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Phase equilibria in the reciprocal system CuGaS2+CuInSe2����CuGaSe2+CuInS2 were investigated by 
differential thermal and X-ray phase analyses. The isothermal section of the system at 870 K was constructed. 
The region of existence of the α-solid solution range of the system components with chalcopyrite structure 
was determined. The vertical sections CuGaS2–CuGaSe2 and CuGaS2–CuInSe2 were constructed from DTA 
data. 
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Introduction 
 
The finite quantity of fossil resources accelerates the 
development of renewable energy sources, of which 
solar energy is a promising front-runner. Increase of 
the efficiency and reduction of the cost of solar cells 
are researched both by trying to improve the 
production technology for cells based on already 
known materials and by searching for new materials. 
Alternatives to classic silicon in solar cells are 
CuInSe2 (CIS) and its solid solutions. Among the 
primary challenges in the search for new materials  
the optimization of the composition of the solid 
solutions CuInSxSe2–x, CuInxGa1–xSe2 (CIGS), 
CuInxGa1–xSySe2–y (CIGSSЕ) is attracting most 
interest [1-8]. 
 The working element of CIS-based solar cells is 
the CIS/CdS heterojunction where p-type CIS is the 
absorption layer and n-type CdS is the buffer layer. 
The study of systems that combine the heterojunction 
components has interesting practical applications. 
 We have earlier investigated the ternary reciprocal 
systems CuInS2+2CdSe�CuInSe2+2CdS [9], 
CuGaS2+2CdSe�CuGaSe2+2CdS [10] and the ternary 
systems CuGaS2–CuInS2–2CdS [11], CuGaSe2–
CuInSe2–2CdSe [12], which are the bounding sides of 
the quaternary reciprocal system 
CuIn, CuGa,Cd || S,Se (Fig. 1) that covers all variants 
of solid solutions of the ternary phases and the 
cadmium chalcogenides CdS and CdSe. 

 The CuInS2+2CdSe�CuInSe2+2CdS system 
features the existence of a γ-phase, which is a solid 
solution range of HT-modifications of CuInS2 and 
CuInSe2 with the sphalerite structure that is stabilized 
at the annealing temperatures (620 K and 870 K) by 
cadmium chalcogenides [9]. Physical properties of 
γ-solid solutions were studied on single crystals grown 
by the horizontal Bridgman method [13]. The crystals 
were photosensitive, primarily of p-type, with a carrier 
concentration of 1015-1016 cm–3 and mobility 
18 cm/(V·s); their bandgap energy ranges from 1.05 to 
1.43 eV, thus suitable for the use in photovoltaic cells. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Quaternary reciprocal system 
CuIn, CuGa,Cd || S,Se and the position  
of the reciprocal system 
CuGaS2+CuInSe2�CuGaSe2+CuInS2. 
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 Minor γ-solid solution ranges have been found in 
the CuGaS2+2CdSe�CuGaSe2+2CdS system centered 
at the quaternary compound CuCd2GaSe4 [10] and in 
the CuInS2–CuGaS2–2CdS system [11]. 
 The CuGaSe2–CuInSe2–2CdSe system exhibits a 
large range of γ-solid solutions based on the stabilized 
HT-CuInSe2 and the CuCd2GaSe4 phases. Using the 
horizontal Bridgman method, 11 single crystals were 
grown from the γ-solid solution range along the 
‘CuCd2InSe4’–CuCd2GaSe4 section [12]. 
 The object of this paper is the reciprocal system 
CuGaS2+CuInSe2�CuGaSe2+CuInS2, which is also 
one of the bounding sides of the quaternary reciprocal 
system CuIn, CuGa,Cd || S,Se. 
 
 
Literature data on the quasi-binary systems 
 
The CuGaS2–CuGaSe2 system 
The CuGaS2–CuGaSe2 system was studied in [14]. 
The CuGaS2 thermogram features one effect at 
1515 K, which corresponds to the melting point of the 
compound; the CuGaSe2 thermogram shows two 
effects at 1320 and 1345 K. Two similar effects are 
observed for solid solutions near CuGaSe2. The 
authors describe the thermal effect of CuGaSe2 at 
1320 K as an order-disorder polymorphous transition 
(cation-cation disordering) and ascribe the 
investigated phase diagram to Type I of Roozeboom's 
classification. The ternary compounds and their solid 
solutions crystallize in the chalcopyrite structure. 
 
The CuInS2–CuInSe2 system 
The CuInS2–CuInSe2 phase diagram was investigated 
in [9,15,16]. Two continuous solid solution series 
were found in the system, as well as a limited solid 
solution range of HТ(2)-CuInS2, which undergoes a 
metatectic decomposition (β→L+γ) at 1315 K. The 
coordinates of the invariant point are 31 mol.% 
CuInSe2 and 1315 K. 
 
The CuGaS2–CuInS2 system 
The CuGaS2–CuInS2 phase diagram was investigated 
in [17,18]. Our report [18] established that the 
CuGaS2–CuInS2 diagram is of peritectic type with two 
peritectic points: 45 mol.% CuGaS2, 1426 K and 
68 mol.% CuGaS2, 1451 K. The system features a 
continuous α-solid solution series and two limited β- 
and γ-solid solution ranges, based on the HТ(1) and 
HТ(2) modifications of CuInS2, respectively. 
 
The CuGaSe2–CuInSe2 system 
The CuGaSe2–CuInSe2 system was investigated in 
[12,22]. The phase diagram [22] was ascribed to  
Type I of Roozeboom's classification. The 
thermograms of the ternary compounds feature two 
thermal effects, at 1318 and 1361 K for CuGaSe2, and 
at 1083 and 1259 K for CuInSe2. The phase transitions 
at 1318 and 1083 K were interpreted as cation-cation 
disordering. Similar phase transitions characterize the 

solid solution CuGaxIn1–xSe2 in the entire 
concentration range. However, the phase diagram is 
inconsistent with the fact that CuGaSe2 forms in the 
Cu2Se–Ga2Se3 system by a peritectic reaction [19-21]. 
This was the reason for the re-investigation of the 
system. Our diagram [12] agrees well with the version 
in [22] at low temperatures, but features additional 
fields at near-liquidus temperatures in the CuGaSe2-
rich region, which are caused by the incongruent 
formation of copper selenogallate. 
 Single crystals of the solid solution CuGaxIn1–xSe2 
obtained in [23] had the chalcopyrite structure and 
p-type conductivity. 
 
 
Experimental 
 
A total of 90 alloys were synthesized for the 
investigation of the phase equilibria in the reciprocal 
system CuGaS2+CuInSe2�CuGaSe2+CuInS2; their 
compositions are presented in Fig. 2. The alloys were 
synthesized from the elements (Cu, Ga, In, S, Se) with 
a content of the main element of at least 99.99 wt.%. 
The calculated amounts were placed into quartz 
ampoules that were evacuated to the residual pressure 
10–2 Pa and soldered. The synthesis was performed in 
two stages. At the first stage the ampoules with the 
batches were heated in the flame of an oxygen-gas 
burner with visual control of the process (to complete 
bonding of sulfur). At the second stage the ampoules 
were heated in a single-zone shaft-type furnace at the 
rate of 50 K/h to a maximum synthesis temperature of 
1470 K. After 2-3 h exposure the ampoules were 
slowly cooled at the rate of 10 K/h to 870 K. The 
samples were annealed at this temperature for 1500 h, 
followed by quenching into cold water. This process 
resulted in compact dark-grey polycrystalline ingots. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 Chemical composition of the alloys and 
the isothermal section of the reciprocal system 
CuGaS2+CuInSe2�CuGaSe2+CuInS2 at 870 K. 
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Fig. 3 Vertical section CuGaS2–CuGaSe2:  
1 – L; 2 – L+α; 3 – L+γ'; 4 – L+α+γ'; 5 – α+γ'; 
6 – α. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4 Variation of the unit cell parameters of 
the alloys of the CuGaS2–CuGaSe2 section at 
870 K. 

 
 The obtained alloys were investigated by 
differential thermal analysis (Paulik-Paulik-Erdey 
derivatograph, Pt/Pt-Rh thermocouple) and XRD 
(DRON 4-13 diffractometer, СuKα radiation). The 
lattice parameters were computed using the PDWin-2 
software package. 
 
 
Results and discussion 
 
The isothermal section of the reciprocal system 
CuGaS2+CuInSe2����CuGaSe2+CuInS2 at 870 K 
The isothermal section of the reciprocal system 
CuGaS2+CuInSe2�CuGaSe2+CuInS2 at 870 K, 
constructed from the results of the X-ray phase 
analysis of the alloys, is presented in Fig. 2. At this 
temperature the system exists as an α-solid solution of 
CuGaS2, CuGaSe2, НТ-CuInS2 and НТ-CuInSe2 with 
the chalcopyrite structure that occupies the entire 
concentration square. 

The vertical section CuGaS2–CuGaSe2 

The CuGaS2–CuGaSe2 system is one of the sides of 
the reciprocal system. The phase diagram is non-
quasi-binary above the solidus due to the incongruent 
melting of the CuGaSe2 compound. The vertical 
section is presented in Fig. 3. The liquidus consists of 
two lines that belong to the fields of primary 
crystallization of γ'-phase, which participates in the 
peritectic process of formation of CuGaSe2 (the 
homogeneity region of the γ'-phase is localized in the 
Cu2Se–Ga2Se3 section) and of the α-phase, which is 
the solid solution of CuGaSe2 and CuGaS2. The fields 
of primary crystallization are separated by the three-
phase field L+α+γ'. XRD data show that all alloys 
annealed at 870 K are single-phase and crystallize in 
the tetragonal chalcopyrite structure (Fig. 4), which 
agrees well with the results of [14]. 
 
The CuGaS2–CuInSe2 , CuGaSe2–CuInS2 sections 
The vertical section CuGaS2–CuInSe2 (Fig. 5) is a 
diagonal section of the phase diagram of the reciprocal 
system CuGaS2+CuInSe2�CuGaSe2+CuInS2. The 
section liquidus consists of the curves of primary 
crystallization of the α- and γ-solid solutions. The 
section is non-quasi-binary below the liquidus (it 
crosses the monovariant line that separates the fields 
of primary crystallization of the α- and γ-solid 
solutions). γ-solid solutions of HT-CuInSe2 exist only 
at high temperatures and decompose upon cooling. 
The thermograms of selected alloys are presented in 
Fig. 6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5 Vertical section CuGaS2–CuInSe2:  
1 – L; 2 – L+α; 3 – L+α+γ; 4 – L+γ; 5 – γ;  
6 – α+γ; 7 – α. 
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Fig. 6 Thermograms of alloys at the CuGaS2–
CuInSe2 section (mol.% CuInSe2): 1 – 25;  
2 – 50; 3 – 70. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7 Diffraction patterns of alloys of the 
CuGaS2–CuInSe2 section (mol.% CuInSe2):  
1 – 0; 2 – 20; 3 – 50; 4 – 80; 5 – 100. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8 Variation of the unit cell parameters of 
the alloys of the CuGaS2–CuInSe2 section at 
870 K. 

 All alloys of the CuGaS2–CuInSe2 section are 
single-phase at the annealing temperature and 
crystallize in the chalcopyrite structure of the α-solid 
solutions (Fig. 7). The change of the unit cell 
parameters with composition follows Vegard's rule 
(Fig. 8). 
 The other diagonal of the phase  
diagram of the reciprocal system 
CuGaS2+CuInSe2�CuGaSe2+CuInS2 is the CuGaSe2–
CuInS2 section. All alloys of this section are also 
single-phase (Figs. 9,10). 
 
The ‘CuGaS1.5Se0.5’–‘CuInS 1.5Se0.5’, ‘CuGaSSe’–
‘CuInSSe’ and ‘CuGaS0.5Se1.5’–‘CuInS 0.5Se1.5’ 
sections 
According to XRD data, all the alloys from  
the ‘CuGaS1.5Se0.5’–‘CuInS1.5Se0.5’, ‘CuGaSSe’–
‘CuInSSe’ and ‘CuGaS0.5Se1.5’–‘CuInS0.5Se1.5’ 
sections are single-phase. The change of the unit cell 
parameters along these sections is plotted in 
Figs. 11-13. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9 Diffraction patterns of alloys of the 
CuGaSe2–CuInS2 section (mol.% CuInS2):  
1 – 0; 2 – 20; 3 – 50; 4 – 80; 5 – 100. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10 Variation of the unit cell parameters of 
the alloys of the CuGaSe2–CuInS2 section at 
870 K. 
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Fig. 11 Variation of the unit cell parameters of 
the alloys of the ‘CuGaS1.5Se0.5’–
‘CuInS1.5Se0.5’ section at 870 K. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 12 Variation of the unit cell parameters of 
the alloys of the ‘CuGaSSe’–‘CuInSSe’ section 
at 870 K. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 13 Variation of the unit cell parameters of 
the alloys of the ‘CuGaS0.5Se1.5’–
‘CuInS0.5Se1.5’ section at 870 K. 

 
 
 
Conclusions 
 
The reciprocal system CuGaS2+CuInSe2� 
CuGaSe2+CuInS2 was investigated by DTA and XRD 
methods. At 870 K the system is a continuous solid 

solution series of its components with the chalcopyrite 
structure. The vertical sections CuGaS2–CuGaSe2 and 
CuGaS2–CuInSe2 were constructed. As CuInSe2-based 
solid solutions are widely used in solar cells, a 
thorough study of the physical properties of the solid 
solutions that exist in the reciprocal system 
CuGaS2+CuInSe2�CuGaSe2+CuInS2 is necessary. 
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