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Abstract 

In-situ Se flux control system is applied for the growth of Cu(In,Ga)Se2 (CIGS) 

absorber layers by a multi stage thermal co-deposition of elements at low substrate 

temperature below 500 °C. It was revealed that the composition depth profile of the 

[Ga]/([In]+[Ga]) (GGI) ratio is affected by the [Se]/[Metal] flux ratio. It was observed 

for the solar cell properties that the change in the depth profiles of GGI induced by 

the change of [Se]/[Metal] resulted in an increase in the JSC and a decrease in the FF, 

and hence little influence on the efficiency.  Under control of [Se]/[Metal] ratio during 

the deposition process, the effect of CIGS layer thickness on the solar cell properties 

was investigated. With increase in the thickness up to 2.8 µm, the short circuit current 

density was increased to over 35 mA/cm2 w/o AR coating, resulting in conversion 

efficiency above 18 % using low temperature deposition method. 
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1. Introduction 

Recently, Cu(In,Ga)Se2 (CIGS) thin film solar cells with efficiency of over 22 % were 

reported [1,2]. To achieve high solar cell efficiency, carful control of Se supply during 

the CIGS process is mandatory for layers grown by thermal co-evaporation of 

elements in vacuum. There are many reports on the effect - not only of the ratio of Se 

flux to the other metals - but also of the activity of Se during the deposition on the 

properties of CIGS solar cells [3–10]. However, the measurement of the flux of Se in a 

repetitive and quantitative manner during the process has always been an issue. 

Furthermore, this problem could be critical for large scale production, for example in 

a roll-to-roll production line, since assuring long term process stability without in situ 

monitoring is almost impossible.  

Precise control of Se flux was realized by the combination of in-situ monitoring of 

optical absorption of UV light by Se vapor and a valved Se source in our previous 

work [11]. The effects of Se flux on the surface texture and the crystal orientation are 

reported for 3-stage deposition process at high substrate temperature and they are 

closely related to the conditions during the first stage of the  evaporation process 

[4,9]. It is also reported that the solar cell properties deteriorate under low Se flux 

condition below [Se]/[Metal]=4 [6,9]. However, the substrate temperature during 

deposition should play an important role since it affects the chemical activity of Se. In 

this work, the Se flux controlling system is applied for the multi stage co-evaporation 

at low substrate temperature below 500 °C [12]. The effects of Se flux during the 



growth of CIGS layers, especially during the 2nd stage, on the microstructure, 

composition depth profile, and device properties are discussed.  

2. Experiments 

CIGS absorber layers were deposited by a multi stage evaporation process at 

substrate temperature below 500 °C on Mo coated soda-lime glasses (DC sputtering). 

Subsequently, sodium fluoride post deposition treatment was applied on CIGS layer 

during cool-down of the substrate. This process is directly compatible with flexible 

polyimide substrates. Figure 1 shows typical relative fluxes of elements and substrate 

temperature during the CIGS growth process. The flux of Cu during growth was 

calculated from the chemical composition and thickness of final CIGS layers after the 

deposition process. The fluxes of In and Ga were determined by measuring the 

deposition rates on Mo coated soda-lime glasses substrates at well below 100 °C. For 

Se flux, since the UV light absorbance and the effusion rate is linearly correlated [11], 

the deposition rate on Mo coated soda-lime glass substrate at well below 100 °C was 

used to calibrate the flux during the CIGS deposition processes. During the 

deposition process, Se flux was precisely controlled by a flux monitoring system 

discussed elsewhere [11]. For this multi stage co-evaporation process, Se flux was 

kept constant through one run, so that [Se]/[Metal] ratio changes for individual 

stages. In the 1st stage [Se]/[Metal] ([Se]/([In]+[Ga])) was altered within the range of 

3.3-10. It corresponds to the range of 2.5-7.5 in the 2nd stage and to the range of 10-

30 in the 3rd stage. To characterize the rate of Se flux, the parameter of [Se]/[Metal] 

in the 2nd stage, which means [Se]/([Cu]+[Ga]), is used. In order to change the 



thickness of CIGS layers, the deposition rates of metals were adjusted keeping the 

total deposition time. It should be noted that the relative flux rates between Cu, In, 

and Ga were kept almost constant in this work and the uncertainty of flux ratios could 

be ±20% at least. Concerning sodium fluoride post deposition treatment, regardless 

of the CIGS deposition processes, the same condition was adapted for all 

preparations and it was confirmed to be appropriate.   

In order to characterize the CIGS layers, the chemical composition was determined by 

X-ray fluorescence (XRF, in house, Rh target at 45 kV), composition depth profiles of 

CIGS layers were analyzed by Time-of-flight secondary ions spectrometry (ION-TOF 

GmbH TOF.SIMS5) with O2
+ for sputtering and Bi+ for analyzing, and the 

microstructure of absorber layers were observed by scanning electron microscopy 

(SEM, Hitachi S-4800) with an accelerating voltage of 5kV. To investigate the solar cell 

properties, devices with a structure of Soda-lime 

glass/Mo/CIGS/CdS/i-ZnO/ZnO:Al/Ni-Al were processed. The CdS layer was grown by 

chemical bath deposition, the ZnO layers were deposited by RF sputtering, and the 

Ni-Al grid was deposited by e-beam evaporation. The solar cell properties were 

analyzed by measurements of external quantum efficiency (EQE) and current 

density-voltage curves. 

3. Results and discussion 

3.1. Effects of Se flux on the deposition process and the microstructure 



CIGS layers were grown under various Se flux conditions keeping the chemical 

composition and thickness. The typical composition of CIGS layers through this work 

is [Cu]:[In]:[Ga]:[Se]=22.2:15.7:10.6:51.5 ([Cu]/([In]+[Ga])=0.847, 

[Ga]/([In]+[Ga])=0.402) and the thickness of CIGS layers used to evaluate the effect of 

Se flux is about 2.3 µm. It should be mentioned that within those experimental 

conditions in this work notable composition and thickness changes by re-evaporation 

reported [13,14] were not observed. The same as 3-stage deposition process [15], 

which is widely used for the growth of CIGS layers, in-situ [Cu]/([In]+[Ga]) 

composition monitoring as describ1ed in ref. [16] is applied also in the multi stage 

deposition process. Figure 2 shows power requirements to keep the substrate 

temperature constant during 2nd stage for typical and low [Se]/([Cu]+[Ga]) ratios. The 

arrowed positions correspond to the stoichiometry point calculated from the final 

film composition. As shown in Fig. 2, a clear increase in the power requirement is 

seen for typical Se flux at this point. This signal feature is known as the indication for 

the formation of Cu-Se phase at the surface of the growing CIGS layer during the 2nd 

stage of the 3-stage deposition process [16]. An essential of this relative composition 

detection method is that the Cu-Se phase is not formed until reaching 

[Cu]/([In]+[Ga])=1 under a preferred Se flux condition for high quality CIGS layers by 

the 3-stage deposition process. In contrast, under low Se flux condition no clear 

indication is seen, but slow increase in power output starting far before the 

stoichiometry point is measured as shown in Fig. 2. This type of response, related to 

lack of Se condition, is reported to be not preferable, and considered to originate 



from the formation of second phases, such as Cu-Se phase [5]. Within our 

experiments, it was difficult to observe clear stoichiometry point for the flux ratios of 

[Se]/([Cu]+[Ga]) below 3.3. It should be mentioned that the sharp increase of power 

output at the right hand side of stoichiometry point shown in Fig. 2 results from the 

end of Cu deposition by a shutter at the end of 2nd stage. 

Cross-section SEM images of CIGS layers grown under different Se flux conditions are 

shown in Fig. 3. The CIGS layer grown under low Se condition includes many voids 

(Fig. 3(a)). The CIGS layers grown with middle and high Se flux conditions show dense 

and similar grain structures (Fig. 3(b) and (c)). That difference in the microstructure 

suggests the change in the grain growth process during layers deposition.   

Figure 4 presents the [Ga]/([Ga]+[In]) (GGI) composition depth profiles of CIGS layers 

prepared under low and high Se conditions, corresponding to the layers shown in 

Fig. 3. Clear difference of the profiles is observed in Fig. 4.  The dependence of GGI 

depth grading on [Se]/[Metal] was not reported in previous works [6,9] and we think 

this is one of the characteristic of the multi stage process at low substrate 

temperature. The GGI composition grading from back contact to its minimum is 

mainly constructed during the 2nd stage of the growth process [17]. The formation of 

the grading depends on the chemistry of the chalcopyrite phase formation reaction 

at the growing film surface induced by the Cu deposition on Cu-poor Cu-(In,Ga)-Se 

layer, the slower diffusivity of Ga than In, and the concentration of Cu near the 

surface [18]. This suggests that the [Se]/[Metal] ratio affects the reaction chemistry 

and kinetics at the growing surface during the 2nd stage of the multi stage 



evaporation process. Although the detail of the chemistry behind the observations is 

still unclear, one of the possible scenarios to explain the change in GGI profile in a 

manner consistent with Fig. 2 though Fig. 4 could be as follows;  

1. Low [Se]/[Metal] condition increases Cu concentration at film surface.  

2. The increased Cu concentration at surface results in early precipitation of 

Cu-Se phase Se, which relates with unclear endpoint detection and voids 

observed in microstructure. 

3. The increased Cu concentration at the surface induces lowering of diffusivity 

of Ga also, which results in steep grading of the GGI [18,19]. 

3.2. Effects of Se flux on solar cell properties 

Figure 5 shows solar cell parameters of devices with CIGS layers grown under various 

[Se]/[Metal] conditions. Closed circles show an average of small cells on one substrate 

(18 cells × ~0.57 cm2), and the error bars indicate maximum and minimum results. 

Different from previous works [6,9], no significant deterioration of the solar cell 

performances with decreasing [Se]/[Metal] was observed. The differences from 

previous works could relate with the low substrate temperature and relatively high 

[Se]/[metal] during 3rd stage in our multi stage process. As shown in Fig. 5(a) and (b), 

a certain influences of Se flux during growth of CIGS layers are observed on the short 

circuit current density (JSC) and Fill Factor (FF). The increase in the JSC under low 

[Se]/[Metal] condition attributes to the change in GGI grading shown in Fig. 4. 

Figure 6 shows EQE curves of devices with CIGS layers grown under low and high Se 

condition shown in Fig. 3. As expected from GGI depth grading, a clear shift of the 



bandgap is observed, resulting in the increase in the JSC values.  In contrast to the 

behavior of JSC and FF, no clear effects depending on the [Se]/[Metal] ratio are seen 

for the open circuit voltage (VOC) and efficiency. A simple device simulation using 

SCAPS suggests that the behavior of the device properties depending on [Se]/[Metal] 

could be explained by change in the electric properties together with the change in 

GGI grading (not shown).  

3.3. Effect of CIGS thickness 

By increasing the deposition rate of all metal constituents, the thickness of CIGS 

layers was increased to more than 3 µm. For those experiments, the ratio of 

[Se]/([Cu]+[Ga]), which is the minimum [Se]/[metal] ratio during the preparation 

processes, was controlled to 4-5. Figure 7 shows JSC (Fig. 7(a)) and efficiency (Fig. 7(b)) 

of CIGS solar cells with various absorber layer thicknesses. The closed and open 

circles are the average and best results of cells on one substrate, respectively. It is 

clearly shown that the JSC and efficiency increase with the thickness up to about 

2.8 µm, and the values reach over 35 mA/cm2 and over 18 % for solar cells (w/o AR 

coating). EQE curves of devices with CIGS layers with the thicknesses of 2.4 µm and 

2.8 µm are shown in Fig. 8. The main difference of EQE curves in Fig. 8 is the response 

in long wavelength region above 600 nm. Figure 9 shows GGI depth profiles of CIGS 

films with the thicknesses of 2.4 µm and 2.8 µm. The GGI profiles of CIGS layers 

grown by multi stage process at substrate temperature <500 °C show a plateau 

around the GGI minimum (Fig. 4 and 9). This results from co-deposition of Cu and Ga 

during 2nd stage. As shown in Fig. 9 the width of the plateau around GGI minimum is 



expanded from about 240 nm to 400 nm when the film thickness is increased from 

2.4 µm to 2.8 µm. The observed improvement in long wavelength region in Fig. 8 

would be related to incomplete absorption of light in that region for the 2.4 µm film. 

Therefore, the widening of the GGI plateau could be the reason for the improved 

response in long wavelength region, attributing to the increased path length for 

optical absorption. We believe that there is still room to improve the optical 

responses of the CIGS solar cell which could be realized by designing the GGI depth 

profile in combination with a sophisticated light management, such as applied for Si 

solar cells. 

4. Summary 

In situ Se flux control system is successively applied for the growth for CIGS absorber 

layers by the multi stage thermal co-deposition of elements at low substrate 

temperature below 500 °C. It was revealed that the microstructure of CIGS layers and 

GGI composition depth profiles changed depending on the [Se]/[Metal] conditions. 

This suggests that the chemistry and kinetics of CIGS formation reaction and diffusion 

during 2nd stage is affected by the [Se]/[Metal] ratio. Despite the clear change in the 

GGI grading, the efficiency of solar cells did not change significantly.  

With careful control of [Se]/[Metal] ratio during the preparation process, CIGS layers 

with various thickness from about 2 µm to over 3 µm were prepared and the devices 

properties are evaluated. By increasing the thickness from 2.4 µm to 2.8 µm, the JSC is 

increased from about 33 mA/cm2 to over 35 mA/cm2. With increase in the JSC, the 



efficiency improves to over 18 %. The increase in JSC is considered to result from the 

widening of the GGI notch.  
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Figure captions 

Fig. 1 Relative fluxes of Cu, In, Ga, and Se and substrate temperature during 

deposition process. The relative flux ratios between Cu, In, and Ga are kept constant 

through this work.  

Fig. 2 Substrate heater power around stoichiometry point under typical and low 

[Se]/[Metal] conditions. Arrowed points are the stoichiometry point calculated from 

the film compositions analyzed by XRF. 

Fig. 3 Cross-section SEM images of CIGS layers grown under (a) low, (b) middle, and 

(c) high [Se]/[Metal] conditions. The conditions (a), (b), and (c) correspond to 

[Se]/([Cu]+[Ga])=2.5, 4.1 and 7.5, respectively. 

Fig.  4 GGI composition depth profiles of CIGS layers grown under low and high 

[Se]/[Metal] conditions corresponding to Fig. 3. 

Fig. 5 Solar cell properties of devices with CIGS layer grown under various 

[Se]/[Metal] conditions: (a) short circuit current density, (b) fill factor, (c) open circuit 

voltage, (d) efficiency. Closed circles indicate the average from devices on one 

substrate (18 cells × ~0.57 cm2), and the error bars indicate the maximum and 

minimum. The dotted lines indicate the functional low limit of the end point 

detection. 

Fig. 6 External quantum efficiency of solar cell devices with CIGS layer grown under 

low and high [Se]/[metal] conditions shown in Fig. 3 and 4. 

Fig. 7 CIGS thickness dependence of (a) JSC and (b) Efficiency. Closed and open circles 

indicate the averages and the best results on one substrate, respectively. All layers 



were prepared according to the process shown in Fig. 1 controlling [Se]/([Cu]+[Ga]) 

ratios to 4-5. Subsequently, sodium fluoride post deposition treatment was applied. 

Fig. 8 External quantum efficiency curves from devices of CIGS layers with a thickness 

of 2.4 µm and 2.8 µm. During the preparation, the ratios of [Se]/([Cu]+[Ga]) were 

controlled to 4.1 and 4.4 for the sample with 2.4 µm and 2.8 µm thick, respectively. 

Fig. 9 GGI composition depth profiles of CIGS layers with different thicknesses shown 

in Fig. 8.  
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