimony chalcogenides are of great interest for the development of new environmentally 
friendly and inexpensive thermoelectric materials. Recently, these compounds have been drawing more interest due to the 
possibility of increasing their thermoelectric performance with various cationic and anionic substitutions. In this article, 
we continued the study of multi-component systems based on the copper chalcogenides and presented the results of the 
study of phase equilibria in the Cu2SnSe3–Sb2Se3–Se system. The study was conducted using differential thermal analysis 
and powder X-ray diffraction. 
Based on the experimental data, a projection of the liquidus surface and three polythermal cross sections of the phase 
diagram were plotted. We determined the regions of primary crystallisation of the phases and the nature and temperatures 
of non-variant and monovariant equilibria.
It was established that the liquidus surface consisted of two primary crystallisation regions based on Cu2SnSe3 and Sb2Se3 
phases. The primary crystallisation region of elementary selenium was degenerate. A large immiscibility region of two 
liquid phases was found in the system.
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1. Introduction
Copper-tin and copper-antimony chalcogenides 

form good basic phases for the development of 
materials with different functional properties [1–
5]. Many of these phases are synthetic analogues 
of natural copper chalcogenide minerals, such 
as tetrahedrite, colusite, famatinite, etc., and 
they are of great interest for the development of 
new environmentally friendly and inexpensive 
thermoelectric materials. Studies showed that 
some of them demonstrated highly effective 
thermoelectric properties in the medium 
temperature range (600÷800 K), and their 
presence was primarily due to the specific 
features of the crystal structure [6-10]. Recently, 
these compounds have been garnering more 
interest due to the possibility of increasing their 
thermoelectric performance with various cationic 
and anionic substitutions [11–22]. Moreover, 
these substitutions can be both homovalent and 
heterovalent. For instance, in [16-22] it was shown 
that Sn-containing famatinites Cu3Sb1–xSnxS4 and 
tetrahedrites Cu12–xSnxSb4S13 could be obtained 
where heterovalent substitution of Sb5+ for 
Sn4+ resulted in the increased thermoelectric 
performance. 

It is known that we need reliable data on the 
phase equilibria of the corresponding systems in 
order to determine the conditions for the directed 
synthesis of compounds and nonstoichiometric 
phases based on them, as well as to grow single 
crystals [23, 24]. In some previous works [25-28], 
we conducted similar comprehensive studies 
of complex systems based on copper and silver 
chalcogenides, in which we found new phases of 
variable compositions. 

In [29, 30] we studied Cu3SbSe4–SnSe2(GeSe2) 
systems in order to discover new phases of 
variable compositions based on the selenide 
analogue of the famatinite mineral. It was found 
that the solubility based on Cu3SbSe4 was up 
to 20 mol %. In the regions with lower content 
of Cu3SbSe4 phase equilibria had a complex 
nature. According to [29], it was associated 
with the stability of the Cu2GeSe3–Sb2Se3–Se 
concentration triangle, which led to a formation 
of four-phase regions in the Cu2Se–GeSe2–Sb2Se3–
Se tetrahedron: Cu3SbSe4+Cu2GeSe3+Sb2Se3+Se и 
Cu2GeSe3+Sb2Se3+GeSe2+Se. A similar situation is 
observed in the Cu3SbSe4-SnSe2 system [30]. 
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The goal of the present work was to determine 
the nature of phase equilibria in the Cu2SnSe3-
Sb2Se3-Se concentration triangle, which play a 
decisive role in the formation of the complete 
picture of phase equilibria in the Cu2Se-SnSe2-
Sb2Se3-Se subsystem. In previous works [31-
35], other independent subsystems Cu2Se-SnSe-
Sb2Se3 and Cu2Se-SnSe2-Sb2Se3 of the Cu-Sn-Sb-
Se quaternary system were studied, and a number 
of polythermal and isothermal sections as well as 
a projection of the liquidus surface were plotted. 

1.1. Starting compounds  
The starting compound Sb2Se3 of the studied 

system melts congruently at 863 K and forms 
a degenerate eutectic with selenium at 493  K 
[36]. Antimony selenide Sb2Se3 crystallises 
in the orthorhombic lattice (space group 
Pnmа): a  =  11.7938(9) Å, b = 3.9858(6) Å, and 
c = 11.6478(7) Å, z = 4 [37].

Cu2SnSe3 compound melts congruently at 
968 К has a polymorphic transition at 948 К [38, 39]. 
The high-temperature modification crystallises in 
a cubic structure with the parameter of the lattice 
а = 5.6877 Å [38, 40], while the low-temperature 
modification crystallises in the monoclinic 
structure (space group Cc) with the parameters 
of the unit cell a = 6.9670±3 Å, b = 12.0493±7 Å, 
c = 6.9453±3 Å, b = 109.19(1)°; z = 4 [41, 42]. This 
compound forms a state diagram of the eutectic 
type with the Sb2Se3 compound with insignificant 
mutual solubility (not more than 2%) of the initial 
components. The coordinates of the eutectic 
point were 72 mol % Sb2Se3 and 769 К [31]. The 
Cu2SnSe3–6Se boundary system forms a T-x 
diagram with a degenerate eutectic equilibrium 
at 493 K and a wide region of immiscibility (37–
95 mol % Se) at 910 K [39].

2. Experimental 
2.1. Synthesis

Simple high-purity substances by Evochem 
Advanced Materials GMBH (Germany) were 
used for the experiments: copper granules (Cu-
00029; 99.9999%), antimony granules (Sb-00002; 
99.999%), tin granules (Sn-00005; 99.999%), and 
selenium granules (Se-00002; 99.999%). Starting 
compounds Cu2SnSe3 and Sb2Se3 were synthesised 
by melting simple substances in stoichiometric 
proportions in vacuumed to ~10–2  Pa and 
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sealed quartz ampoules at temperatures 50° 
higher than the melting temperatures of the 
synthesised compounds. The Cu2SnSe3 compound 
was synthesised in a two-zone sloping furnace. 
The temperature of the lower “hot” zone was 
1050 K, and the temperature of the upper “cold” 
zone was 900 K, which is slightly lower than the 
boiling point of selenium (958 K [43]). After the 
overall reaction of selenium, the ampoule with a 
sample was placed completely into the hot zone 
of the furnace and kept at this temperature for 
3–4 hours. After the synthesis, the ampoule with 
Cu2SnSe3 was cooled to room temperature in the 
switched-off furnace. 

The individuality of the synthesised 
compounds Cu2SnSe3 and Sb2Se3 was controlled 
using differential thermal analysis (DTA) and 
powder X-ray diffraction (XRD). The obtained 
melting point values and parameters of crystal 
lattices of all synthesised compounds within the 
measure of inaccuracy (±3 К and ±0.0003 Å) were 
similar to the above mentioned literature data.

Approximately 30 alloys were prepared in 
accordance with the studied sections together 
with additional alloys in order to conduct 
the experiments through melting the initial 
compounds in vacuum. The DTA data for cast 
non-homogenised alloys showed that their 
crystallisation from melts was completed at 
~490  К. Therefore, the cast alloys obtained by 

quick cooling of melts were first annealed at 650 K 
for 200 hours, and then at 450 К for 300 hours. 
This was done in order to achieve the state as 
similar to the equilibrium as possible.
2.2. Research methods 

DTA was conducted in the range of tempera-
tures from room temperature to 1100 К with a 
heating rate of 10 К·min–1 on a 404 F1 PEGASUS 
SYSTEM differential scanning calorimeter 
(NETZSCH). The measurement results were 
processed using the NETZSCH Proteus Software. 
The temperature measurement accuracy was 
within ±2 К.

X-ray phase analysis was performed at room 
temperature on a D8 ADVANCE diffractometer 
(BRUKER) with CuKa1 radiation. The XRD 
patterns were indexed using Topas V3.0 Software 
Bruker.

3. Results and discussion 
XRD of the selected alloys showed that 

they consisted of a three-phase mixture 
Cu2SnSe3+Sb2Se3+Se. A powder diffraction 
pattern of the alloy of the 1/6Cu2SnSe3-1/5Sb2Se3-
Se system with the 4:4:2 ratio of the initial 
components, respectively, is presented in Fig. 1 
as an example. It can be seen that the diffraction 
pattern of the alloy consists of a set of reflection 
lines of Cu2SnSe3, Sb2Se3, and grey crystalline 
selenium.

Fig. 1. Powder diffraction pattern of the alloy of the 1/6Cu2SnSe3–1/5Sb2Se3–Se system with the 4:4:2 ratio of 
the initial components, respectively
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3.1. Liquidus surface
The liquidus surface of the Cu2SnSe3-Sb2Se3-

Se system (Fig. 2) consists of two main and one 
degenerate sections. Region 1 corresponds to 
primary crystallisation of a1 and a2 phases based 
on two crystalline modifications of Cu2SnSe3, while 
region 2 corresponds to primary crystallisation 
of b-solid solutions based on Sb2Se3. The third 
region corresponds to elemental selenium and 
was degenerate in the corresponding angle of the 
concentration triangle.

A typical feature of the system is that 
the immiscibility region existing on the side 

quasi-binary section of Cu2SnSe3–Se (contour 
mm1 at 910 К) suddenly penetrates inside the 
triangle forming a wide region (mMKM1m1) of 
immiscibility of two liquid phases (L1+L2). As 
Fig. 2 shows, this region crosses the curve coming 
out from the eutectic point (е1) of the Cu2SnSe3–
Sb2Se3 system and takes a part of the liquidus 
surface of b-phase (МКМ1). In the ММl interval the 
eutectic curve crosses the immiscibility region, 
and the eutectic equilibrium L ↔ a+b turns into a 
non-variant monotectic equilibrium L ↔ L2+a+b.

All non-variant and monovariant phase 
equilibria observed in the system, including side 
systems, are presented in Table 1. Fig. 2 and 
Table 1 show that the conjugated curves mM 
и mM1 limiting the immiscibility region reflect 
the process of crystallisation of a-phase while 
the conjugated curves MK and KM1 reflect the 
monovariant crystallisation of b-phase upon 
monotectic reactions.

The process of crystallisation in the system 
completes with the formation of a triple eutectic 
mixture a2+b+Se (Е; 490 К). Eutectic points e2 
and e3 on boundary quasi-binary systems as 
well as point E and eutectic curves e2E и e3E 
are degenerate. This part of the phase diagram 
is presented in Fig. 2 as an enlarged view 
(representative scale).

3.2. Polythermal sections
We will consider three polythermal sections of 

the phase diagram perpendicular to side systems 
in the context of Fig. 2 and Table 1 to obtain a 
better visual description of the crystallisation 
processes in the system, especially those 

Fig.  2. Liquidus surface of the Cu2SnSe3–Sb2Se3–Se 
system. Primary crystallisation fields: 1 – a (solid 
solution based on Cu2SnSe3); 2 – b (solid solution based 
on Sb2Se3); 3 – Se. Red lines are the studied polyther-
mal sections

Table 1. Non-variant and monovariant phase equilibria in the Cu2SnSe3–Sb2Se3–Se system

Point or curve in 
fig. 2

Equilibrium
Composition, mol %

T, K0,2Sb2Se3 Se

m(m1)
e1
e2
e3

M(M1)
E

L1 ↔ L2+a
L ↔ a+b

L ↔ a+Se
L ↔ b+Se

L1 ↔ L2+a+b
L ↔ a+b+Se

-
68
-

<1
35(13)

<1

36(95)
-

>99
>99

45(82)
>98

910
769
493
491
730
490

e1M
M1E
e2E
e3E

mM(m1M1)
KM(KM1)

L1 ↔ a+b
L2 ↔ a+b
L ↔ a+Se
L ↔ a+Se
L1 ↔ L2+a
L1 ↔ L2+b

769-730
730-490
493-490
491-490
910-730
750-730
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below the liquidus surface and the region of 
immiscibility.

Section [A]–0,2 Sb2Se3 (where [A] is an alloy 
of the Cu2SnSe3-6Se side system corresponding 
to the composition 1:1). This section crosses the 
region of immiscibility and the liquidus surface 
of a and b phases (Fig. 3). The two-phase region 
L1 + L2 is limited by the region of L-liquid solution 
with a dotted line. The curves below the regions 
L1+L2, L+a and L+b reflect the monovariant mM 
(m1M1) monotectic (0–28 mol % 0.2Sb2Se3) and 
eutectic e1M (28–99 mol % 0.2Sb2Se3) equilibria. 
As a result of these processes, three-phase regions 
L1+L2+a и L1+a+b are formed in Fig. 3.

At 730 K, the non-variant monotectic equilib-
rium M is implemented in the system, and this 
reaction is completed with the formation of a 
three-phase region L2+a+b. Finally, the horizontal 
line corresponding to 490 K represents the 
crystallisation of the ternary eutectic (E).

Section 1/6Cu2SnSe3–[B] (Fig. 4) (where 
[B] is an alloy of the 1/5Sb2Se3-Se side system 
corresponding to the composition 1:1). This 
section does not pass through the immiscibility 
region. The liquidus consists of 3 curves of 
primary crystallisation of two modifications of 
Cu2SnSe3 (a1 and a2 phases) and b-phase based 
on Sb2Se3. The formation of solid solutions based 
on two modifications Cu2SnSe3 is accompanied 
by the lowered temperature of the polymorphic 
transition of this compound and establishment 
of a monovariant metatectic reaction a1 ↔ L+a2. 

The corresponding three-phase region is located 
in a very narrow range of temperatures and is 
separated by a dotted line. This part of the phase 
diagram is presented in Fig. 2 as an enlarged 
view (representative scale). The comparison of 
this diagram with Fig. 3 shows that the curves 
below liquidus also reflect monotectic equilibria. 
In the range of compositions 0–30; 30–80 and 
80–95 mol % [B] monovariant reactions process 
according to mM, e1M, and KM, which leads to 
the formation of regions (L1+L2+a), (L1+a+b), 
and (L1+L2+b) in Fig. 4. With lower temperatures, 
crystallisation continues in accordance with non-
variant monotectic reaction М (730 К) and ends 
with a non-variant eutectic process Е (490 К).

Section [C]–Se (Fig. 5) (where [C] is an 
alloy of the 1/6Cu2SnSe3–1/5Sb2Se3 side system 
corresponding to the composition 1:1). This 
section is almost completely located in the 
region of primary crystallisation of the a-phase, 
and in the concentration range of 40–90 at. % Se 
(el.) it passes through the region of immiscibility 
of two liquids. In the range of compositions of 
0-40 at. % Se (el.) a-phase crystallises from the 
liquid phase L1 based on selenides, while in the 
range of >90 at. % Se (el.) crystallises from the 
liquid phase L2 based on selenium. Monovariant 
and non-variant processes occurring below 
liquidus can be easily determined in the context 
of Fig. 2. 

Fig.  3. Phase diagram of the [A]-0.2Sb2Se3 system. 
[A] – alloy of the Cu2SnSe3–6Se system with the com-
position 1:1 Fig. 4. Phase diagram of the [B]–1.6Cu2 SnSe 3 system. 

[В] – alloy of the 1/5Sb2Se3–Se side system with the 
composition 1:1
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4. Conclusions 
Thus we obtained the complete picture 

of phase equilibria in the Cu2SnSe3-Sb2Se3-Se 
system. It was established that it is a quasi-
ternary plane corresponding to the quaternary 
system. The liquidus surface consisted of 
three primary crystallisation fields a and b of 
solid solutions based on Cu2SnSe3 и Sb2Se3, 
respectively, as well as of elemental selenium. The 
region of crystallisation of elemental selenium 
was degenerate in the corresponding angle of 
the concentration triangle. A formation of a wide 
region of immiscibility permeating from the 
Cu2SnSe3–Se side system inside the Cu2SnSe3–
Sb2Se3-Se concentration triangle was a typical 
feature of the studied system.
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