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Abstract

Complex copper-based chalcogenides are among the most important functional materials in modern engineering and
technology due to their diverse physical and physicochemical properties, environmental safety and availability. The
development of new similar materials and the improvement of the applied characteristics of known compounds is largely
associated with the use of approaches based on the physicochemical analysis and, in particular, the “composition-structure-
property” relationship.

This review summarizes the available data on phase equilibria in ternary systems Cu-TI1(B", BY)-X (B'V-Si, Ge, Sn; BV-As,
Sb, Bi; X-S, Se, Te) and the thermodynamic properties of their intermediate phases. Similar data are also considered for
more complex systems forming solid solutions of various types of substitution based on known ternary copper chalcogenides.
A significant part of the presented sets of mutually consistent data on phase equilibria and thermodynamic properties of
the considered systems was obtained by our group over the past 10-15 years. Although these data cover only a small part
of the systems described above, they provide great possibilities for manipulation of composition and structure, including
entropic engineering strategies. The authors consider it extremely important to further develop fundamental research on
phase equilibria and thermodynamic properties of complex copper chalcogenides and use their results widely in selecting
alloy compositions for physical measurements.
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1. Introduction

Metal chalcogenides are currently used or
considered promising for use in various areas
of modern high technologies as semiconductor,
thermoelectric, photoelectric, optical, magnetic
and other materials due to their diverse physical
and physicochemical properties [1-9]. The
discovery of a new quantum state of matter, a
topological insulator, at the beginning of our
century [10], provided new impetus to research
of physics, chemistry and materials science
of chalcogenides. It turned out that many-
layered chalcogenides have the properties of a
topological insulator [11-17], and some of them
combine the properties of a topological insulator
and a magnet [18-21] and are extremely
promising for a variety of applications, including
spintronics, quantum memory and information
processing devices, security systems, and
medicine [13, 14].

Inrecent decades, copper-based chalcogenides
have also attracted attention from researchers as
environmentally friendly, safe, and affordable
functional materials [5-9, 22-30]. Many of
these compounds, along with unique electronic
properties, have high ionic conductivity and
can be used as solid-state electrodes, selective
membranes, sensors, etc. Synthetic analogues of
natural copper chalcogenide minerals should be
especially noted among the intensively studied
similar materials [31-37]. These compounds are
very attractive as mixed ion-electron conductors,
thermoelectrics, photovoltaics, photocatalysts,
and optical materials.

In addition, according to several recent studies,
some copper-based chalcogenides are promising
for use in medicine [22, 38—40]. It should also be
noted that many copper chalcogenides exist in
nature as minerals and are of great interest to
the geochemistry of the Earth [41, 42].

Analysis of data from many studies [22,
34-37] on complex copper chalcogenides
demonstrated that their functional properties
can be significantly improved by manipulating
the structure and composition, including the
concept of entropy engineering. The latter implies
thermodynamic stabilization of phases with
favorable applied characteristics by increasing
the complexity of the composition and structural
disorder [35].
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The solution to the mostimportant problems of
materials science, especially in the so-called alloy
systems, which include chalcogenides, is mainly
associated with the use of physicochemical analysis
[43,44]. At the initial stage of development of new
materials, the application of this method involves
obtaining reliable data on phase equilibria in the
corresponding systems, which allows not only the
identification of new compounds or phases of
variable composition but also the establishment
of their nature of formation, thermal stability,
primary crystallization and homogeneity regions,
the presence of phase transitions, etc. [14, 37,45-
47]. The combination of these data forms the basis
for the development of methods for the synthesis
and growth of crystals with specified composition
and properties.

The use of physicochemical analysis is also
very effective for the design of known materials
and the optimization of their properties. It is based
on the well-known relationship “composition-
structure-property”. For the optimization of
the functional indicators of certain compounds
of stoichiometric composition, it is important
to establish the nature of the physicochemical
interaction in complex systems that include such
compounds - structural or formula analogues,
since the formation of various types of solid
solutions (cationic, anionic and both types
simultaneously) of substitution can be expected
[14, 37, 48]. This allows the control of properties
by varying structure and composition.

Optimization of the indicated technological
parameters and many other processes requires
their deeper thermodynamic analysis and the
implementation of appropriate thermodynamic
calculations. The efficiency of such calculations
is directly related to the reliability and accuracy
of data on the thermodynamic properties of
substances involved in the considered processes
[47, 49].

Hence, the wide application of physicochemical
analysis for solving problems of materials science
of chalcogenides, in particular, conducting
comprehensive studies of phase equilibria and
thermodynamic properties of the corresponding
systems is important. Some aspects of such
complex studies were considered by us in several
studies [47, 50, 51]. Due to the widespread
application of this approach in the study of
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complex copper-based chalcogenide systems
discussed in this review, we will only note that
the basis of the approach is the use of the EMF
method in a complex of experimental methods for
studying phase equilibria. The EMF method, being
one of the most accurate equilibrium methods
of chemical thermodynamics, allows combining
studies of phase equilibria and thermodynamic
properties. We have used this approach since
the beginning of the 1980s for the investigation
of ternary thallium-containing chalcogenide
systems [51-55], and in subsequent years also
for other systems [50, 56-59].

The purpose of this review was to demonstrate
the importance of the physicochemical analysis
method and, in particular, the development of
studies on phase equilibria and thermodynamic
properties of multicomponent copper-based
chalcogenide systems for the elaboration of
scientific foundations for obtaining new complex
phases with controlled composition, structure
and properties.

The three sections of the review present the
results of a study of phase equilibria in ternary
and quaternary systems composed of copper
chalcogenides and p!-p®-elements. At the
beginning of each section, a general description
is provided, crystallographic data of the most
characteristic compounds of the corresponding
class are shown, and a brief overview of their
functional properties is presented. After, data
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on phase equilibria in the considered ternary
and quaternary systems and fundamental
thermodynamic characteristics of intermediate
phases are presented and discussed.

2. Copper-thallium chalcogenides
and phases based on them

The most characteristic copper chalcogenides
with p!'-elements are compounds of the
chalcopyrite type with the general formula
CuB™X, (B"-Al, Ga, In, TI; X-S, Se, Te) [1, 22].
At the same time, thallium and copper form a
series of chalcogenides (see subsection 2.1), in
which thallium is present in a more characteristic
oxidation state (1+): CuTIX, Cu,TIX,, Cu,TIX, and
others. The CuTIS, and CuTIS crystal structures
are shown in Fig. 2.1 and crystallographic data
of copper-thallium chalcogenides are presented
in Table 2.1.

The crystal structure of the CuTIS was
established in [60] by powder and single-crystal
X-ray diffraction methods. It has been shown
that it crystallizes in the tetragonal syngony in
the PbFCI structural type. The layers of Cu,S,,
formed by CuS, tetrahedra with common edges,
placed between double foils of Tl atoms. The Cu
atoms are located inside the layers at the centers
of tetrahedra, and Tl atoms are located in square
two-dimensional networks and determine the a
parameter. Each Tl atom is located in a pyramid
cup and is bonded to four sulfur atoms at the base.

Fig. 2.1. Crystal structures of CuTIS, and CuTIS
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Table 2.1. Crystallographic parameters of the copper-thallium chalcogenides

Compound Crystal system, sp. gr. and lattice parameters, nm Ref.
CuTIS, Tetragonal, 142d, a = 0.5576, c = 1.1256 [94]
CuTIS Tetragonal, P4/nmm, a = 0.3922(2), ¢ = 0.8123(6) [60]

Tetragonal, P4/mmm, a = 0.3912, c= 0.8164 [94]
Cu,TIS, Monoclinic, C2/m, a = 1.463, b = 0.3863, c=0.8298, =111.72° [89]
Cu,TIS, Tetragonal, I4/m, a = 1.01792(18), ¢ = 0.38567(9) [90]
CuTISe, Tetragonal, 142d, a = 0.583, c = 1.162 [100]
CuTISe Tetragonal, P4/nmm, a = 0.4087(6), c = 0.8195(19) [100]
Cu,TISe, Monoclinic, C2/m, a=1.52128, b =0.40115, c = 0.83944, 3 = 111.7° [88]
Cu,TISe, Tetragonal, I[4/mmm, a = 0.380, c = 1.377 [100]
Cu,TlSe, Tetragonal, I4/m, a = 1.04453(18), ¢ = 0.39735(8) [90]
CuTl,Te, Tetragonal, [4/mcm, a = 0.8929(1), c = 1.2603(1) [106]
Cu,TITe, Tetragonal, [4/mmm, a = 0.4001, ¢ = 1.4208 [100]
Cu,TITe, Tetragonal, P4,/nnm, a = 0.8427(4), ¢ = 1.4492(6) [105]

Copper chalcogenides with elements of the
gallium subgroup, as well as solid solutions and
doped phases based on them, are excellent materials
[22] for photovoltaic [62-70], optoelectronic [71-
73],and thermoelectric [70, 75-80] devices, as well
as luminescent materials [81-83].

The use of these materials as solar energy
absorbers is because the width of their band
gap correlates well with the maximum photon
power density in the sunlight spectrum and
at the same time demonstrates long-term
stability and resistance to radiation [22, 84].
Several studies proposed changing the bulk or
surface composition by sulphidization [65, 67,
68], regulation the ratios of constituent atoms,
adding alloying components [61, 63, 66], and
other strategies [22] to increase their efficiency. It
should be noted that sulphidization of the Cu(Ga,
In)Se, layers led to the record efficiency (23.35%)
of the solar cell [85]. Thin-film solar cells based
on Cu(Ga, In)Se, are also considered promising
for generating electricity at space stations [86].

Copper chalcogenides with p!-elements with
a wide range of band gap energies and unique
optical properties are very promising for use in
optoelectronic and light-emitting devices [22, 72,
73]. The authors of [81] reported the development
of quantum dot LEDs exhibiting red color with a
narrow emission peak by controlling the copper
content in Cu(Galn)S, phases.

Copper-thallium selenides and tellurides
are of interest as thermoelectric materials with
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abnormally low thermal conductivity [22, 75, 76,
80, 87].

The main reasons for the relatively low
efficiency of photovoltaic and thermoelectric
systems based on copper-gallium chalcogenides
(indium, thallium) and the proposed optimization
methods for obtaining their nanocrystals with
specified characteristics are discussed in reviews
[22, 66].

2.1. Phase equilibria in the Cu-TI-X systems

The results of studies on phase equilibria
in the indicated systems carried out before the
beginning of the 90s of the last century are
summarized in [91]. The results of the most
important works of the indicated period, as well
as the research performed in subsequent years
by our group, are presented and discussed below.

The Cu-TI1-S system. The quasi-binary
section of the Cu,S-T1,S system was studied
almost simultaneously by two groups of authors
[92, 93]. According to [92] (Fig. 2.2), three
ternary compounds are formed in the system:
Cu,TIS,, Cu,TIS,, and CuTIS. The first two melt
with decomposition by peritectic reactions at
706 and 693 K, respectively, and the last one
melts congruently at 689 K. The phase diagram
constructed in [93] reflects two congruently
melting compounds CuTIS and Cu,TLS.. Later,
in the study [94], crystallographic data for the
CuTIS, and CuTIS compounds are presented
(Table 2.1). The phase diagram presented in [92]
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Fig. 2.2. Phase diagrams of the quasi-binary systems Cu,S-T1,S and CuTIS-S

was confirmed by the authors of [95]. The CuTIS-S
and CuTIS-TI sections are also quasi-binary. The
first is characterized by the formation of the
compound CuTIS, with incongruent melting at
620 K [96] (Fig. 2.2), and the second is designated
by the presence of a wide immiscibility region and
degenerate eutectic [97].

The study [98] presents a complete T-x-y
diagram of the Cu-TI-S system, including a diagram
of solid-phase equilibria at 300 K and a projection
of the liquidus surface (Fig. 2.3). As can be seen,
the system is characterized by the presence of
four ternary compounds of practically constant
composition. The liquidus surface consists of
10 primary crystallization fields, including four
ternary compounds. A characteristic feature of the
system is the presence of three wide immiscibility
regions of two liquid phases and a region of
immiscibility of three liquid phases.

The Cu-TI-Se system. Quasi-binary section
Cu,Se-Tl,Se (Fig. 2.4) of this system is characterized
by the formation of ternary compounds CuTISe,
Cu, Tl Se,, Cu,TISe,, Cu,T1,Se, and Cu,TISe, [99].
According to[91], the CuTISe-TI1Se, CuTlSe-Tl, and
CuTISe-Se sections are also quasi-binary. The first
one forms a phase diagram of a simple eutectic
type, the second one forms a phase diagram of a
monotectic type, and the third one is characterized
by the formation of a ternary compound CuTISe,
that melts incongruently at 550 K (Fig. 2.4)

The literature contains information on the
synthesis and crystal structure of about ten copper
selenides with thallium [91, 100]. However, a
complete picture of phase equilibria in the Cu-TI-

Se system has not been obtained yet. A fragment of
the solid-phase equilibrium diagram, constructed
by us based on the data of studies [91, 102] is shown
in Fig.2.5 and a projection of the liquidus surface
of the Cu-Cu,Se-T1,Se-T1 subsystem is shown in
Fig. 2.6. This projection, the corresponding sulfide
projection, is characterized by the presence of
wide double and triple immiscibility regions and
is congruently triangulated into three elementary
triangles.

The Cu-TI-Te system. Phase equilibria in this
system have been studied for the Cu,Te-T1,Te,
section [103, 104]. This section is not quasi-binary
due to the incongruent melting of T1,Te,, but is
stable below the solidus and is characterized by
the formation of the ternary compounds CuTITe,
and Cu,TITe, with incongruent melting at 573
and 673 K, respectively. According to [95, 101],
the Cu,Te-T1,Te section, unlike similar sulfide
and selenide systems, is non-quasi-binary and
unstable in the subsolidus. It is characterized by
the formation of the ternary compounds Cu,T1Te,
and Cu,TITe, with incongruent melting.

There is also information about copper-
thallium tellurides with Cu,TITe, and CuTl,Te,
compositions [91, 100, 105, 106] (Table 2.1).

In studies [104, 107] a fragment of the diagram
of solid-phase equilibria of Cu-T1-Te at 300 K
was presented (Fig. 2.5), which reflects all of the
above-mentioned ternary compounds.

2.2. Thermodynamic properties
of copper-thallium chalcogenides

The thermodynamic properties of copper-
thallium chalcogenides were investigated in
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several studies [91, 98, 101, 104, 107-109] using
the electromotive force (EMF) method. In these
studies, the EMFs of two types of concentration
circuits were measured:

(=) T1 (s.) | liquid + TI*| (Tl in alloy) (s.) (+) (2.1)
electrolyte

(=) Cu(s.) | Cu,RDbCLL (s.) | (Cuin alloy) (s.) (+)(2.2)

in a wide range of temperatures, starting from
room temperature. The methods for compiling
chains of (2.1) and (2.2) types, conducting exper-
iments and processing their results are described
in detail in [51, 109, 110]. It should be noted that
various modifications of the EMF method with
liquid [61-59, 109-115] and solid electrolytes [50,
51, 113, 116-120] are successfully used to study
the thermodynamic properties and phase equi-
libria of various inorganic systems.

The results of thermodynamic studies of
copper-thallium chalcogenides by measuring
the EMF of type (2.1) concentration cells are
shown in [98, 107, 109]. Later, in [101, 104,

2024;26(4): 579-619

Complex copper-based chalcogenides: a review of phase equilibria...

108], a thermodynamic study of the indicated
systems was carried out by measuring the EMF
of type (2.2) concentration cells relative to a
copper electrode. It should be noted that the
thermodynamic data obtained in the above two
series of studies are independent: they used
the results of measurements of the EMF of
concentration cells of various types, and based on
these data, partial thermodynamic functions of
different components (thallium or copper) which
characterize completely different potential-
forming reactions of the studied systems were
calculated.

The obtained two series of data of standard
integral thermodynamic functions of copper-
thallium chalcogenides are shown in Table 2.2.

As can be seen from Table 2.2 the values of
the standard thermodynamic functions for the
formation of ternary compounds, obtained by two
modifications of the EMF method, are generally
in satisfactory agreement with each other. This
confirms both the reversibility of types (2.1) and

Table 2.2. Standard integral thermodynamic functions of the copper-thallium chalcogenides

~AG® (298 K —AH° (298 K

Compound fG ( ) | ’HD ( ) S% J-K-mol-! Ref.
kJ-mol! 2%

91.5+0.5 98.6+4.0 [51,98]
CuTIS, 94.3+0.7 93.6+1.4 172.7+2.8 [108]
84.1+1.5 82.1%4.9 [51,98]
CuTIS 90.3+0.7 88.3+2.1 132.4%6.2 [108]
CuTIS 152.7+1.8 145.8%12.3 [51,98]
30 163.8%2.6 159.2%9.8 251.8+5.8 [108]
CwTIS 354.6+4.5 339.7+30.8 [51,98]
9" s 373.8+3.9 371.8+21.4 529.0+19.0 [108]
96.3+0.2 97.9+1.0 . [101]
CuTlSe, 96.5+0.6 97.2%1.3 176.1+5.1 [51]
84.5+0.2 81.4+0.9 . [101]
CuTlSe 84.241.3 80.5+3.9 149.9+2.8 [51]
Cu,TiSe, 119.1%0.3 118.6%1.5 216.2+6.8 [101]
Cu,TISe, 150.8%3.7 150.749.8 [51]
Cu,TiSe, 333.6+10.1 350.5+28.6 51]
CuTITe, 75.1£0.4 72.61.3 208+4 [104]
99.2+0.5 94.3+2.1 249+6 [104]
Cu, TITe, 94.8+0.9 92+7 237+3 [107]
122.0%0.6 115.242.7 288+8 [104]
Cu,TiTe, 117.141.2 11745 26344 (107]
CuTITe 264.3+2.6 253.8+9.8 637£15 [104]
91 1Cs 244.0+2.4 243114 621%7 [107]
CuTl,Te, 201.4+1.4 203.8+2.6 4339 [104]
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Fig. 2.6. Liquidus surface projection of the Cu-Cu,Se-T1,Se-T1 subsystem. Red lines are quasi-binary sections

(2.2) concentration cells and the reliability of the
thermodynamic data used in the calculations for
binary copper and thallium chalcogenides.

2.3. Complex systems based on CuTIX
compounds

The results of the study of phase equilibria
in quasi-binary systems composed of the CuTIX
compounds and their silver-containing analogues,
aswell asin mutual AgTIS+CuTISe <> AgT1Se+CuTIS
and quasi-ternary systems CuTIS-CuTISe-AgTITe

700 693
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were presented in [121-124]. It has been shown
that the CuTIS-CuTISe system was characterized
by the formation of a continuous series of solid
solutions [121], while systems of the CuTIX-AgT1X
type [122-124] were characterized by limited
mutual solubility of the components and eutectic
equilibrium (Fig. 2.7).

The new phase of variable composition with
a wide homogeneity region was identified in
the CuTIS-AgTIS system [122]. According to the
data [123, 124], wide homogeneity regions of
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Fig. 2.7. T-x diagrams of some quasi-binary systems based on CuTIX compounds
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solid solutions with simultaneous Cu < Ag and
chalcogen substitutions were revealed in the above-
mentioned mutual and quasi-ternary systems.

3. Copper chalcogenides with Si, Ge, Sn

Triple compounds of Cu-BV-X (B - Si, Ge, Sn;
X -, Se, Te) systems tend to crystallize in a large
number of phases and structural forms, resulting in
different functional properties and application pos-
sibilities [22]. In silicon- and germanium-containing
systems (sections 3.1 and 3.2), the compounds of
Cu,B"X, and Cu,B"X, types are the most characte-
ristic and studied. The first group of compounds can
be considered as synthetic analogues of the mineral
mohite (Cu,SnS,), and the compounds of the second
group are synthetic analogues of the mineral argy-
rodite (Ag,GeS,). The Cu-Sn-S system (section 3.3)
is characterized by the formation of several ternary
compounds with various compositions and struc-
tures. The crystal structures of some copper-tin
sulfides are shown in Fig. 3.1, and crystallographic
data of copper chalcogenides with p?-elements are
presented in Table 3.1.
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The compounds of Cu,B"X, type have various
structural forms, such as cubic sphalerite-like (sp.
gr. F43m), monoclinic sphalerite superstructure;
orthorhombic structure (sp. gr.Im2) and a hexagonal
structure of the wurtzite type (sp. gr. P63/mc)
(Fig. 3.1). In the orthorhombic phase, the cations
are ordered in a way that all cation positions in
each plane are occupied by the same element and
follow an ordered sequence of two planes with Cu
cations and one plane with Ge cations. In contrast,
in the cubic structure of zinc-blende, the Cu and Ge
cations are randomly distributed over the cationic
sites with filling factors of 2/3 and 1/3 for Cu and
Ge, respectively [22, 115].

All compounds of the argyrodite family have
a tetrahedral close-packed structure containing
weakly bound cations A" [35, 36]. Cations B*
tetrahedrally coordinated by 4 anions and form
polyanions [BX,]**. These polyanions, along
with the X?- anions, form a rigid framework with
vacancies for A* cations (Fig. 3.2). A characteristic
feature of compounds of the argyrodite family is
the presence of polymorphic phase transitions at

Fig. 3.1. Crystal structures of copper-tin sulfides: monoclinic Cu,SnS, (a), orthorhombic Cu,SnS, (b) and hexa-

gonal Cu,Sn.S  (c)
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relatively low temperatures (< 530 K) [37]. Low-
temperature modifications have various ordered
low-symmetry structures, which are described
in detail in the literature [35-37]. They contain
cations A* arranged in a specific order in certain
positions. As a result of the distortion of the
rigid anionic framework of the crystal lattice,

Complex copper-based chalcogenides: a review of phase equilibria...

a transition of low-temperature modifications
into high-temperature disordered modifications
occurs. Despite the relative diversity of the crystal
structures of the low-temperature phases, all
high-temperature argyrodites have a highly
symmetrical cubic structure with sp. gr. F-43m
(Table 3.1). Disordered high-temperature cubic

Table 3.1. Crystallographic parameters of ternary compounds of the Cu-B"V-X systems

Compound Crystal system, sp. gr. and lattice parameters, nm Ref.
Cu,SiS, Monoclinic, Clcl, a = 0.6332,b =1.123, c = 0.6273, B = 107.49° [159]
HT-Cu,SiS, |Cubic, F-43m, a =0.976 [37]
RT-Cu,SiS, | Orthorhombic, Pmn2,, a = 0.70445 (3), b = 0.69661(3), ¢ = 0.98699 (5) [37]
Cu,SiSe, | Monoclinic, Clcl, a =0.6669(1), b= 1.1797(1), c = 0.6633(1), p = 107.67° [159]
HT-Cu,SiSe, |Cubic, F-43m, a=0.1017 [37]
Cu,SiTe, Cubic, F-43m, a = 0.593 [160]
Cu,Ges, Monoclinic, Clcl, a = 0.6449, b =1.1319, c = 0.6428, p = 108.37 [125]
Cu,GeS, HT | Cubic, F-43m, a = 0.99567 [37]
RT-Cu,GeS, | Orthorhombic, Pmn2 ,a =0.70445, b = 0.69661, ¢ = 0.98699 [37]
HT-Cu,GeSe, | Orthorhombic, Imm2,a =1.1878,b =0.3941, c = 0.5485 [168]
RT-Cu,GeSe, |Monoclinic, Cm, a = 0/6772, b = 0/3956, c = 0/3958, p = 125/83° [164]
HT-Cu,GeSe, |Cubic, F-43m, a =1.1020 [168]
IT-Cu,GeSe, | Hexagonal, P6,mc, a =0.7280, c = 1.167 [165]
RT-Cu,GeSe, |Hexagonal, P6.mcm, a = 1.26438, ¢ = 1.17570 [168]
Cu,SnS; Monoclinic, Cc, a = 0.6653, b = 1.1537, ¢ = 0.6665 = 109.39° [179]
Cu,SnS, Orthorhombic, Pnma, a =1.3558,b=0.7681, c = 0.6412 [178]
Cu,Sn,S,,  |Hexagonal,R-3m,a=0.7372, c=3.601 [180]
Cu,Sn,S,,  |Cubic, F-43m, a = 1.0393 [182]
HT-Cu,SnSe; | Cubic, K(F), a = 0.56878 [183]
RT-Cu,SnSe; |Monoclinic, Cc, a = 0.65936, b = 1.21593, c = 0.66084, p = 108.56° [183]
Cu,SnTe,  |Cubic, F-43m, a = 0.60490 [189]
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Fig. 3.2. Crystal lattice of HT-Cu,GeSe, (a) and anionic framework without Cu* ions (b)
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phases are the aristotype of this structural
family, and various low-temperature partially or
completely ordered phases are the hettotype [37].

The schematic crystal structure of HT-
Cu,GeSe, and its anionic sublattice are shown in
Fig. 3.2.In a unit cell containing 4 formula units,
there are 32 Cu’ cations statistically distributed in
2 crystallographic positions with a multiplicity of
24 (Cul) and 48 (Cu2). The number of Cu* cations
is more than twice lower than these cationic
positions, therefore in HT-Cu,GeSe, and other
isostructural high-temperature phases, they are
disordered and mobile as in a liquid.

Compounds of the mohite family, especially
Cu,SnSe,, Cu,GeSe,, and alloys based on them
have attracted considerable research interest
as environmentally friendly and affordable
thermoelectric materials [126—-136]. It was shown
that Cu,SnSe, doped with various elements [126-
134], as well as composites based on it [130-132],
demonstrate good thermoelectric properties.
The improvement of thermoelectric properties
of Cu,GeSe, doped with various elements [133-
135], as well as solid solutions based on it [136],
was achieved.

Studies have shown that compounds of the
Cu,B"X, type are also very promising for use as
photovoltaic and optoelectronic materials [22, 34,
137-144]. The photoelectric and optical properties
of the Cu,SnS, and alloys based on it have been
studied in more detail [139-142]. Reviews [22, 137]
cover numerous studies on the synthesis, structural
transformation, morphological engineering and
band gap energy rearrangement of Cu—Sn-S (Se)
nanoparticle systems and discuss the prospects
for the development of solar cells based on
them. They also highlight other photovoltaic
applications such as photoelectrocatalytic
hydrogen production and degradation of Cu—Sn-S
(Se) nanoparticle dyes, etc.

According to the authors of another review
[138], the ternary compound Cu,SnS,, consisting
of non-toxic and readily available elements, is
the most preferred photovoltaic material for solar
cell applications due to its optimal structural and
optical properties.

Copper-containing argyrodites are also of
great interest as efficient ionic conductors,
thermoelectric, photoelectric, and nonlinear
optical materials [35-37]. These compounds,
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which are typical superionic semiconductors with
two independent structural units (rigid anionic
framework and weakly bound Cu' cations), can
serve as very good base compounds for the
development of high-performance thermoelectric
materials by separate tuning of the electrical
and thermal properties [35]. It should be noted
that only a small part of the research on
thermoelectric argyrodites is devoted to the study
of stoichiometric compounds [35, 145, 146]. Most
of the studies are focused on obtaining nano-
and single crystals, thin films, polycrystals with
a high density of complex phases and composite
materials based on them [35, 147-149]. For
the improvement of thermoelectric properties,
researchers often complicate the composition
by substituting analogous atoms, adding doping
impurities, or creating a deficit of individual
elements in the stoichiometric composition [37].
In [150] the production of thin-film layers
of Cu,SiS, and Cu,SiSe, for optoelectronic
applications was reported. The authors [151]
noted that the replacement of Ag with Cu in
isostructural compounds of the argyrodite family
causes a clear increase in the generation of
secondary harmonics. This result opens up the
possibility of synthesizing high-quality infrared
nonlinear optical materials based on them.

3.1. Phase equilibria in Cu-Si-X systems

The Cu-Si-S system was studied based on
the quasi-binary section Cu,S-SiS,[152-154]. The
T-x diagram of this section in the composition
range 0-50 mol. % SiS, was constructed in [152].
The formation of Cu,SiS, congruently melting
at 1468 K was demonstrated. In the study [153]
this section was investigated in the entire
composition range and two ternary compounds
Cu,SiS, and Cu,SiS, were identified. It was found
that the first melts congruently at 1473 K, and
the second melts with decomposition according
to the peritectic reaction at 1173 K. The latest
version of the phase diagram of this system was
presented by the authors [154]. According to
their data, Cu,SiS,and Cu,SiS, compounds melt
congruently at 1459 and 925 K. The T-x diagram
constructed by us based on the data of [153, 154],
taking into account the melting temperatures and
polymorphic transitions of compounds specified
in [155] is presented in Fig. 3.3.
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The Cu-Si-Se system also was studied only
based on the quasi-binary section Cu,Se-SiSe,.In
the study [156] ternary compounds Cu,SiSe, and
Cu,SiSe,, which melt congruently at 1380 K and
incongruently at 1190 K and undergo polymorphic
transformations at 335 and 890 K, respectively,
were identified. Data [156] for the Cu,Se-Cu,SiSe,
subsystem were confirmed in [157] (Fig. 3.3).

The Cu-Si-Te system. The complete T-x-y
diagram of this system was constructed by
the authors [158]. It has been shown that it is
characterized by the formation of one ternary
compound Cu,SiTe,, melting with decomposition
according to a peritectic reaction.

Crystallographic data of copper-silicon
chalcogenides [37, 159, 160] are shown in
Table 3.1.

3.2. Phase equilibria in Cu-Ge-X systems

The Cu-Ge-S system. Quasi-binary section
Cu,S-GeS, of this system has been investigated
in several studies [91, 161-164]. According to
[161], ternary compounds Cu,GeS, and Cu,GeS,
with incongruent melting at 1253 and 1213 K
are formed in it. The Cu,GeS, undergoes a
polymorphic transformation at 328 K. The author
[162] presented a new, more precise version of
the T-x diagrams of this system (Fig. 3.3), which
differs from the data [161] only in that the
Cu,GeS, compound melts congruently at 1215 K
and forms eutectics with Cu,GeS, and GeS,,.

In the study [164], an isothermal section of the
phase diagram of the Cu-Ge-S system at 800 Kwas
constructed, which reflected both of the above-
mentioned ternary compounds. In [91] a diagram
of solid-phase equilibria at 300 K (Fig. 3.4) and
a schematic projection of the liquidus surface
were presented. The latter reflects the primary
crystallization fields of 11 phases, including
ternary compounds Cu,GeS, and Cu,GeS..

The Cu-Ge-Se system. According to [165],
the nature of phase equilibria of the Cu,Se-
GeSe, section is similar to the corresponding
sulfide system: ternary compounds Cu,GeSe, and
Cu,GeSe, melt incongruently at 1080 Kand 1037 K.
The phase diagram presented in [166] confirms
the existence of the Cu,GeSe, compound with
congruent melting at 1033 K, and the Cu,GeSe,
compound represented as Cu,GeSe.. Later, the
system was re-studied in the composition range
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of 15-60 mol. % GeSe, [167]. It was shown that
the congruent melting temperature of Cu,GeSe, is
equal to 1053 K, and Cu,GeSe, melts incongruently
at 1083 K. In the review article [168], preference
was given to the data of the study [167]. These data
were later confirmed in [169] (Fig. 3.4).

The Cu-Ge-Te system was investigated in
many studies [91, 170-172]. It was shown that
the Cu,Te-GeTe [170, 171] and Cu,Te-Cu,Ge [172]
sections are almost quasi-binary. The first one
belongs to the eutectic type, and the second one
is characterized by the presence of monotectic and
degenerate eutectic equilibria. The first version
of the complete T-x-y diagrams of the Cu-Ge-Te
system was constructed in [170]. The Cu,GeTe,
compound previously indicated in some studies
was not reflected in this diagram [91]. In the second
version of the phase diagram presented in [171],
this error was corrected. This compound has been
shown to form via a peritectic reaction at 773 K.
It was also shown that, in contrast to the data
[170], there were two immiscibility regions in the
system, with one of them arising in the center of the
concentration triangle. Finally, the third version of
the phase diagram of the system was presented in
[91, 172].1t basically confirmed the data of [171] but
significantly differed greatly from it by the extent
of the fields of primary crystallization of phases
and the presence of one wide immiscibility region.

3.3. Phase equilibria in Cu-Sn-X systems

The Cu-Sn-S system. Some polythermal
sections of this system were studied in 1974
[174]. It was shown that the Cu,S-SnS and Cu,S-
SnS, sections are quasi-binary. The first one is
of the eutectic type, and 4 intermediate phases
are formed in the second one: Cu,SnS,, Cu,SnS,,
Cu,Sn,S,, and Cu,Sn,S,. In a later published
study ternary compounds Cu,SnS,, Cu,SnS., and
Cu,Sn S, have been identified in the Cu,S-SnS,
system [175]. The same results were obtained by
the authors [176]. Later the Cu,S-SnS, section was
re-studied in [177] and a phase diagram reflecting
copper-tin sulfides Cu,SnS,, Cu,SnS,, Cu,Sn.S,,
and Cu,Sn.S. was presented. Structural studies
[175-181] confirmed the existence of Cu,SnS,,
Cu,SnS,, and Cu,Sn._S,, compounds. We have not
found crystallographic data for the other two
compounds mentioned above. At the same time,

the authors of [182] reported the synthesis of
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Fig. 3.4. Solid-phase equilibria diagrams of Cu-Ge-X and Cu-Sn-X systems at 300 K
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the Cu,Sn S,, compound with a cubic structure,
close in composition to Cu,Sn,S, indicated in
[174] and also with a cubic structure. Taking into
account the above data, we have constructed a
phase diagram of the Cu,S-SnS, system (Fig. 3.3),
reflecting five triple compounds. Probably, this
system requires further investigation. A diagram
of solid-phase equilibria of the Cu-Sn-S system,
constructed by us considering the data of these
studies, is presented in Fig. 3.4 [175-178].

The Cu-Sn-Se system. The results of the
study on this system are summarized in [91,
183]. The only ternary compound of this system
is Cu,SnSe,, formed on the quasi-binary section
of Cu,Se-SnSe,, it melts congruently at 963 K and
crystallizes in a cubic structure [184] (Fig. 3.3).
Another quasi-binary Cu,Se-SnSe section of
this system belongs to the eutectic type [184].
A repeated study of the indicated sections
[185] led to results similar to those reported in
[184]. The results of [185] demonstrated that
Cu,SnSe.-Se and Cu,SnSe,sections, which also
belong to the eutectic type are quasi-binary. In
[186] a projection of the liquidus surface and
some polythermal sections of the Cu-Sn-Se
system were presented. The authors [91] pointed
out some shortcomings of the study [186] and
presented a second version of the projection of
the liquidus surface. According to [91], the system
has two wide immiscibility regions and associated
invariant synthetic and three monotectic
equilibria. The solid-phase equilibria diagram
of the Cu-Sn-Se system, constructed in [91], is
shown in Fig. 3.4. As can be seen, the Cu,SnSe,
compound has a noticeable homogeneity region
in the stable CuSe-SnSe cross section (g-phase)
and forms connodes with all phases in the
composition range of Cu,Se-SnSe-Se.

The Cu-Sn-Te system. The studies [187, 188]
present a complete T-x-y diagram of this system,
characterized by the presence of one ternary
compound Cu,SnTe, composition. It has a cubic
structure and melts incongruently at 680 K. Later
in [91] a version slightly different from the data in
[187, 188] of the liquidus surface projection was
presented. The isothermal section of the phase
diagram at 300 K according to data from [91, 187,
188] is shown in Fig. 3.4. A detailed overview of
the system is provided in [189].
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3.4. Thermodynamic properties of ternary
compounds of Cu-B"V-X systems

The thermodynamic properties of copper-
silicon are practically unstudied. There are
studies [155, 190] where the thermodynamic
functions of phase transitions of the Cu,SiS,
and Cu,SiSe, compounds were determined using
differential scanning calorimetry (DSC).

The standard thermodynamic functions
of copper-germanium chalcogenides were
determined by measuring the EMF of concentration
cells of type (2.2) [50, 51, 191-194].

The authors planned experiments on the
Cu-Ge-S and Cu-Ge-Se systems [191] based on
the fact that Cu,GeS, and Cu,GeSe, compounds
have polymorphic transitions in the temperature
range of EMF measurements. Experiments have
shown that the temperature dependences of the
EMF for electrode alloys containing Cu,GeS, and
Cu,GeSe, compounds are two straight lines with a
breakpoint at the temperature of their polymorphic
transformation. From the EMF measurement data,
partial molar functions of copper were calculated
for two modifications of the indicated compounds,
which were used to calculate the thermodynamic
functions of formation (Table 3.2) and polymorphic
transitions (Table 3.3).

The thermodynamic properties of copper-
tin chalcogenides have been studied by the EMF
method with a solid electrolyte [50, 51, 196], and
the Cu,SnSe, compounds were studied also using
a classic version of the EMF method with a liquid
electrolyte [51] (Table 3.3). As can be seen, the
thermodynamic functions of Cu,SnSe,, obtained
by two modifications of the EDS method, agree
well with each other. It was also evident that
the numerical values of the thermodynamic
functions of copper-tin sulfides according to
[196] were significantly lower than the data
of [50, 51]. Data for the Cu,Sn,S, and Cu,SnS,
compounds [196] were lower than even the sum
of the corresponding values for Cu,S and SnS,,
which is thermodynamically impossible. A similar
situation was also observed for the Cu,GeSe,and
Cu,GeSe, compounds [193]. In our opinion, this
was due to the incorrect formulation of potential-
forming reactions by the authors [193, 196]. The
results of a new calorimetric study of the Cu,SnS,
[197] were also in good agreement with the data
obtained by the EDS method [193] (Table 3.2).
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Table 3.2. Standard integral thermodynamic functions of ternary compounds of the Cu-B'V-X systems

— 0 —
Phase AG k]~1|nol‘1 AR SOJ-K-'-mol! Ref.
Cu,GeS, 211.3+2.4 213.7+2,3 190.3+5.5 [194]
RT-Cu,GeS, 438.9+2.5 425.9+4.2 536.3+13.1 [191]
HT-Cu,GeS, %445.3+3.1 420.8+5.6 552.1+15.8 [191]
. GeSe 176.8+3.1 173.9%3.1 233.3%5.1 [192]
27€¢ 80.71.5 86.76.9 - [193]
341.1%3.3 327.4+4,5 596.7+11.6 [191]
RT-Cu,GeSe, 105.151.9 114.549.2 1432 [193]
HT- Cu,GeSe, %348.1%3.7 315.6%5.0 632.3£12.5 [191]
Cusn S 659.94.3 650.929.7 560.3£74.7 50, 51]
2214 165.4+1.5 141.6%6.3 639.818.3 [196]
239.6£1.5 242.6£12.0 196.3+21.9 50, 51]
Cu,SnS, 169.3+1.3 150.0%5.5 278.6+15.7 [196]
263.79%2.28 [197]
CuSnS 316.4%2.4 327.718.8 266.528.2 50, 51]
421, 261.352.4 220.8+9.4 414.4+20 [196]
CuSnSe 189.5%2.6 187.5%4.8 251.65.0 50, 195]
221155 198.4%0.6 198.5+2.9 2375 [51]
Cu,SnTe, 117.7414 116.2+2.4 264%6 50, 51]

*Note: data related to 400 K is marked with an asterisk

Table 3.3. Temperatures and thermodynamic functions of phase transitions of some ternary compounds

of the Cu-B"V-X systems

Compound it phase trans? K)OI | AS - J-mol LK Method, Ref.
0 GeS 328 5.1%2.4 15.5+7.5 EMEF, [191]
8 6 330 15.5+0.6 47.1+1.9 DSC, [155]
Cu.GeSe 335 11.9£2.8 35.5¥8.4 EMF, [191]
8 6 330 11.2%0.5 34.0£1.4 DSC, [190]
Cu,SiS, 336 14.9%£0.6 44.2+1.8 DSC, [155]
Cu,SiSe, 325 14.7£0.6 45.3+1.8 DSC, [190]

The values of heat and entropies for
polymorphic transitions of Cu,B"VX, compounds,
obtained by both methods, except for Cu,GeS,, are
in good agreement as can be seen in Table 3.3.
The relatively high errors in the data obtained
by the EMF method were because in this method
the partial enthalpy and entropy are calculated
indirectly from the temperature dependence
coefficient of the EMF [51, 110].

3.5. Phase equilibria in quaternary systems
consisting of copper chalcogenides and
p?-elements

The concentration planes 2Cu,X + B'X’ <>
2Cu,X’ + (BYYX, (I), Cu,X-BVX,~(BY)'X, (II) u
Cu,X-Ag X-BVX, (III), (where B" and (B")" - Si,
Ge, Sn; X and X’ - S, Se, Te) of the corresponding

594

quaternary systems are of greatest interest for
the search for solid solutions with different types
of substitution based on ternary compounds of
Cu-BWV-X systems. In the last decade we have
studied some systems of the indicated types
(Cu,Se-GeSe,-SnSe, [198], Cu,S-Cu,SiS -Cu,GeS,
[155], Cu,Se-Cu,SiSe,-Cu,GeSe, [157],
2Cu,S+GeSe,«<»2Cu,Se+GeS, [199, 200],
Cu,S-Ag,S-GeS, [37] and Cu,Se-Ag,Se-GeSe, [37]),
as well as individual polythermal sections [201-
205], composed of ternary compounds-analogues
of the A\ B"X_ and A',B"X, types. The isothermal
sections of the phase diagrams of these systems
at room temperature are shown in Fig. 3.5, and
the sections based on CuB"YX, compounds
are presented in Fig. 3.6, sections based on
Cu,B"X, are shown in Fig. 3.7. These diagrams
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demonstrate the formation of unlimited or broad
solid solutions based on ternary compounds of
both types. Several studies [200-205] present
the results of a comprehensive study of phase
equilibria and thermodynamic properties of the
above and some similar systems.

2Cu,X + BVX’ <> 2Cu,X’ systems. Out of the
systems of this type, only the reciprocal system
2Cu,S+GeSe,«»2Cu,Se+GeS, has been fully
studied [199, 200]). The system is characterized
by the formation of continuous or wide regions
of chalcogen-substituted solid solutions based
on Cu,GeX, and Cu,B"X, compounds (Figs. 3.6—
3.8). In the Cu,GeS -Cu,GeSe, system, this is
accompanied by a decrease in the temperatures
of polymorphic transitions of the original
ternary compounds and stabilization of their

5Cu,S

Cu,SiS, 20 40 60 80

900 ——

GeSe 20 40 € 60 20

SnSe,
mol %
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high-temperature cubic modifications at room
temperature and below.

The projection of the liquidus surface of the
2Cu,S+GeSe «>2Cu,Se+GeS, system is shown in
Fig. 3.8. It can be used for growing crystals of
solid solutions based on ternary compounds by
directional crystallization from solution-melts in
a wide range of compositions.

Cu,X-BVX, -(BV)'X, systems. The T-X Cu
section diagrams of the Cu,SiS -Cu,GeS, [155]
and Cu,SiSe -Cu,GeSe, [157] sections are shown
in Fig. 3.6. As can be seen, both systems are
partially quasi-binary and are characterized by the
formation of continuous series of solid solutions
between high-temperature cubic modifications
of the original ternary compounds. However,
they significantly differ by the nature of phase
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Fig. 3.8. Projections of liquidus surfaces of some quaternary systems composed of copper chalcogenides and

p’-elements
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equilibria in the subsolidus region. In the sulfide
system, a continuous series of solid solutions
are also formed between RT modifications of the
initial isostructural compounds, crystallizing in an
orthorhombic lattice with sp. gr. Pna2, or Pmn2,
(Table 3.1). In the Cu,SiSe,-Cu,GeSe, system based
on RT modifications of the initial compounds,
limited regions of solid solutions are formed
(g,~ and g,-phase), and eutectoid equilibrium is
established at a temperature of (320 K).

A projection of the liquidus surface was
constructed for the Cu,Se-GeSe,-SnSe, system
[198], and for two systems of this type, their
fragments Cu,S-Cu,SiS -Cu,GeS, [155] and
Cu,Se-Cu,SiSe -Cu,GeSe, [157] were constructed
(Fig. 3.8). In the indicated studies, various
isothermal and vertical sections of phase
diagrams of the considered systems were also
constructed.

Cu,X-Ag,X-B"VX, systems. There are data
on two vertical sections of phase diagrams:
Cu,GeS -Ag,GeS, [204] and Cu,GeSe -Ag,GeSe,
[203] (Fig. 3.6). They are characterized by a
decrease in phase transition temperatures and
a significant expansion of homogeneity regions
of d-phases with a cubic structure down to
room temperature and below. Both systems are
partially quasi-binary, with the HT-Cu, Ag S(Se)
phases primarily crystallizing from melts near
incongruently melting copper argyrodites, which
based on composition are outside the T-x planes
of these sections.

Summarizing the above data in this section, it
should be noted that the quasi-binary Cu, X-B"X,
sections, on which compounds of the Cu,B"X, and
Cu,B"X, types were formed have been studied in
detail in all Cu-B"-X systems (Fig. 3.3). Out of
then, only the Cu,S-SnS, section is characterized
by more complex interactions. At least five triple
compounds are formed on it. At the same time,
the complete T-x-y diagrams are known only for
the Cu-Si-Te, Cu-Ge-Te, Cu-Sn-Se, and Cu Sn-Te
systems with relatively simple interactions of
components. It should also be noted that the
thermodynamic properties of most copper-
germanium and copper-tin chalcogenides
have been studied by the EMF method and
mutually consistent sets of standard integral
thermodynamic functions have been obtained for
them. The studies devoted to the investigation of
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several quaternary systems composed of copper
chalcogenides and p’-elements are important
from the point of view of optimizing the functional
properties of Cu,B"X, and Cu,B"VX, compounds.

4. Copper chalcogenides with elements
of the arsenic subgroup

Ternary Cu-As(Sb, Bi)-chalcogen systems
have long been the focus of close attention of
researchers for two reasons. Firstly, in these
systems, especially in sulfide systems, many
crystalline phases with different structural forms
are formed [22], which leads to different functional
properties and potential applications. According
to data from numerous studies [22, 206-236],
ternary compounds of these systems are valuable
environmentally friendly functional materials with
photoelectric, optical, thermoelectric, and other
properties. Secondly, many ternary compounds
of these systems occur in nature as minerals:
enargite and lucionite Cu,AsS,; tennantite
Cu,,As,S, ., tetrahedrite Cu,,Sb,S .; chalcostibite
CuSbS,; synergite Cu,As,S,; lautite CuAsS, etc.
They are of great interest to mineralogy and
geochemistry and provide valuable information
about the physical conditions on Earth at the time
of their formation [41, 42].

The crystal structures of some of the above
minerals are shown in Figure 4.1. The compound
CuSbS, crystallizes in the orthorhombic system (sp.
gr. Pnma) and has a layered structure consisting of
SbS, and CuS; chains along the axis b, formed by
the interlocking of square pyramids of Sb and
tetrahedral units of CuS,. These two infinite chains
are linked together and create layers that are
perpendicular to the axis c. The distance between
them (2.051 A) allows intercalation of small atoms,
ions or molecules [22]. Tetrahedrite Cu ,Sb,S . has
a cubic sphalerite-like structure (sp. gr. [43m). Six
of the 12 Cu atoms occupy trigonal planar 12e sites,
and the rest are distributed among tetrahedral
12d sites. Four of the six tetrahedral positions are
occupied by Cu’, and the other two positions are
occupied by Cu ions? [22]. At the same time, the
trigonal planar positions are occupied exclusively
by Cu*ions. The Sb atoms also occupy a tetrahedral
position but are bonded to only three S atoms,
resulting in a void in the structure and an unshared
pair of electrons, as in Cu,SbS,. The combination
of factors such as a large number of atoms in the
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Fig. 4.1. Crystal structures of copper-antimony sulfides:

onal Cu,SbS, (c) and orthorhombic Cu,SbS, (d)

unit cell, high anharmonicity and low-energy
vibrations of the Cu atom outside the trigonal
planar unit [CuS,] lead to abnormally low thermal
conductivity of this material, which is important
for thermoelectrics.

Crystallographic data of the most characteristic
ternary compounds of the Cu-BV-X systems are
presented in Table 4.1.

Copper-arsenic and copper-antimony sulfides
and complex phases based on them [206-212]
are considered promising candidates for use
as absorbers of p-type in solar cells due to the
wide availability and environmental safety of
raw materials, suitable band gap width and high
absorption coefficient. The favorable band gap
width of these phases indicates the prospect
of their application also as wide-band gap
semiconductors in third-generation photovoltaic
devices. The largest number of studies [213-221]
are devoted to chalcostibite CuSbS,, which is
considered a substitute material for CulnS, due
to its similar optical properties and the additional
advantage of its higher abundance in the Earth
and lower cost of antimony compared to indium.

Inarecently published review [222], the Cu,BiS,
compound is characterized as a sustainable and
cost-effective photovoltaic material.
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orthorhombic CuSbS, (a), cubic Cu,,Sb,S . (b), tetrag-

Synthetic analogues of many chalcogenide
minerals of copper with arsenic and antimony
[223-228], as well as solutions and composite
materials based on them [228-231], possessing
low thermal conductivity and an anisotropic
crystalline structure, have promising
thermoelectric properties. Thus, in the review
[228] it was noted that by 2015, for some natural
and alloyed tetrahedrite materials, zT values of
about ~1.0 at ~723 K had been achieved, which
is comparable to conventional thermoelectric
p-type materials. In recent years, there has
been increased interest in copper-bismuth
chalcogenides as thermoelectric materials with
very low thermal conductivity [232-235].

The authors [236] proposed a new concept for
increasing the stability and efficiency of copper
thermoelectrics by obtaining composites of the
“copper chalcogenide-copper tetrahedrite” type.
According to the authors, the proposed solution
allows the successful blocking of excessive copper
migration and stabilization of the composition
and properties of the material during subsequent
thermal cycles.

It should also be noted that, according to
several studies, copper-bismuth chalcogenides,
in particular CuBiS,, exhibit good photothermal
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Table 4.1. Crystallographic parameters of the ternary compounds of Cu-BY-S(Se) systems

Compound Crystal system, sp. gr. and lattice parameters, nm Ref.
Cu,AsS,  |Rhombic, Pmn2,,a =7.399,b = 6.428, c = 6.145 [238]
Cup,As,S;  |Cubic, I-43m, a = 1.0168 [239]
Cus,S;  |Triclinic, a = 9.064, b =9.830, c = 9.078, o. = 90°, = 109°30, y = 107°48 [240]
CuAsS Rhombic, Pnma, a = 11.356, b = 3.754, c = 5.453 [237]
Cu,As,S, Monoclinic, C12/m1, a = 10.35,b = 14.65, ¢ = 33.34, B = 96° [238]
HT-Cu,AsSe, |Cubic, Fm3m, a = 0.5535 [251]
RT-Cu,AsSe, |Tetragonal, I-42m, a = 5.53, c = 10.83 [251]
CuAsSe, Monoclinic, a = 5.117, b = 12.293, ¢ = 9.464, = 98.546° [248]
Cu,As,Se;  |Rhombohedral, R3, a = 14.0401, ¢ = 9.6021 [248]
Cu,AsSe; | Cubic, Pm-3m, a = 5.758 (250]
Cu,AsSe,; |Hexagonal, R3,a=14.025,c=9.61,y=120 [250]
CuSbs, Orthorhombic, Pnma; a = 6.018(1), b = 3.7958(6), ¢ = 14.495(7) [264]
RT-Cu,SbS, | Monoclinic, P21/c; a = 7.808(1), b = 10.233(2), ¢ = 13.268(2), p = 90.31(1)° [266]
HT-Cu,SbS, |Rhombic, Pnma; a=7.828(3), b = 10.276(4), ¢ = 6.604(3) [266]
Cu,Sbs, Tetragonal, [42m ; a = 5.391(1), ¢ = 10.764(1) [267]
Cu,,S8b,S;; | Cubic, -43m, a = 10.308(1) [265]
Cu,Sb,S;;  |Cubic, [-43m, a = 10.448(1) [261]
HT-Cu,SbSe, |Tetragonal, [42m, a=0.5631, c= 1.1230 [272]
RT-Cu,SbSe, |Cubic, Fm3m, a = 0.5637 [100]
HT-Cu,SbSe, |Cubic, F43m, a = 0.560 [100]
RT-Cu,SbSe; | Orthorhombic, Pnma, a = 0.79668, b = 1.06587, ¢ = 0.68207 [273]
CuSbSe, Orthorhombic, Pnma, a = 0.640, b = 0.395, ¢ = 1.533 [100]
CuSb,Se,  |Monoclinic, C2/m; a = 1.36499, b = 0.40711, c = 1.49215, 3 =9 0.31° [274]
Cu,BiS, Orthorhombic, P2 2,2, a = 0.7723, b = 1.0395, ¢ = 0.6715 [100]
CuBiS, Orthorhombic, Pnma, a = 0.6134(1), b = 0. 39111(8), ¢ = 1.4548(8), [264]
CuBi,S, Monoclinic, c2m, a = 13.221, b =4.023, ¢ = 14.077A [281]
CuBi,S, Monoclinic, C2/m; a = 1.3214, b = 0.4025, ¢ = 1.4087, B = 115.6° (100]
HT-Cu,BiSe, |Cubic, F43m, a =0.5865 [277]
RT-Cu,BiSe; |Monoclinic, a = 1.366, b =0.417, c = 1.486, 0. = 119.1° [100]
CuBiSe, Cubic, Fm3m, a = 0.569 [100]
CuBi,;Se;,  |Triclinic, P1,a=0.4168,b=0.7182, c=1.3388, o.= 85.4°, B = 81.3°, y=73° [278]

properties and anticancer effect [22, 38]. Due
to the high X-ray attenuation coefficient, these
compounds can visualize computed tomography
[39].

4.1. Phase equilibria in Cu-As-X systems

The Cu-As-S system. Numerous studies on
phase equilibria and the properties of ternary
phases in the Cu—As-S system covering the period
up to the beginning of the 90s of the last century
are summarized in [91, 237]. It was shown that

the available data on the Cu,S-As,S, section of
phase diagrams are contradictory and differ from
each other both in the number and composition
of ternary compounds, and in the temperatures
and nature of their melting. In particular, in
[241] it was shown that this system is quasi-
binary and is characterized by the formation
of Cu,AsS,, Cu,AsS,, Cu,AsS ., Cu,As.S,, and
Cu,As,S, ternary compounds. The authors of
[237], taking into account data from several
studies, presented a slightly different version of
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the phase diagram from [238], according to which
there are 3 ternary compounds in the system:
Cu,,As,S ,, Cu,As,S, and CuAs,S,. It should be
noted that the Cu,,As,S . phase by composition
is outside the plane of this section, which could
question the data [237] on its quasi-binary nature.
In [242], a new review of the literature on the
Cu-As-S system was presented and a critical
assessment and thermodynamic modelling of the
phase diagram were carried out.

The studies [243-246] published by our
group presented the results of a comprehensive
study of phase equilibria and thermodynamic
properties of the Cu-As-S system. The solid-
phase equilibrium diagram (Fig. 4.3) reflects
Cu,AsS,, Cu ,As,S ., CuAs,S, and CuAsS ternary
compounds, which are synthetic analogues of
known minerals. According to [246], in contrast
to previously proposed versions of the phase
diagram, the Cu,S- As,S, section is only partially
quasi-binary (Fig. 4.2). This is because below the
solidus in the composition range 0-40 mol. % of
As,S. this section passes through three-phase
Cu,S+II+IV and II+III+1V fields (Fig. 4.3). In [246]
a detailed comparative analysis of the results
obtained by authors on this section with literary
data was carried out.

The liquidus of this system (Fig. 4.4) consists
of 14 primary crystallization fields of phases, two
of which (CuS and S) degenerate at the sulfur
corner of the concentration triangle. This part of
the phase diagram is shown schematically in an
enlarged form. The system is characterized by the
presence of two wide immiscibility regions formed
by the penetration of the corresponding regions
of the Cu-S boundary system into the depth of
the concentration triangle. Another immiscibility
region, originating from the binary system As-S
is shown in Fig. 4.4. However, the boundaries of
this region are not precisely established and are
marked with dotted lines.

The Cu-As-Se system. Phase equilibria in
this system are studied using the quasi-binary
Cu,Se-As,Se, section [247-250]. The data from
these studies significantly differ from each
other. According to [247], a Cu,AsSe, compound
is formed in the system by a peritectic reaction
at 773, the homogeneity region of which extends
from 66.7 to 82 mol. % Cu,Se. The CuAsSe,
compound stable in the temperature range of
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550-720 K is formed as the result of peritectic
interaction of Cu,AsSe, with the melt. In [247]
the Cu As,Se, compound, previously indicated in
[249] was not confirmed. The second version of
the phase diagram of the Cu,Se-As, Se, system was
constructed by the authors [248]. The existence of
ternary compounds Cu,AsSe,, Cu,As, Se_, CuAsSe,
has been demonstrated. The first compound
exists in the temperature range of 700-770 K,
and the second and third compounds melt
with decomposition according to the peritectic
reaction at 746 and 683 K. Another variant of
the T-x diagrams of this system was presented
in [250]. Only one ternary compound CuAsSe,,
melting incongruently at 725 K is reflected in
this diagram.

According to [249], the Cu,Se-As, Cu,AsSe,-
As,Se,, Cu,Se-Cu,As, and Cu,AsSe,- Se sections
are also practically quasi-binary. The first two
belong to the eutectic type, and the subsequent
ones are characterized by the presence of
monotectic and eutectic equilibria.

In [250] a projection of the liquidus surface
of the Cu-As-Se system is presented, on which
two ternary compounds Cu,AsSe, and CuAsSe,
are shown. Two immiscibility regions emanating
from the Cu-Se binary system were identified.
The study also shows the presence of a wide glass
formation region in the system, adjacent to the
As-Se binary system.

According to [251] the Cu,AsSe, compound
melts incongruently at 773 K and undergoes a
phase transition at 715 K. The low-temperature
modification has a tetragonal structure, and
the high-temperature modification has a cubic
structure.

The studies [252-254] present the results of the
research on phase equilibria and thermodynamic
properties of the Cu-As-Se system. It has been
established that it is characterized by the presence
of five triple compounds: Cu,AsSe,, CuAsSe,,
Cu,As Se,, Cu,AsSe,, and CuAsSe (Fig. 4.3).
Out of them, only the first two compounds are
located on the quasi-binary Cu,Se-As,Se, section
(Fig. 4.2). The projection of the liquidus surface
constructed by us taking into account the data
from [252-254] is shown in Fig. 4.4. It reflects
primary crystallization fields of all the above
copper-arsenic selenides. A complex interaction
of components was observed in the Cu,Se-As,Se.-
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crystallization of ternary compounds
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Cu,AsSe, subsystem, this region of the diagram
was described in detail in [254].

The Cu-As-Te system. According to available
data [91], ternary compounds are not formed in
this system.

4.2. Phase equilibria in Cu-Sb-X systems

The Cu-Sb-S system. The studies of phase
equilibria in the Cu-Sb-S system began at
the beginning of the last century. The results
of numerous studies in different years were
summarized in the monograph [91] and studies
[256, 257].

We will discuss some studies devoted to
the Cu,S-Sb,S, section. Thus, the authors [258]
showed that this section is quasi-binary and
forms ternary compounds Cu,SbS, and CuSbs,.
According to the data [259] on this section there
is only one CuSbS, compound with congruent
melting at 825 K. A detailed re-examination [260]
showed that a complex interaction occurs in the
vicinity of Cu,SbS,, involving the decomposition
of this compound below 400 K and the formation
of three different phases.

In a recently published study [257], the Cu—
S-Sb system was studied using the CALPHAD
method and a new version of the T-x diagram
of the Cu,S-Sb,S, section, significantly different
from previous studies was presented.

The complete T-x-y diagram, including
various polythermal sections and an isothermal
section at 300 K (Fig. 4.3), as well as a projection
of the liquidus surface (Fig. 4.4), was shown in
studies [261, 262]. According to [261], at room
temperature, ternary compounds Cu,SbS,,
Cu,Sb,S ., Cu, Sb,S ., Cu,SbS,, and CuSbS, exist
in the system (Fig. 4.3).

According to [262], the liquidus surface of
this system consists of 13 primary crystallization
fields of phases. The crystallization fields of
CuS and S degenerate at the sulfur corner of
the concentration triangle. This part of the
phase diagram is shown schematically in an
enlarged form. A characteristic feature of the Cu-
Sb-S system is two wide immiscibility regions.
These regions have the appearance of wide
continuous stripes between the immiscibility
regions of the boundary binary Cu-S and Sb-S
systems and occupy ~ 90% of the total area
of the concentration triangle. Some curves of
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monovariant equilibria intersect the immiscibility
regions and are transformed into four-phase
monotectic equilibria (M, - M/, M, - M, and
M; - M; conjugate points in Fig. 4.4).

It should be noted that the complex nature
of phase equilibria in a narrow region of
compositions, is highlighted by a rectangle and
presented in an enlarged form. In [262] data on
the coordinates of invariant equilibria on T-x-y
diagram of the system were presented and a
detailed comparative analysis with data from
previous studies was carried out. According to
this study, the Cu,S-Sb,S, section (Fig. 4.2) is
partially quasi-binary. In the region >50 mol. %
Sb,S. the results coincide with the data of
studies [258-260], according to which this part
of the system is quasi-binary and belongs to the
eutectic type. The region < 25 mol % Sb,S. is also
quasi-binary. This part of the phase diagram is
characterized by the formation of Cu ,Sb,S . and
Cu,SbS, compounds. However, inthe intermediate
range of compositions (25-50 mol. % Sb,S,), the
Cu,S-Sb,S, section is not quasi-binary. The X-ray
analysis data presented in [262] convincingly
demonstrate the presence of a connode connection
between the tetrahedrite Cu, ,Sb,S, . phase, which
according to the composition is located outside
this section, with elemental antimony. This
leads to the formation of three-phase regions of
Cu,SbS,+Cu,,Sb,S, +Sband Cu,,Sb,S .+CuSbS,+Sb
in the specified composition range.

The Cu-Sb-Se system. The quasi-binary
Cu,Se-Sb,Se, section was investigated in studies
[91, 259, 268-270]. According to [259], one
compound of the CuSbSe, composition was
formed in the system. The phase diagram
was refined near this compound in [256]. The
CuSbSe, and Cu,SbSe, ternary compounds are
shown on the phase diagram presented in [91].
In a recently published study [270], in addition
to these compounds, a compound with the
CuSb,Se, composition, which exists in a narrow
temperature range of 720-800 K, was discovered
(Fig. 4.2).

The diagram of solid-phase equilibria at
300 K is shown in Fig. 4.3, and a projection of
the liquidus surface, which reflects three ternary
compounds CuSbSe,, Cu,SbSe,, and Cu,SbSe,
is presented in Fig. 4.4. In a recently published
study [271], the Cu-Sb-Se system was modelled
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using the CALPHAD method and a projection of
the liquidus surface was presented.

The Cu-Sb-Te system. According to [91],
ternary compounds are not formed in this system.
The compound of composition CuSbTe,, indicated
in some early studies, was not subsequently
confirmed.

4.3. Phase equilibria in Cu-Bi-X systems

The Cu-Bi-S system. Phase equilibria in this
system have been studied for more than 100 years.
The results of these studies are summarized in
[91, 256]. Their results have been shown to differ
significantly. The T-x diagram constructed by
us based on the data [275] is shown in Fig. 4.2.
According to this diagram, Cu,BiS,, CuBiS,, and
CuBi,S, sulfides are formed in the system. All of
them melt with decomposition according to the
peritectic reaction. The Cu,S-Bi section is also
quasi-binary, characterized by the presence of
monotectic and degenerate eutectic equilibria
[276]. According to the solid-state equilibrium
diagram [91], three copper-bismuth sulfides exist
atroom temperature: CuBi,S,, CuBiS,, and Cu,BiS,
(Fig. 4.3).

The Cu-Bi-Se system. According to [276]
the Cu,Se-Bi section is quasi-binary and forms a
phase diagram with monotectic and degenerate
eutectic equilibria for Bi.

The first version of the T-x diagram of the
Cu,Se-Bi,Se, quasi-binary section is presented in
[277].1tis shown that it belongs to the eutectic type
with limited mutual solubility of the components.
The ordering occurs in the region of Cu,Se-based
solid solutions at 25 mol. % Bi,Se, (Cu,BiSe,).
According to [277] the Cu,BiSe, phase crystallizes
in the cubic syngony (superstructure close to the
CaF, type). According to the data [100], the Cu,BiSe,
compound has a monoclinic structure.

The literature also contains information on
the synthesis and crystal structure of ternary
compounds CuBiSe, and CuBi,Se, (Table 4.1).
The first compound crystallizes in a cubic lattice,
while the second has a triclinic structure.

The study [279] summarizes all available results
on phase equilibria in the Cu-Bi-Se system and
presents a complete picture of phase equilibria,
including a series of polythermal sections, an
isothermal section at room temperature (Fig. 4.3)
and a projection of the liquidus surface (Fig.4.4). In
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this system, as in the sulfur-containing one, three
ternary compounds CuBi,Se,, CuBiSe,,and Cu_BiSe,
melting incongruently (Fig. 4.2) are formed. The
study also presents a new version of the phase
diagram of the quasi-binary Cu,Se-Bi,Se, section.
The formation of the three above-mentioned
ternary compounds melting by the peritectic
reaction at 900 K (CuBi,Se,), 835 K (CuBiSe,), and
850 K (Cu,BiSe,) was confirmed. It has also been
established that the Cu,BiSe, compound is outside
the homogeneity region of Cu,Se, which has a
maximum length of ~17 mol. % Bi,Se, at 850 K.

The Cu-Bi-Te system. According to available
data [91], ternary compounds are not formed in
this system.

4.4. Thermodynamic properties of copper
chalcogenides with p*-elements

The standard integral thermodynamic
functions of copper-arsenic sulfides and selenides
are determined by measuring the EMF of
concentration cells of type (2.2) with a solid
electrolyte [245, 246] (Table 4.2). These data sets
for Cu,AsS,, Cu As,S,, and CuAsS compounds were
significantly (up to 20%) lower than those shown
in [280] and were closer to the data of [283, 284].
Unfortunately, the thermodynamic data [280-284]
were presented without errors, which complicates
the assessment of their reliability. We believe that
the data in [280] were significantly overestimated.

Data on the standard integral thermodynamic
functions of copper-antimony and copper-
bismuth chalcogenides are shown in Table 4.2.
For almost all of these compounds, complete
mutually consistent sets of thermodynamic
quantities were obtained using the EMF method
with Cu’ conductive electrolyte. Thermodynamic
functions of CuSbS,, Cu,SbS,, and CuSbS,
determined by the EMF method [261, 285] except
DG%(298 K) for the latter compound are in good
agreement with calorimetric data [263, 286].

Thus, mutually consistent sets of data on
phase equilibria and thermodynamic properties
are available for ternary Cu-BY-S(Se) systems, and
for five systems complete T-x-y diagrams were
constructed and the primary crystallization fields
of ternary phases were determined.
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Table 4.2. Standard thermodynamic functions of formation and standard entropies of ternary phases of

the Cu-BV-S(Se) systems

“AGY (298 K “AH (298 K
Compound G ) | T C ) §94g J'K-mol ™! Ref.
kJ-mol~!
179.2+0.6 172.2£2.6 278+8 [245, 246]
211.6 215.7 276.6 [283]
Cu,AsS, 230.4 224.0 285.0 [281]
179.0 256.4 [282]
277.2 [284]
CuAs S 445.3%1.6 434.6+7.5 668+22 [245, 246]
6254% 517.8 505.1 673.0 [280]
Cu,,As,S 701.842.5 673.7+10.7 1050+13 [245, 246]
69.5%0.3 64.151.7 109+5 [245, 246]
CuAsS 76.2 76.5 100.0 [280]
Cu,AsSe, 147.320.5 146.3%1.5 307413 [253]
Cu,As Se, 441.8423 446.1+11.7 970427 [284]
66.6:0.4 67.342.0 150.9+6.2 [255]
CuAsSe, 99.5+4.8 97.9+5.1 158+5 [285]
Cu.AsSe 141.840.5 140.0+2.0 258.545.6 [285]
CuAsSe 55.140.3 55.642.0 109.5+4.7 [285]
Cu,SbS, 2547423 2478423 295.6 + 7.0 [261]
128.5% 2.2 126.9% 2.4 147.5+ 3.8 [261]
Cusbs, *132.74.2 130.8+4.4 - [263]
130.6£6.0 131.7%5.2 - [286]
Cu,,Sb,S,, 958.7+9.6 929.7 + 11.2 1092.0 * 29.0 [261]
+ + +
Cusbs, 2264%23 219.0 % 2.6 265.5+7.2 [261]
“221.6£6.0 215.0%6.2 - [286]
Cu,,Sb,S,, 971.7+9.8 984.8  11.9 1018.0 % 33.0 [261]
Cu,SbSe, 191.6+2.5 178.6+5.4 358.18 [285]
101.4*1.8 98.5%2.2 173+8 [285]
CuSbSe, 77.3+1.3 104.8+1.7 - [286]
Cu,SbSe, 175.6£2.5 164.0%5.3 311+15 [286]
CuBiS, 138.6+4.0 138.22.9 156+12 [50]
Cu,BiS, 213.0%4.4 209.9+5.2 264+21 [50]
CuBi,S, 248.7+1.9 248.6+5.8 421.9+7.8 [50]
CuBiSe, 107.6+0.8 105.9+2.51 189.8+2.4 [279]
Cu_BiSe, 162.5+1.2 155.9%5.7 315.0+8.5 [279]
Cu,BiSe, 324.843.5 313.1¢18.6 659+28 [279]

Note: - our calculation from calorimetric data [286]

5. Conclusions

Thus, the above-presented results of numerous
studies demonstrate significant successes in the
development of environmentally friendly and
affordable functional materials based on copper
chalcogenides with p!-p*-elements. The analysis
shows that the improvement and optimization
of the functional properties of these materials
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is largely associated with targeted research on
the variation of their composition and structure.

This review summarizes the studies of phase
equilibria in ternary systems Cu-TI(B', BY)-X
(B - Si, Ge, Sn; BV - As, Sb, Bi; X - S, Se, Te)
and some concentration planes and sections of
quaternary systems that form various types of
substitutional solid solutions based on ternary
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compounds of the described systems. Even
though the studied phase diagrams cover only a
small part of such systems, they contain valuable
information that offers great opportunities for
scientifically based manipulation of composition
and structure, including the concept of entropy
engineering. Here we also present data on the
fundamental thermodynamic properties of
ternary compounds of the considered systems.
Most of these data were obtained using the EMF
method, which allowed to ensure not only the
consistency of AfGO, A/HU, and S° functions, but
also the mutual consistency of these values with
phase diagrams.

At the same time, it should be noted that in
studies of the physical properties of complex
copper chalcogenides, phase diagrams and
thermodynamic data were not used fully when
selecting sample compositions and synthesis
conditions. We believe that addressing this
gap and further development of research on
phase equilibria and thermodynamic properties
of similar and more complex systems are
important. This would allow us to obtain complex
copper-based chalcogenides, thermodynamically
stable over wide ranges of compositions and
temperatures, including high-entropy phases
with good applied characteristics.
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