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ABSTRACT   

Thin film samples of (Cu,Ga)InSe2 (CIGS) were prepared by DC magnetron sputtering and the selenisation process onto 
soda lime glass substrates. All samples had the same deposition conditions, and the optimal sputtering thickness of 
samples with one CuGa/In pair and two CuGa/In pairs are also the same. After sample deposition, X-ray diffraction 
(XRD), scanning electron microscope (SEM) and Hall effect measurements were used to characterize the properties of 
these samples. From XRD measurement results, excepting an extra small CuSe peak existing in the samples with two 
CuGa/In pairs, the XRD peaks of all samples are perfectly matched with the phase diagram of CuGa0.3In0.7Se2 material. It 
was also found that the grain sizes of the samples with one CuGa/In pair are larger than those with two CuGa/In pairs 
from SEM images. All these observations on samples with two CuGa/In pairs can be attributed to the fact that the less In 
incorporation in CIGS films, which it has been proven that the sample with low In-to-CuGa ratio has stronger CuSe peak 
from XRD result. Furthermore, the p-type carrier characteristics can be observed for all samples from Hall measurement 
results. The carrier mobility and concentration of the samples with one CuGa/In pair can be achieved as high as 15.28 
cm2/Vs and as low as 1.50×1016 cm-3, respectively, while the carrier mobility and concentration of the ones with two 
CuGa/In pairs can be achieved as 6.4 cm2/Vs and 6.27×1017 cm-3, respectively. The results of superior electrical 
properties of samples with one CuGa/In pair agree well with the observations form XRD and SEM results. In the final, 
the optimal value of In-to-CuGa ratio during CuGa/In layers deposition in this study is 0.625. 
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1. INTRODUCTION  

Cu(In,Ga)Se2 (CIGS) based solar cells have received considerable attention which mainly resulted from its appropriate 
bandgap and its self-adjusting [1-2]. Additionally, the thickness of CIGS absorber layer is approximately 1-5um that 
substantially reduces manufacturing costs of solar cells due to the lowering of materials expenses. Therefore, CIGS solar 
cells have been considered to be the most promising alternative photovoltaic devices. Over the past few years, 
Cu(In,Ga)Se2 (CIGS)-based thin film solar cells with efficiencies exceeding 19% have been achieved by several groups 
[3-5]. CIGS films can be adjusted electrical property without doping. Each defect formation and each defect level of 
CIGS films have been calculated. Furthermore, the compositions of CIGS films influence electrical property owing to 
the proportion of defects [6-7]. With variation of Ga content, the band gap of CIGS films can be engineered from1.04 eV 
to 1.68 eV [2]. It is necessary for band gap engineered to optimize one for high photovoltaic efficiency [3,4]. 
Theoretically optimal band gap of highest conversion efficiency is estimated to be around 1.4 eV. In practicality, for 
CIGS, it is presently limited to about 1.15 eV, due to the impact of midgap defects at higher band gaps. However, CIGS 
with band gap of 1.2 eV recorded champion conversion efficiency in real device. Thus, compositional study of CIGS 
films is required for development of high efficiency solar cell, and it is also needed for realization of multi-junction solar 
cells. RF sputter process is simpler for controlling and faster for depositing CIGS absorber layers than the co-evaporation 
process [8-10]. In this study, we report the growth and characterization of CIGS thin-films deposited on glass substrates  
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by sputtering with following selenium heat treatment. The effect of thermal annealing in different ambiance on the 
electrical property of CIGS films has also been investigated. 

 

2. EXPERIMENTS 

CIGS thin films were deposited on glass substrates (corning 1737) by sputtering technique. The glass substrates were 
cleaned initially by soaking in buffer oxidation etchant (NH4F:HF＝6:1), followed by rinsing in de-ionized water and 
dried in nitrogen. Then CIGS thin films were prepared by a two-stage process. First, the Copper(75%)-Gallium(25%) 
alloy sputtering target and Indium(99.99%) sputtering target were used to deposited CIG thin films on the glass 
substrates by sputtering that routinely reaches a base pressure of approximately 1×10-2 torr within slight flow of Ar gas. 
At the second stage of the process, all the samples were subsequently selenized in a partially closed chamber. Several Se 
pellets in a closed quartz reactor were treated by heating in the vacuum furnace. The process of selenisation was realized 
through two step heating profile. The first step, the samples were heated at 200  to improve full saturation of the alloy ℃
precursor with Se, while the second step, at 550℃, was to promote chemical reactions and recrystallization of the 
samples. The total heating time varied up to about 20 min. Finally, electrical properties of CIGS thin films were analyzed 
by carrier concentration, carrier mobility through using Hall Effect measurements. The crystalline structures of the 
grown CIGS thin films were obtained via X-ray diffraction analysis in the range of 20–60◦ with a step of 0.02◦, while the 
surface morphology of the films was investigated using a scanning electron microscopy. 
 

3. RESULTS AND DISCUSSIONS 

For the purpose of studying the effect of the different deposition methods on the electrical properties of CIGS thin films, 
the various conditions of deposition were shown in Table 1. A-E samples are the CIGS thin films with one CuGa/In pair 
at the first stage of the process. These samples have the same thickness of CuGa layer with the fallowing various 
thickness of In layer. Therefore, A-E samples have different In-to-CuGa ratio as 0.375, 0.500, 0.625, 0.750 and 0.875, 
respectively. It differs from other samples which are p-type CIGS thin films, the E sample which containing the most In 
content is n-type CIGS thin film. F-I samples are the CIGS thin films with two CuGa/In pairs at the first stage of the 
process. These samples have the same thickness of the first and third CuGa layers. Furthermore, these samples have the 
fixed thickness of the forth In layer with the various thickness of the second In layer. Consequently, F-I samples have 
different In-to-CuGa ratio as 0.394, 0.469, 0.550 and 0.625, respectively. 

 

Table 1 The structure and thickness of the samples from bottom to top (I, II, III, IV) before selenising individually. 

Sample I_CuGa (nm) II_In (nm) III_CuGa (nm) IV_In (nm) In-to-CuGa ratio 

A – – 800 300 0.375 

B – – 800 400 0.500 

C – – 800 500 0.625 

D – – 800 600 0.750 

E – – 800 700 0.875 

F 400 65 400 250 0.394 

G 400 125 400 250 0.469 

H 400 190 400 250 0.550 

I 400 250 400 250 0.625 
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Figure 1 shows the surface morphologies of the selenized CIGS thin films with one CuGa/In pair and various In-to-CuGa 
ratio at the first stage of the process. The magnification of all SEM images is 15,000. The A sample is the CIGS film 
containing the least In content and its In-to-CuGa ratio is 0.375. The In-toCuGa ratio of B, C and D are 0.500, 0.625 and 
0.750, respectively. It is found that the grain size of the CIGS thin film gets smaller with increasing the In content. 
Furthermore, it is easier to form amount of small islands at the surface with increasing the In content. Figure 2 shows the 
surface morphologies of the selenized CIGS thin films with two CuGa/In pairs and various In-to-CuGa ratio at the first 
stage of the process. The F sample is the CIGS film containing the least In content and its In-to-CuGa ratio is 0.394. The 
In-to-CuGa ratio of G, H and I are 0.469, 0.550 and 0.625, respectively. It is also obtained that the grain size of the CIGS 
thin film gets smaller with increasing the In content. Though the In-to-CuGa ratios of C and I samples are the same 
which is 0.625, the surface morphologies of these two samples considerably different. This phenomenon results from the 
various conditions of deposition at the first stage of the process. Moreover, the upper layer of the CIGS thin film with 
one CuGa/In pair has more In content than the one with two CuGa/In pairs. Therefore, rich In content simply leads to 
form the rough surface under the thermal process of selenisation. 
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Figure 1. SEM images of the CIGS thin films deposited on glass substrates with one CuGa/In pair and the various In-to-
CuGa ratio at the first stage of the process. The In-to-CuGa ratio of A, B, C, D samples are 0.375, 0.500, 0.625, 0.750. 
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Figure 2. SEM images of the CIGS thin films deposited on glass substrates with two CuGa/In pairs and the various In-to-
CuGa ratio at the first stage of the process. The In-to-CuGa ratio of F, G, H, I samples are 0.394, 0.469, 0.550, 0.625. 
 

As shown in Figure 3, X-ray diffraction (XRD) patterns of the CIGS thin films with one CuGa/In pair indicated a typical 
peak at 2θ angle of 26.8°with several weak peaks at 2θ angles of 35.8°, 42.4°, 44.4°and 52.9°. Thus, it is apparent that 
the formation of the chalcopyrite structure of CuGa0.3In0.7Se2 thin film is perfect. The most intense peak at 2θ angle of 
28.1° illustrates the polycrystalline CIGS thin film alloy with an (112) orientation. The other prominent peaks 
correspond to the (211), (213)/(105), (220)/(204) and (312)/(116) phase. Additionally, it can be observed that the small 
amount of CuSe phase appears on A sample which containing the least In content. Furthermore, the small amount of 
In6Se7 phase appears on D sample which containing the most In content. Figure 4 shows XRD analyses of the CIGS thin 
films with two CuGa/In pairs. Similarly, the phases of (112), (211), (213)/(105), (220)/(204) and (312)/(116) existing in 
all samples are exhibited the great quality of CuGa0.3In0.7Se2 polycrystalline thin film. The XRD patterns of all samples 
also indicated the presence of CuSe phase. Moreover, the intensity of CuSe phase gradually decreases with increasing In 
content of the CIGS thin film. Comparing with B sample of the CIGS thin film with one CuGa/In pair, the H sample with 
two CuGa/In pairs has higher In-to-CuGa ratio. However, it can be found that the CuSe phase appear on H sample 
obviously. This phenomenon results from the different stacked structure during deposition at the first stage of the process. 
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Figure 3. XRD patterns of of the CIGS thin films with one CuGa/In pair and the various In-to-CuGa ratio at the first 
stage of the process. The In-to-CuGa ratios of A, B, C, D samples are 0.375, 0.500, 0.625, 0.750, respectively. 
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Figure 4. XRD patterns of of the CIGS thin films deposited on glass substrates with two CuGa/In pairs and the various 
In-to-CuGa ratio at the first stage of the process. The In-to-CuGa ratio of F, G, H, I samples are 0.394, 0.469, 0.550, 
0.625, respectively. 
 

The room-temperature mobility and carrier concentration of the CIGS thin films with one CuGa/In pair, measured by 
Hall measurements, were shown in Figure 5. The results show that the carrier concentration gradually decreases with 
increasing the In-to-CuGa ratio of the CIGS thin film, while the mobility increases with raising the In-to-CuGa ratio of 
the CIGS thin film. Furthermore, the highest RT mobility of 15.28 cm2/Vs and lowest carrier concentration of 1.50×1016 
cm-3 can be realized in the samples with one CuGa/In pair. It can be particularly investigated that this high room-
temperature mobility of the CIGS thin films is the best so far found in the literature. Owing to the melting point of 
indium is low, the rich indium simply form small islands on the surface leads to the great electrical properties of the 
sample. Otherwise, the characteristic of E sample changes into n-type CIGS thin film on account of the CIGS films rich 
in In content. Figure 6 shows the carrier concentration and mobility of the CIGS thin films with two CuGa/In pairs and 
various In-to-CuGa ratios. It can be seen that the sample which the In-to-CuGa ratio is 0.625 has the carrier 
concentration as low as 6.27×1017 cm-3 with the mobility of 6.40 cm2/Vs. Comparing to the CIGS thin films with two 
CuGa/In pairs, the CIGS thin films with one CuGa/In pair has the better electrical properties. The phenomenon is also 
well consistent with the investigations of the XRD results. The appearance of the CuSe phase in CIGS thin films will 
cause the lower resistivity and the higher carrier concentration. On the other hand, during the thermal process of 
selenisation, the rich In content simply forms In6Se7 phase which can increases the resistivity and decreases the carrier 
concentration of the CIGS thin films. This is the reason that the CIGS thin films with one CuGa/In pair have lower 
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carrier concentration than the films with two CuGa/In pair. Furthermore, it can be observed by SEM result that amount 
of small islands at the surface results from increasing the In content of the CIGS thin film. This In-rich surface can 
improve the mobility of CIGS thin films obviously.  
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Figure 5. Room-temperature mobility and concentration of the CIGS thin films with one CuGa/In pair and the various 
In-to-CuGa ratio at the first stage of the process.  
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Figure 6. Room-temperature mobility and concentration of the CIGS thin films with two CuGa/In pairs and the various 
In-to-CuGa ratio at the first stage of the process.  
 

4. CONCLUSIONS 

High mobility CIGS thin films have been realized by DC magnetron sputtering and the selenisation process onto soda 
lime glass substrates. It has be studied the effect of the different deposition methods on the electrical properties of CIGS 
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thin films. By investigating XRD pattern, the phases of (112) , (211), (213)/(105), (220)/(204) and (312)/(116) existing in 
all samples are exhibited the great quality of CuGa0.3In0.7Se2 polycrystalline thin film. The highest mobility of 15.28 
cm2/Vs and the lowest carrier concentration of 1.50×1016 cm-3 can be obtained in the samples with one CuGa/In pair. It 
can be particularly investigated that this high room-temperature mobility of the CIGS thin films is superior so far found 
in the literature. Moreover, it can be seen that the sample with two CuGa/In pairs has the carrier concentration as low as 
6.27×1017 cm-3 with the mobility of 6.40 cm2/Vs. The results are well consistent with XRD analysis mentioned above, 
the appearance of the CuSe phase in CIGS thin films will cause the lower resistivity and the higher carrier concentration. 
On the contrary, the In6Se7 phase increases the resistivity and decreases the carrier concentration of the CIGS thin films. 
It also can be observed by SEM result that the In-rich surface with amount of small islands can improve the mobility of 
CIGS thin films obviously. Consequently, it can be understood that the CIGS thin film with one CuGa/In pair has the 
excellent electrical properties. 
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