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Abstract—The Cu2Se–Cu3AsSe4–Se system has been studied using differential thermal analysis, X-ray dif-
fraction, and emf measurements on concentration cells using Cu4RbCl3I2 as a solid electrolyte. We have con-
structed a number of vertical sections through the phase diagram, the room-temperature solid-state phase
compatibility diagram, and a projection of the liquidus surface. The primary crystallization fields of the
phases present and the types and coordinates of in- and univariant equilibria in the system have been identi-
fied. The system has been shown to contain a broad liquid–liquid immiscibility region. Using emf data, we
evaluated the standard thermodynamic functions of formation and standard entropy of the Cu3AsSe4 com-
pound.
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INTRODUCTION
Ternary copper chalcogenides are promising func-

tional materials for advanced engineering applica-
tions. Many of them possess attractive thermoelectric,
photoelectric, optical, and other properties [1–6] and
some of them are superionic conductors with high
Cu+ ion conductivity and are thought to have consid-
erable potential for use as ion-selective electrodes,
solid electrolytes, etc. [7, 8].

The Cu–As–Se system has attracted increased
interest because both crystalline and glassy phases in
this system possess functional properties of practical
importance [9, 10].

Data on the phase equilibria in the Cu–As–Se sys-
tem and the properties of its ternary phases reported
before the early 1990s were summarized in a number
of publications [2, 3, 11]. In a somewhat later report,
Cohen et al. [12] presented new data on phase equilib-
ria in this system, which differed from what had been
reported previously. In particular, from the ternary
compounds Cu3AsSe4, CuAsSe2, Cu3AsSe3, and
Cu6As4Se9 described in the literature, only the first
two were represented in the phase diagram mapped
out by Cohen et al. [12]. Unfortunately, Cohen et al.
[12] presented no references to previous research and,
accordingly, no comparative analysis of their results
and previously reported data. Comparison of available

data suggests that, even though a number of vertical
sections in the Cu–As–Se system have been studied,
there is still no reliable picture of phase equilibria in
the Cu–As–Se system.

Given the above, we undertook a new, detailed
study of phase equilibria in the Cu–As–Se system. In
this paper, we present our results on phase equilibria in
the Cu2Se–Cu3AsSe4–Se subsystem and the thermo-
dynamic properties of the Cu3AsSe4 compound.

The phase diagrams of the constituent binary sys-
tem Cu–Se in modern handbooks [1, 13, 14] are
almost identical. According to available data, this sys-
tem contains the following compounds: Cu2Se,
Cu3Se2, CuSe, and CuSe2. The first compound melts
congruently at 1403 K. The second compound exists
below 385 K. At this temperature, it decomposes by a
solid-state reaction. The other two compounds
decompose peritectically at 650 and 605 K, respec-
tively. The Cu2Se compound undergoes a polymor-
phic transformation at 396 K (at 435 K according to
Abrikosov [1]), and CuSe undergoes polymorphic
transformations at 393 and 324 K. The homogeneity
range of Cu2Se is located at selenium-enriched com-
positions and has the largest extent at 800 K: from 33.3
to 36.6 at % Se [13].
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The liquidus of the Cu2Se–Se subsystem consists
of only the primary crystallization curve of the high-
temperature phase of Cu2Se. The liquidus curves of
CuSe, CuSe2, and elemental selenium are degenerate.
The system contains a broad liquid–liquid immiscibil-
ity region, which extends from 52.5 to ~99 at % Se at
the monotectic equilibrium temperature (796 K).

Published data on the melting behavior and melt-
ing point of Cu3AsSe4 are contradictory. According to
Blachnik and Gather [15], this compound melts
incongruently at 733 K, whereas according to
Abrikosov [1] and Potorii [16] it melts congruently at
750 K and undergoes a polymorphic transformation at
715 K. Its low-temperature phase has a tetragonal
structure, and its high-temperature phase has a cubic
structure.

Crystallographic parameters of the copper sele-
nides and Cu3AsSe4 have been presented in a number
of reports [1–3, 11–14].

EXPERIMENTAL
To synthesize the Cu2Se, CuSe, CuSe2, and

Cu3AsSe4 compounds for assessing phase equilibria in
the Cu2Se–Cu3AsSe4–Se system, appropriate
amounts of high-purity elemental components were
melted together in silica ampules sealed off under a
vacuum of ~10–2 Pa.

Cu2Se was synthesized in an inclined two-zone fur-
nace. The temperature of the lower, “hot” zone was
1420 K, and that of the upper, “cold” zone was 900 K,
that is, slightly below the boiling point of selenium
(958 K [17]). To obtain homogeneous, stoichiometric
Cu2Se, we followed recommendations by Glazov et al.
[18]: after synthesis, the material was quenched from a
temperature of 1300 K in cold water.

Given that the CuSe and CuSe2 compounds melt
incongruently, after their components were melted
together at ~900 K the ampules were slowly cooled to
temperatures of 620 and 580 K, respectively, where the
samples were annealed for 500 h.

Cu3AsSe4 was synthesized at 900 K and then
annealed at 700 K for 50 h.

All of the synthesized compounds were identified
by differential thermal analysis (DTA) and X-ray dif-
fraction.

To prepare alloys of the Cu2Se–Cu3AsSe4–Se sys-
tem, the constituent binary compounds, Cu3AsSe4,
and elemental selenium were melted together in silica
ampules sealed off under vacuum. From the DTA data
for selected compositions of cast unhomogenized
alloys, we determined suitable annealing temperatures
(~30–50 K below the solidus), at which the alloys
were held for 600–800 h. Experimental data indicated
that, under such annealing conditions, the materials
close in composition to the CuSe and CuSe2 com-

pounds did not reach equilibrium. Because of this,
these materials were thoroughly ground into powder,
properly mixed, pressed into disks, and annealed for
an additional 300 h.

The alloys were characterized by DTA (Netzsch
404 F1 Pegasus system), X-ray diffraction (Bruker D8
Advance powder diffractometer), and emf measure-
ments using concentration cells of the type

(1)

EMF measurements with Cu4RbCl3I2 as a solid
electrolyte were successfully used earlier in thermody-
namic studies of some copper-containing ternary
chalcogenides [8, 19–24].

The compound Cu4RbCl3I2, used as a solid elec-
trolyte in cells of the type (1), was prepared by melting
stoichiometric ratios of reagent-grade anhydrous
CuCl, CuI, and RbCl at 900 K in a silica ampule
pumped down to ~10–2 Pa, followed by cooling to 450 K
and homogenization by annealing at this temperature
for 100 h [8]. The resultant cylindrical ingot ~8 mm in
diameter was sliced into disks 4–6 mm thick, which were
used as the solid electrolyte in cells of the type (1).

In the cells of the type (1), the right-hand elec-
trodes were made from equilibrium alloys of the sys-
tem under investigation and a few Cu3AsSe4 samples
containing small (1–3 at %) As and Se excesses. The
right-hand electrodes were produced by pressing pow-
dered annealed alloys into disks ~8–10 mm in diame-
ter and 4–6 mm in thickness. The procedures used to
set up electrochemical cells and measure their emf
were described in detail elsewhere [13, 14].

RESULTS AND DISCUSSION
A joint analysis of the present experimental data

and published reports on the constituent pseudobi-
nary system Cu2Se–Se [13, 14] allowed us to obtain a
self-consistent picture of phase equilibria in the
Cu2Se–Cu3AsSe4–Se subsystem. For convenience of
comparison with the total T–x–y phase diagram of the
Cu–As–Se system, the compositions in the subsystem
under consideration are represented in the form

Cu2Se– Cu3AsSe4–3Se, which is equivalent to

expressing compositions as an atomic percent.
Constituent pseudobinary systems. The Cu2Se–

Cu3AsSe4 system (Fig. 1a) has a eutectic T–x phase

diagram. The eutectic composition is 10 mol % Cu2Se,
with a melting point at 743 K. Cu3AsSe4 has the high-
est solubility in the high-temperature phase of Cu2Se
at the eutectic temperature: ~6 mol %. The 715- and
400-K horizontals correspond to the polymorphic
transformations of Cu3AsSe4 and Cu2Se, respectively.
The temperatures of these transitions coincide with
those for the stoichiometric compositions of both

−− −4 3 2( ) (sCu(s) Cu RbCl I (Cu As Se)(s) )(+). 
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compounds, suggesting that their mutual solubility
near their transition temperatures is insignificant.

The Cu3AsSe4–8Se system (Fig. 1b) is character-
ized by monotectic (m2 ) and eutectic (e3) equilibria.
At the monotectic temperature (713 K), the liquid–
liquid immiscibility region extends from ~8 to 70 mol %

2'm

Cu3AsSe4. The eutectic composition is ~3 mol %
Cu3AsSe4, with a melting point at 490 K. Any thermal
events due to the phase transition of Cu3AsSe4 (715 K)
were not detected experimentally because of the prox-
imity to the monotectic temperature, so in Fig. 1b the
phase transition is represented by a dashed line.

Fig. 1. Phase diagrams of the (a) Cu2Se–Cu3AsSe4 and (b) Cu3AsSe4–Se systems.
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Room-temperature phase relations. Figure 2 shows
the room-temperature phase compatibility diagram of
the Cu2Se–Cu3AsSe4–Se system. It is seen that all of
the copper selenides and the α-phase (based on the
high-temperature Cu2Se polymorph) have tie lines
with Cu3AsSe4 and divide the composition triangle
into five three-phase fields. The phase compositions
of the alloys were determined by X-ray diffraction and
confirmed by emf measurements with concentration
cells of the type (1). It was found that, at a given tem-
perature, the emf was constant within each three-
phase field and changed sharply in going from one
three-phase field to another (Fig. 2). The emf values
obtained are similar to those reported previously in the
literature [25], suggesting that, in the system under
consideration, Cu3AsSe4 solubility in the copper sele-
nides is insignificant.

Liquidus surface. The liquidus surface of the
Cu2Se–Cu3AsSe4–Se system (Fig. 3) comprises two
major fields, corresponding to the primary crystalliza-
tion of the (Cu2Se-based) α-phase and Cu3AsSe4. On
the liquidus surface of Cu3AsSe4, the primary crystal-
lization fields of particular polymorphs of this com-

pound are not separated. The primary crystallization
fields of the CuSe and CuSe2 compounds and elemen-
tal selenium are degenerate. This part of the T–x–y
phase diagram is presented in Fig. 3 on an expanded
scale (arbitrary scale).

A characteristic feature of the system under consid-
eration is the broad liquid–liquid immiscibility region
(L1 + L2), which has the form of a continuous strip
between the monotectic horizontals of the Cu2Se–Se
(m1 ) and Cu3AsSe4–Se (m2 ) constituent binary
systems. Crossing the immiscibility region, the eutec-
tic curve issuing from point e1 transforms into an
invariant monotectic equilibrium (MM ' horizontal).
At the selenium corner of the composition triangle, a
number of in- and univariant equilibria are degener-
ate. The types and temperatures of all the in- and uni-
variant equilibria in the system are summarized in
Tables 1 and 2.

Vertical sections. Below, we describe a number of
vertical sections through the T–x–y phase diagram,
which more clearly illustrate crystallization processes
and solid-state transformations in the system. Con-

1'm 2'm

Fig. 2. Room-temperature phase relations in the Cu2Se–Cu3AsSe4–Se system. The numbers in the three-phase fields specify the
emf (mV) of concentration cells of the type (1).
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sider them in the context of Figs. 2 and 3 and Tables 1
and 2.

4CuSe–Cu3AsSe4 section (Fig. 4a). The liquidus
consists of two curves, corresponding to the primary
crystallization of the α-phase and the high-tempera-
ture phase of Cu3AsSe4. Below the liquidus, crystalli-
zation follows first the univariant monotectic reac-
tions m1M and e1M and then the invariant monotectic
reaction M, and ends with the invariant transition
reaction U1 (Fig. 3; Tables 1, 2). The last reaction
yields a (CuSe)III + (Cu3AsSe4)I two-phase mixture.
The 393- and 325-K horizontals correspond to the
polymorphic transformations of CuSe, and the 715-K
horizontal, to the polymorphic transformation of
Cu3AsSe4.

CuSe2–Cu3AsSe4 section (Fig. 4b). The liquidus
consists of two curves, corresponding to the α-phase
and (Cu3AsSe4)I. A part of the former curve lies in the
liquid–liquid immiscibility region and reflects crystalli-
zation by the monotectic reaction L1 ↔ L2 + α (m1M).
The 695- and 645-K horizontals (U1) correspond to
the invariant monotectic (M) and transition (U1) equi-
libria. Crystallization ends with the invariant transi-

tion reaction U2 (605 K), so that the T–x phase dia-
gram has a CuSe2 + Cu3AsSe4 two-phase field
(Figs. 2, 3; Table 1).

Cu2Se–[A] section (Fig. 5). This section is of inter-
est because it crosses all of the phase fields below the
solidus (Fig. 2) and reflects essentially all of the in-
and univariant equilibria in the Cu2Se–Cu3AsSe4–Se
system. The α-phase has a broad primary crystalliza-
tion field, where it crystallizes from an L1 melt (~45–
100 mol % Cu2Se) or from two immiscible liquid
phases, L1 + L2 (~7–45 mol % Cu2Se). (Cu3AsSe4)I
has a narrow primary crystallization field (0–7 mol %
Cu2Se), where it crystallizes by the monotectic reac-
tion m2M. Crystallization continues by the invariant
monotectic (M) and transition (U1) reactions. In the
composition range ~60–95 mol % Cu2Se, crystalliza-
tion ends with reaction U1, leading to the formation of
an α + (CuSe)III + (Cu3AsSe4)I three-phase field. At
lower Cu2Se concentrations, crystallization ends with
a transition U2 (34–59 mol % Cu2Se) or eutectic E (0–
34 mol % Cu2Se) equilibrium process, which yields a
(CuSe)III + CuSe2 + (Cu3AsSe4)I or CuSe2 +
(Cu3AsSe4)I + Se three-phase mixture, respectively.

Fig. 3. Projection of the liquidus surface in the Cu2Se–Cu3AsSe4–Se system. Primary crystallization fields: (1) α, (2) Cu3AsSe4,
(3) (CuSe)III, (4) CuSe2, (5) Se. The dashed lines represent the vertical sections studied.

L1 + L2

m2m1

e1

3Se

M

20

40

60

80

CuSe2

CuSe

Cu2Se 80 60 40 20 Cu3AsSe4
mol %

 m
ol

 %

m'2
M'

1m'

A

1
2

800

1000

1200

3
8

Se

e2

p1

p2

1

3

4

5

2

e3
E
U2

U1

M '



INORGANIC MATERIALS  Vol. 54  No. 1  2018

PHASE EQUILIBRIA IN THE Cu2Se–Cu3AsSe4–Se SYSTEM 13

Table 1. Invariant equilibria in the Cu2Se–Cu3AsSe4–Se
system

Here and in Table 2, α refers to the solid solutions based on the
high-temperature phase of Cu2Se, the low-temperature phases
are labeled by the subscript I, and the high-temperature phases
are labeled by the subscripts II and III.

Point
in Fig. 3 Equilibrium Т, К

D1 L ↔ (Cu2Se)II 1403
D2 L ↔ (Cu3AsSe4)II 750

m1( ) L1 ↔ L2 + α 795

m2( ) L1 ↔ L2 + (Cu3AsSe4)I 713

M(M′) L1 ↔ L2 + α + (Cu3AsSe4)I 695
p1 L + α ↔ (CuSe)III 650
p2 L + (CuSe)III ↔ CuSe2 605
U1 L + α ↔ (CuSe) III + (Cu3AsSe4)I 645
U2 L + (CuSe)III ↔ CuSe2 + (Cu3AsSe4)I 600
e1 L ↔ α + (Cu3AsSe4)II 743
e2 L ↔ CuSe2+ Se 494
e3 L ↔ (Cu3AsSe4)I + Se 492
E L ↔ CuSe2 + (Cu3AsSe4)I + Se 490

1'm

2'm

Table 2. Univariant equilibria in the Cu2Se–Cu3AsSe4–Se system

Curve in Fig. 5 Equilibrium Т, К

e1M; M ′U1 L ↔ α + (Cu3AsSe4)1(II) 743–710; 710–645
p1U1 L + α ↔ (CuSe)III 650–645
p2U2 L + (CuSe)III ↔ CuSe2 605–600
U1U2 L ↔ (CuSe)III + (Cu3AsSe4)I 645–600
U2E L ↔ CuSe2 + (Cu3AsSe4)I 600–490
e2E L ↔ CuSe2 + Se 494–490
e3E L ↔ (Cu3AsSe4)I + Se 492–490

m1M( M ′) L1 ↔ L2 + α 795–695

m2M( M ′) L1 ↔ L2 + (Cu3AsSe4)I 713–695

1'm

2'm

The 393- and 325-K thermal events are the poly-
morphic transformations of CuSe, and the 385-K
thermal event is the solid-state reaction α + (CuSe)II =
Cu3Se2. This reaction leads to the formation of α +
Cu3Se2 + (Cu3AsSe4)I and Cu3Se2 + (CuSe)II +
(Cu3AsSe4)I three-phase fields (Fig. 2).

Thermodynamic properties of Cu3AsSe4. The emf
measurements on cells of the type (1) for the Cu3AsSe4
samples containing 1–3 at % excess As and Se were
used to evaluate the thermodynamic functions of the
low-temperature phase of Cu3AsSe4. To this end, the

emf data were analyzed using least squares fitting. We
obtained the linear equation

(2)

represented in the form recommended by Mor-
achevskii et al. [19].

Using Eq. (2) and well-known thermodynamic
relations [19], we evaluated relative partial thermody-
namic functions of the copper in Cu3AsSe4:

 = –39.90 ± 0.08 kJ/mol,

 = –38.86 ± 0.42 kJ/mol,

 = 3.47 ± 1.13 J/(K mol).
According to previous reports [1, 11, 12] and the

data in Fig. 1b, the Cu3AsSe4 compound is connected
by tie lines to As2Se3 and elemental selenium. There-
fore, the partial molar functions of copper are thermo-
dynamic characteristics of the following potential-
forming reaction (all of the substances are in a crystal-
line state):

Cu + 0.167As2Se3 +0.833Se = 0.333Cu3AsSe4. (3)
The standard thermodynamic functions of forma-

tion of the Cu3AsSe4 compound and its standard
entropy were calculated using (3) and the following
relations (Z = G or H):

.

We obtained
ΔfG0(298 K) = –147.3 ± 0.5 kJ/mol,

ΔfH 0(298 K) = –146.3 ± 1.5 kJ/mol,

S0(298 K) = 307 ± 13 J/(K mol).
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In our calculations, in addition to the present exper-
imental data we used the previously reported standard
entropies of copper (33.09 ± 0.08 J/(K mol)) and sele-
nium (42.13 ± 2.09 J/(K mol)) [26, 27] and a mutually

consistent data set obtained for As2Se3 by emf measure-
ments [28]: (ΔfG 0 = –55.26 ± 0.58 kJ/mol, ΔfH 0 =
–59.4 ± 3.9 kJ/mol, and S0 = 184.4 ± 8.2 J/(K mol).
The previously reported data [28] agree well with cal-

Fig. 4. (a) CuSe–Cu3AsSe4 and (b) CuSe2–Cu3AsSe4 vertical sections through the phase diagram of the Cu2Se–Cu3AsSe4–Se system.
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orimetry results [29] (ΔfH 0 = –56.7 ± 6.0 kJ/mol) and
the standard entropy indicated in handbooks (194.6 ±
5.0 J/(K mol)).

CONCLUSIONS
The liquidus surface of the Cu2Se–Cu3AsSe4–Se

system comprises the primary crystallization fields of
the high-temperature phases of Cu2Se and Cu3AsSe4.
The primary crystallization fields of the other copper
selenides and selenium are degenerate. The system
contains a broad liquid–liquid immiscibility region,
which covers a significant part of the composition tri-
angle. Using emf data, we have calculated the standard
thermodynamic functions of formation and standard
entropy of the low-temperature phase of Cu3AsSe4.
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