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Highlights  

• Optimum CGI values for 480℃ and 620℃ substrate temperatures were found to be 0.88 and 0.90, respectively. 

• The sample with 0.90 CGI ratio which produced at 620℃ performed the best efficiency with 14.23 %. 

• The CGI ratio affected the the short circuit current and fill factor more than the open circuit voltage. 

You can cite this article as: Ağca S, Çankaya G. Determination of optimum Cu/(Ga+In) ratio at different fabrication temperatures for 

Cu(In,Ga)(Se,Te)2 thin film solar cells. Int J Energy Studies 2025; 10(3): 699-710. 

ABSTRACT 

In this study, tellurium-dopped Cu(In,Ga)(Se,Te)2 completed solar cells with different Cu/(Ga+In) ratios were fabricated 

at different substrate temperatures and investigated to understand the effect of Cu/(Ga+In) ratio on the solar parameters 

and the structure of the solar cells. It was found that the Cu/(Ga+In) ratio affected the short circuit current and fill factor 

more than the open circuit voltage by changing the microstructure. Therefore, the increase in the current collection and 

short circuit current density had a greater effect on the efficiency value. Increasing the Cu/(Ga+In) ratio from 0.88 to 

0.90 decreased the average grain size from 0.47 µm to 0.38 µm at 480℃ substrate temperature. However, further 

increasing the Cu/(Ga+In) ratio from 0.90 to 0.92 made the structure more compact having an average grain size of 0.41 

µm with less thin film quality. The samples with highest Cu/(Ga+In) ratios having the most compact structures in their 

temperature groups showed very low current collection through all wavelengths when compared to other samples. The 

short circuit current density results were found to be in consistency with the external quantum efficiency graphs of the 

completed solar cell samples. Optimum Cu/(Ga+In) values for the samples produced at 480℃ and 620℃ substrate 

temperatures were found to be 0.88 and 0.90, respectively. The sample with 0.90 CGI ratio which produced at 620℃ 

performed the best efficiency with 14.23 %. 
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1. INTRODUCTION 

Thin film solar cells, which can adapt to different application conditions in space and on earth, 

have the potential to solve many problems in safe and sustainable energy supply. The radiation 

resistance of these solar cells, their ability to be produced flexibly and to absorb light very well 

with a very thin structure bring important advantages such as lightness, foldability and long-term 

durability in space conditions. On the other hand, being produced transparently can offer solutions 

such as more effective use of agricultural lands and aesthetic exterior cladding for buildings instead 

of glass in earth conditions [1-5].  

 

Copper indium gallium selenide (CIGS) solar cells constitute an important group of thin film solar 

cells with their chalcopyrite structure and properties such as tunable direct bandgap, low material 

usage, high absorption coefficient, long term stability, and high efficiency [6-12]. The chalcogen 

component in the calcopyrite structures of these solar cells can be S, Se, Te, or a mixture of these 

elements. By altering the chalcogen, it is possible to adjust the bandgap value of the thin film solar 

cell and improve the thin film quality [13-21]. 

 

In order to produce highly efficient thin film CIGS solar cells, the chemical composition of the 

absorber layer, which is one of the most important layers in electricity generation, must be adjusted 

very precisely. It has been stated in the literature that Cu/(Ga+In) (CGI) and Ga/(Ga+In) (GGI) 

ratios are important indicators of chemical composition [22]. The effects of gallium amount and 

GGI ratio on solar cell parameters in tellurium-doped CIGS thin film solar cells have been included 

in our previous studies [14, 15]. However, to the best of our knowledge, the effect of CGI ratio on 

the structure and solar cell parameters in tellurium-doped CIGS solar cells has not yet been 

reported in the literature. 

 

In this study, complete Te-dopped CIGS solar cells with different CGI ratios were fabricated at 

different substrate temperatures and investigated to understand the effect of CGI ratio on the solar 

parameters and the structure of the solar cells. 

 

2. EXPERIMENTAL DETAILS 

The substrate material for solar cell fabrication was obtained from Nice Solar Energy GmbH as 

soda lime glass plates having 400 nm thick molybdenum back contact coating. These plates were 

cut to inch by inch dimensions by mechanical scribing, cleaned by potassium hydroxide solution 
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for 10 minutes, and dried by dry nitrogen before absorber layer deposition. The absorber layers of 

the solar cells were deposited on these Mo-coated soda lime glasses with three-stage co-

evaporation method at 480℃ and 620℃ substrate temperatures by a multi-source physical vapor 

deposition chamber. The substrate temperatures were chosen as the highest temperature that the 

SLG glass can withstand without deformation and the lowest temperature at which the diffusion 

mechanisms can operate properly and high efficiency values can be achieved according to the 

literature [13-15]. By not using a diffusion barrier layer, the sodium in the soda lime glass was 

able to reach the absorber layer. In addition, in order for the sodium amount to reach a sufficient 

amount, post-deposition treatment was applied by depositing 6 nm thick NaF on the 2 µm thick 

absorber layer. 

 

Se-Te mixture chalcogen was used by adding 0.1 atomic percent tellurium to the structure. The 

GGI ratios of the solar cells were kept constant at 0.25. The production parameters were set such 

that the CGI ratios of the solar cells produced at both temperatures were 0.88, 0.90, and 0.92. The 

selected CGI ratios were chosen to understand how small changes in the 0.90 CGI ratio, which 

produces the best CIGS solar cells, will affect the efficiency [22]. Samples are named as 4-88, 4-

90, 4-92, 6-88, 6-90, and 6-92 with the left side of the dash representing the production temperature 

and the right side representing the CGI ratio. For example, sample named 4-90 was produced with 

a substrate temperature of 480℃ and a CGI ratio of 0.90. The CdS buffer layer, which is the n-

type component of the p-n junction, was deposited with chemical bath deposition method. 

Magnetron sputtering was used for ZnO and ITO coatings. The aluminum front contact, which 

was coated with double-sided nickel, was deposited by e-beam evaporation. The thicknesses of 

CdS, ZnO, ITO, Al and Ni were 50 nm, 100 nm, 200 nm, 2 µm, and 30 nm, respectively. The 

active area of each solar cells was roughly 0.5 cm2. 

 

The SEM microstructure photos were taken by ZEISS Supra 40VP SEM with a 5kV acceleration 

voltage. The chemical compositions of the samples were determined by a Bruker EDS with an 

acceleration voltage of 15 kV. The solar cell parameters of open circuit voltage (VOC), short circuit 

current density (JSC), fill factor (FF), and the power conversion efficiency (PCE) were obtained by 

using J-V measurement method with a four-point measurement setup. The current collection 

behaviour of the solar cells were examined by an external quantum efficiency (EQE) setup having 

a xenon lamp and equipped with a monochromator. J-V and EQE measurements were carried out 

under AM1.5G standard test conditions at room temperature. 
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3. RESULTS AND DISCUSSION 

The SEM microstructure photos of the samples just after the absorber layer deposition and the 

post-deposition treatment are shown in Figure 1.  

 

Figure 1. The SEM microstructure photos of the samples just after the absorber layer deposition 

and the post-deposition treatment  
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It can be seen from Figure 1 that the samples produced at higher temperature have larger grains 

when compared to the samples produced at lower temperatures. Since the production times of all 

samples were nearly equal, the temperature component of the diffusion mechanism played a 

crucial role and affected the nucleation and growth dynamics. 

 

To understand the effect of CGI ratio on the grain structure, the samples produced at the same 

temperature can be compared. Increasing the CGI ratio from 0.88 to 0.90 decreased the average 

grain size from 0.47 µm to 0.38 µm at 480℃ substrate temperature. However, further increasing 

the CGI from 0.90 to 0.92 made the structure more compact with an average grain size of 0.41 µm. 

When all samples produced at 480℃ substrate temperature are considered, it is seen that the 

sample with the highest CGI ratio have the most compact structure. 

 

Copper has the highest melting point among the components in the CIGS structure. There may 

have been a slight decrease in the melting point of the CIGS compound due to less copper in the 

structure. Therefore, the liquid phase assisted crystallization mechanism, which is not normally 

expected to be seen at these temperatures, may have worked to some extent, making the average 

grain size of 4-88 larger than that of 4-90 [20]. On the other hand, the reason behind the compact 

structure of the sample having the highest CGI ratio may be due to an expansion with the increasing 

trend in the CuSe2 phase ratio with the increase in the copper amount [23]. It is observed that in 

all samples produced at 480℃ substrate temperature, NaF particles (small white particles) were in 

the nm scale and were homogeneously distributed in the structure. 

 

When the samples produced at 620℃ substrate temperature were compared, sample 6-90 has the 

largest average grain size with 1.56 µm while the sample 6-92 has the most compact structure. The 

average grain sizes of samples 6-88 and 6-92 were found to be 0.84 µm and 0.65 µm, respectively. 

The fact that the samples produced at 620℃ substrate temperature have larger average grain sizes 

than the samples produced at 480℃ substrate temperature is quite consistent with the literature 

[13, 14, 24]. Increasing the substrate temperature decreased the nucleation cites of NaF particles 

by decreasing the surface roughness, thus the size of NaF particles increased to approximately 200 

nm due to the high temperature and low number of nucleation cites. 
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The fact that the sample with the highest CGI ratio among the samples produced at 620℃ substrate 

temperature has the most compact structure can be explained by the same mechanism in the 

samples produced at 480℃ substrate temperature. On the other hand, the different alteration of 

average grain sizes of the samples may be due to the balance between the stoichiometry and the 

fabrication temperature. Consequently, the largest average grain size and the most compact 

structure were found to be in sample 6-90 and 6-92, respectively. The EQE graphs of the completed 

solar cell samples are shown in Figure 2. 

 

 

Figure 2. The EQE graphs of the completed solar cell samples  

 

It can be clearly seen from Figure 2 that the samples 4-92 and 6-92 having the most compact 

structures in their temperature groups showed very low current collection through all wavelengths 

when compared to other samples. Being more compact may have increased sunlight reflectance, 

reducing the amount of light absorbed and thus reducing the current collection [25]. On the other 

hand, sample 4-90 also showed very low current collection without being compact. The lower 

average grain size may have caused a decrease in thin film quality, which in turn may have reduced 

the light path due to reflection, thus decreasing the probability of collection [26, 27]. 

 

The current collection of sample 6-88 was higher that that of sample 6-90 only between 800 nm 

and 900 nm wavelength. On the other wavelength regions, sample 6-90 showed a slightly higher 

current collection than the sample 6-88. Thus, sample 6-90 has the best current collection among 
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the samples prodeced at 620℃ substrate temperature. However, when sample 4-88 is compared 

with 6-88 and 6-90 it can be seen that sample 4-88 has the best current collection among all samples 

especially with its higher collection on the wavelengths larger than 800 nm. The variation in the 

long-wavelength limits observed in the EQE graphs were thought to be due to the change in the 

bandgap of the samples with increasing copper concentration. The bandgap values of the samples 

4-88, 4-90, 4-92, 6-88, 6-90, and 6-92 were derived from the normalized EQE data and were found 

to be 1.06 eV, 1.09 eV, 1.09 eV, 1.11 eV, 1.09 eV, and 1.15 eV, respectively. The J-V graphs of 

the completed solar cell samples are shown in Figure 3. 

 

 

Figure 3. The J-V graphs of the completed solar cell samples  

 

The solar cell parameters of the completed solar cell samples were derived from the J-V graphs 

and shown in Table 1. 

 

Table 1. The solar cell parameters of the completed solar cell samples 

Sample VOC (mV) JSC (mA/cm2) FF (%) PCE (%) 

4-88 600 31.9 70.8 13.56 

4-90 600 31.7 71.0 13.52 

4-92 596 29.6 69.0 12.16 

6-88 607 29.2 72.7 12.89 

6-90 605 31.3 75.2 14.23 

6-92 605 28.0 66.8 11.33 
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The JSC results were found to be in consistency with the EQE graphs of the completed solar cell 

samples. Therefore, the effect of CGI ratio and the substrate temperature on the JSC values can be 

understood by the explanation in the EQE results section. JSC values of the samples were also 

calculated by the integration of the EQE results with the AM1.5G solar spectrum to compare with 

the JSC values derived from J-V results. The JSC(EQE) values of samples 4-88, 4-90, 4-92, 6-88, 

6-90, and 6-92 were found to be 33.67 mA/cm2, 27.46 mA/cm2, 27.02 mA/cm2, 31.72 mA/cm2, 

31.75 mA/cm2, and 22.79 mA/cm2, respectively, and it was determined that these values followed 

the same trend as the JSC(J-V) values. The VOC values of the samples produced at 620℃ substrate 

temperature were found to be higher than that of 480℃. 

This may be due to larger grains, less grain boundaries, and less recombination occuring in grain 

boundaries [28]. The FF values of the samples having more compact structure but lower thin film 

quality were found to be less than other members of their temperature groups. This may be due to 

a disorder problem at the CIGS-CdS interface [29, 30]. When PCE values of the completed solar 

cell samples produced at 480℃ substrate temperature were compared, it can be seen that the 

optimum CGI ratio for the best PCE was 0.88. On the other hand, the optimum CGI ratio was 

found to be 0.90 for the samples produced at 620℃. The sample 6-90 showed the best performance 

with a PCE of 14.23 %. 

 

4. CONCLUSION 

The determination of optimum CGI ratio at different substrate temperatures for CIGS thin film 

solar cells were investigated. It can be concluded that the increase in the CGI ratio from 0.88 to 

0.90 decreased the average grain size from 0.47 µm to 0.38 µm at 480℃ substrate temperature. 

However, further increasing the CGI from 0.90 to 0.92 made the structure more compact with an 

average grain size of 0.41 µm. When the samples produced at 620℃ substrate temperature were 

compared, it is found that the sample 6-90 has the largest average grain size while the sample 6-

92 has the most compact structure. 

 

The samples 4-92 and 6-92 having the most compact structures in their temperature groups showed 

very low current collection through all wavelengths when compared to other samples. On the other 

hand, sample 4-90 also showed very low current collection without being compact. The current 

collection of sample 6-88 was higher that that of sample 6-90 only between 800 nm and 900 nm 

wavelength. On the other wavelength regions, sample 6-90 showed a slightly higher current 

collection than the sample 6-88. Thus, sample 6-90 has the best current collection among the 
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samples produced at 620℃ substrate temperature. However, when sample 4-88 is compared with 

6-88 and 6-90 it can be seen that sample 4-88 has the best current collection among all samples 

especially with its higher collection on the wavelengths larger than 800 nm. Optimum CGI values 

for the samples produced at 480℃ and 620℃ substrate temperatures were found to be 0.88 and 

0.90, respectively. The sample 6-90 had the best PCE with 14.23 %. In this study, only two 

different production temperatures were studied. Extensive and systematic studies are required to 

determine the optimum values of the CGI ratio at different production temperatures. 
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