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The interactions between quaternary compounds AI

2B
II
С

IV X4 have been investigated. For the Cu2CdGeS4–
Cu2CdSnS4 and Cu2ZnGeSe4–Cu2CdGeSe4 systems polythermal sections were constructed. In the zinc-
containing systems, the extent of the solid solutions based on the end compounds were investigated. The 
largest solid solution width was observed along the Cu2ZnGeS4–Cu2ZnSiS4 section, where Cu2ZnSiS4 extends 
up to 50 mol.%. 
 
Chalcogenides / Semiconductors / X-ray diffraction / Crystal structure 
 
 
 
 
1. Introduction  
 
Numerous reports on the crystal chemical and 
physical properties of quaternary chalcogenide 
semiconductors and their solid solutions have been 
published in recent years [1-9] to find materials  
with better electrical, optical, and magnetic properties 
than well-known binary or ternary compounds. 
Quaternary chalcogenides are also actively used to 
create more efficient solar cells. Using solid  
solutions based on them, it is possible to modify the 
physical properties of the materials in the desired 
direction [10-15]. But in such complex systems 
containing five elements, understanding the  
features of the crystal structure is especially important 
for a correct interpretation of the physical properties. 
In this article we report the results of an investigation 
of the solid solutions in the following  
systems: Cu2CdGeS4–Cu2CdSnS4, Cu2ZnGeSe4–
Cu2CdGeSe4, Cu2ZnGeS4–Cu2ZnSnS4, Cu2ZnGeS4–
Cu2ZnSiS4, Cu2ZnSnS4–Cu2ZnSiS4, and their  
selenide analogs Cu2ZnGeSe4–Cu2ZnSnSe4, 
Cu2ZnGeSe4–Cu2ZnSiSe4, Cu2ZnSnS4–Cu2ZnSiSe4. 
The listed sections were primarily studied to 
determine the boundaries of the solid solution  
ranges of the end compounds. The results of  
the study will allow us to evaluate the prospects of 
further, deeper studies, with a view to suggest 
practical applications in modern semiconductor 
industry. 

2. Experimental 
 
For every system, several alloys were synthesized 
from high-purity elements in evacuated quartz 
ampoules using the direct single-temperature  
method. The maximum synthesis temperature  
varied depending on the melting points  
of the end compounds. After the first stage of  
the synthesis, the alloys were ground into  
powder and pressed into tablets. The samples  
were annealed at 1070 K for 70 h, the  
procedure being repeated up to three times  
for some samples that were not single-phase.  
Then all the alloys were annealed at 670 K  
for 500 h followed by quenching into water  
at room temperature. The obtained samples  
were investigated by XRD (DRON 4-13 
diffractometer, CuKα radiation) and differential 
thermal analysis. The DTA curves were recorded 
using Pt/Pt-Rh thermocouples in a combination  
of a “Thermodent” regulated-heating furnace  
and a H307-1 XY recorder set. The speed of  
heating was 10 K/min. In a few cases recording  
was repeated with a speed of 3 or 7 K/min  
(after repeated anneal for 100 h at 670 K).  
As reference standard Al2O3 calcined at 1270 K  
for 10 h was selected. We used Cu, Ag, Ge, NaCl,  
Sb, Te, Cd, and Sn for calibration. All of  
the samples were investigated in quartz ampoules 
evacuated to 0.1 Pa. 
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3. Results and discussion 
 
3.1. The Cu2СdGeS4–Cu2СdSnS4 section 
The vertical section of the Cu2CdGeS4–Cu2CdSnS4 
system was investigated by XRD and DTA (Fig. 1). 
The section liquidus is represented by the primary 
crystallization curves of the solid solutions ε (curve 
ab) and β (curve bc). The section crosses the plane of 
the invariant process of transition type L+β�δ+ε at 
1187 K forming the horizontal line de. The regions of 
co-existence of the three phases L+β+ε (field 4) and 
L+β+δ (field 5) converge to this horizontal.  
Below, the region of the monovariant eutectic process 
L�δ+ε and the region of the monovariant peritectic 
process L+ε�γ converge to the segment fg.  

This horizontal belongs to the plane of the invariant 
process of transition type L+ε�γ+δ, which  
takes place at 1176 K. The segment fg coincides  
with the connecting line of this plane, therefore the 
alloys of this section are two-phase (γ+δ) below 
1176 K. 
 At this temperature, the extent of the γ-solid 
solution is 11 mol.% Cu2CdSnS4, and that of the  
δ-solid solution is 16 mol.% Cu2CdGeS4. The solid 
solution range changes little with decreasing 
temperature, and reaches 9 mol.% for the γ-solid 
solutions and 14 mol.% for the δ-solid solutions at 
670 K. The boundaries of the solid solutions at the 
annealing temperature were determined by plotting the 
change of the unit-cell parameters (Fig. 2). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Vertical section Cu2CdGeS4–Cu2CdSnS4: 1 – L; 2 – L+ε; 3 – L+β; 4 – L+β+ε; 5 – L+β+δ; 6 – L+γ+ε; 
7 – L+δ+ε; 8 – L+δ; 9 – γ; 10 – δ; 11 – γ+δ; 12 – L+γ. 



I.D. Olekseyuk et al., Phase equilibria between the quaternary semiconductors AI
2B

II
С

IVX4... 

Chem. Met. Alloys 12 (2019) 53 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 Variation of the unit-cell parameters for the Cu2CdGeS4–Cu2CdSnS4 section.  
 
 
 
3.2. The Cu2ZnGeSe4–Cu2CdGeSe4 section 
The Cu2ZnGeSe4 compound, which forms in the 
Cu2GeSe3–ZnSe system, melts incongruently at 
1163 K and has a polymorphous transition in the 
temperature range 1060–1077 K from a tetragonal 
low-temperature modification (LTM) to a high-
temperature modification (HTM) with unknown 
crystal structure [16]. Cu2CdGeSe4 forms in the 
Cu2GeSe3–CdSe system via the peritectic reaction 
L+Cu2Cd3GeSe6�Cu2CdGeSe4 at 1103 K. This 
compound has two polymorphous modifications, the 
orthorhombic HTM (space group Pmn21, a = 0.80968, 
b = 0.68929, c = 0.66264 nm) and the tetragonal LTM 
(space group I-42m, a = 0.57482, c = 1.10533 nm) 
[17]. According to the authors of [18], the 
polymorphous transition takes place at 878 K. 
 According to XRD data, Cu2ZnGeSe4 and 
Cu2CdGeSe4 form a continuous solid solution series 
with tetragonal structure at 720 K (Fig. 3). 
Cu2ZnGeSe4 crystallizes in I-42m with the unit-cell 
parameters a = 0.5607, c = 1.1042 nm, and  
LT-Cu2CdGeSe4 was indexed in the same space group 
with the unit-cell parameters a = 0.5749, 
c = 1.1055 nm, which are in good agreement with the 
literature data [16,17]. The unit-cell parameter a and 

the unit-cell volume vary fairly linearly with the 
Zn/Cd ratio in the Cu2Zn1-xCdxGeSe4 solid solutions 
(Fig. 4), while the parameter c shows deviation from a 
straight line, with a maximum at x = 0.7. The variation 
of the unit-cell volume agrees well with the sizes of 
the cations involved in the substitution, Zn2+ 
(0.074 nm) and Cd2+ (0.092 nm). As the zinc content 
increases, the parameter of tetragonal distortion 
(∆ = 2 – c/a) increases (Fig. 4), which is manifested in 
greater splitting of particular reflections in the 
diffraction patterns (Fig. 3). Results of the X-ray 
diffraction investigation of the solid solutions 
'Cu2Zn0.5Cd0.5GeSe4' and 'Cu2Zn0.3Cd0.7GeSe4' are 
summarized in Tables 1 and 2. 
 The vertical section Cu2CdGeS4–Cu2CdSnS4 was 
built from DTA. The liquidus consists of the two 
curves of primary crystallization of the ε-solid 
solution range of ZnSe and the ζ-solid solutions of 
Cu2Cd3GeSe6. The horizontal line at 1110 K belongs 
to the invariant peritectic process L+ε�β+ζ that takes 
place in the Cu2GeSe3–ZnSe–CdSe system. There are 
two continuous solid solution series, the β-solid 
solutions of the HT modifications of the quaternary 
compounds, and the α-solid solutions of their LT 
modifications (Fig. 5). 
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Fig. 3 Experimental diffraction patterns of the samples of the Cu2ZnGeSe4–Cu2CdGeSe4 section. 
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Fig. 4 Unit-cell parameters in the system Cu2Zn1-xCdxGeSe4 (tetragonal crystal structure, space group I-42m). 
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Table 1 Results of the refinement of the crystal structure of the solid solutions 'Cu2Zn0.5Cd0.5GeSe4' and 
'Cu2Zn0.3Cd0.7GeSe4'. 

 
Formula 'Cu2Zn0.5Cd0.5GeSe4' 'Cu2Zn0.3Cd0.7GeSe4' 
Formula units per unit cell 2 2 
Space group  I-42m I-42m 
a (nm) 0.56831(3) 0.56940(1) 
c (nm) 1.10904(6) 1.11248(3) 
Unit-cell volume (nm3) 0.35820(5) 0.36068(3) 
Number of atoms in the cell 16 16 
Calculated density (g/cm3) 5.6033(8) 5.6513(4) 
Absorption coefficient (1/cm) 519.46 556.43 
Radiation, wavelength CuKα, 0.154185 nm 
Diffractometer Powder DRON 4-13 
Mode of refinement Full profile Full profile 
Number of atom sites 4 4 
Number of free parameters 9 9 
2θmax (°); sinθ / λ max (1/nm) 100.02; 4.97 100.02; 4.97 
RI; Rp 0.0683; 0.1426 0.0782; 0.1092 
Texture axis and parameter [011] and 2.49(9) [110] and 1.31(4) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5 Vertical section Cu2ZnGeSe4–Cu2CdGeSe4: 1 – L; 2 – L+ε; 3 – L+β; 4 – L+β+ε; 5 – L+β+δ;  
6 – L+γ+ε; 7 – L+δ+ε; 8 – L+δ; 9 – γ; 10 – γ+δ; 11 – δ. 
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Table 2 Atom coordinates and isotropic displacement parameters in the structures of the solid solutions 
'Cu2Zn0.5Cd0.5GeSe4' and 'Cu2Zn0.3Cd0.7GeSe4' (space group I-42m). 

 
Atom Wyckoff site x y z Occupation Вiso×102 nm2 

'Cu2Zn0.5Cd0.5GeSe4' 
Cu 4d ½ 0 ¼ 1 0.69(13) 
M 2a 0 0 0 0.5 Zn+0.5 Cd 1.1(2) 
Ge 2b 0 0 ½ 1 0.35(15) 
Se 8i 0.2672(2) 0.2672(2) 0.1279(2) 1 1.21(11) 

'Cu2Zn0.3Cd0.7GeSe4' 
Cu 4d ½ 0 ¼ 1 1.16(5) 
M 2a 0 0 0 0.3 Zn+0.7 Cd 1.89(6) 
Ge 2b 0 0 ½ 1 1.70(8) 
Se 8i 0.2649(1) 0.2649(1) 0.1313(1) 1 1.62(3) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6 Graphical representation of the extent of the solid solutions of the quaternary end compounds in the 
Cu2ZnC1

IVX4–Cu2ZnC2
IVX4 sections. 

 
 
 
3.3. The Cu2ZnGeS4–Cu2ZnSiS4 and other 
Cu2ZnС1

IV X4–Cu2ZnС2
IV X4 sections (C1, C2 = Si, 

Ge, Sn, X = S, Se) 
Despite the incongruent type of formation of  
the end compounds, the studied sections are  
quasi-binary in the solid state. They exhibit small 
solid-state solubility based on the quaternary 
compounds. The boundaries of these solid  
solutions were determined by plotting the variation of 
the unit-cell parameters (Figs. 6,7). In most  
cases, the extent was 5-15 mol.%. The mechanism of 
formation of solid solutions is the substitution of Si, 
Ge, Sn on their crystallographic site. No other 

redistribution of atoms was observed in the crystal 
structure. 
 A system of particular interest is the Cu2ZnGeS4–
Cu2ZnSiS4 section, where the solubility based on 
Cu2ZnSiS4 reaches up to 50 mol.% Cu2ZnGeS4 
(Fig. 7). For the 'Cu2ZnSi0.5Ge0.5S4' composition 
(Fig. 8) the mechanism of formation of solid solutions 
in this system was studied. It is the substitution of 
germanium atoms for silicon on the crystallographic 
site 2a (Tables 3,4). The variation of the unit-cell 
parameters within this solid solution is linear, 
increasing to а = 0.7479, b = 0.6446, c = 0.6168 nm 
(Fig. 7). 
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Fig. 7 Variation of the unit-cell parameters of the solid solutions of Cu2ZnSiS4 along the Cu2ZnGeS4–
Cu2ZnSiS4 section. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8 Experimental and calculated diffraction patterns of the solid solution 'Cu2ZnSi0.5Ge0.5S4' and their 
difference. 
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Table 3 Results of the structural refinement of the solid solution 'Cu2ZnSi0.5Ge0.5S4' at the Cu2ZnGeS4-
Cu2ZnSiS4 section. 
 

Space group Pmn21 
a (nm) 0.74787(5) 
b (nm) 0.64457(4) 
c (nm) 0.61685(3) 
Unit-cell volume (nm3) 0.29735(5) 
F(000) (electrons) 350 
Number of atoms in the cell 16.0 
Calculated density (g/cm3) 4.1436(7) 
Absorption coefficient (1/cm) 286.85 
Radiation, wavelength CuKα, 0.154185 nm 
Diffractometer Powder 
Mode of refinement Full profile 
Number of atom sites 6 
Number of free parameters 22 
2θmax (°); sinθ / λ max (1/nm) 99.52; 4.95 
RI; Rp 0.0550; 0.0990 
Texture axis and parameter [330] and 0.268(8) 
 
 
 

Table 4 Atom coordinates and isotropic displacement parameters in the structure of the solid solution 
'Cu2ZnSi0.5Ge0.5S4'. 

 
Atom Wyckoff site x y z Occupation Вiso×102 nm2 
Cu1 4d 0.2533(5) 0.1662(10) 0.118(11) 1 1.01(3) 
Zn1 2a 0 0.3373(12) 0.609(11) 1 1.19(3) 
M 2b 0 0.6720(14) 0.106(11) 0.5 Si + 0.5 Ge 0.84(3) 
S1 8i 0 0.314(2) 0.240(11) 1 1.11(3) 
S2 8i 0 0.675(2) 0.783(11) 1 1.08(3) 
S3 8i 0.2482(10) 0.1733(14) 0.259(11) 1 1.16(3) 
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