
CuIn1-xGaxSe2 (CIGS) thin films are grown on Mo/soda lime 
glass using a reactive sputtering process in which a Se cracker 
is used to deliver reactive Se molecules. The Cu and 
(In0.7Ga0.3)2Se3 targets are simultaneously sputtered under the 
delivery of reactive Se. The effects of Se flux on film 
composition are investigated. The Cu/(In+Ga) composition 
ratio increases as the Se flux increases at a plasma power of 
less than 30 W for the Cu target. The (112) crystal orientation 
becomes dominant, and crystal grain size is larger with Se flux. 
The power conversion efficiency of a solar cell fabricated using 
an 800-nm CIGS film is 8.5%. 

Keywords: Cu(In,Ga)Se2 (CIGS), solar cell, chalcopyrite, 
submicron thin film, reactive sputtering. 

I. Introduction 
As our dependence on fossil fuels has increased, 

environmental and economic problems have also increased. 
Therefore, there is a great deal of interest in renewable energy 
sources that can help create sustainable economic development. 
However, no renewable energy source can currently satisfy the 
planet’s vast energy consumption at low cost. Although solar 
energy is less cost effective than other power generation 
technologies, such as thermal, water, and nuclear, it has drawn 
significant attention as a clean and unlimited energy source. To 
reduce the cost of power generation using solar radiation, 
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intensive studies have focused on thin-film photovoltaic (PV) 
devices [1], [2], of which CuIn1-xGaxSe2 (CIGS) PV devices 
are the most promising, as they have the highest power 
conversion efficiency and good stability. Many researchers 
have studied CIGS PV devices using various methods, such as 
coevaporation, sputtering, electrodeposition, ink printing, and 
spray pyrolysis [3]-[5]. The coevaporation process generally 
shows a higher power conversion efficiency than that of other 
processes [6], but it has a technical challenge in terms of 
commercialization because it is difficult to make a high-
temperature linear source that is able to uniformly evaporate 
the metal elements Cu, In, and Ga over a wide area. Therefore, 
research engineers have shown an interest in the sputtering 
process, which is a well-established method used in wide areas.  

In general, a two-step sputtering process is used in the 
fabrication of CIGS thin films, the first step of which is the 
deposition of metal elements, and the second step is the post 
thermal annealing to obtain a CIGS crystal compound from 
stacked Cu-In-Ga metal layers at an atmosphere of Ar-diluted 
H2Se gas [7]. This two-step process is not cost-effective and 
lacks high throughput because the reaction time of the second 
step far exceeds 60 minutes. As a result, a batch process is 
preferred, which is less attractive compared to an in-line 
process in mass production. Therefore, we propose a new 
method to fabricate a CIGS thin film using a one-step reactive 
sputtering method that is adaptable to an in-line process. The 
reactive sputtering equipment used is composed of two radio 
frequency magnetron sputtering guns and a Se cracker. 
Reactive sputtering normally requires the use of a reactive gas 
such as H2Se. However, H2Se gas is toxic, and an extra 
treatment system is needed before disposal. Therefore, instead 
of H2Se gas, we use a Se cracker to improve the reactivity of 
metallic Se. The Se cracker thermally breaks up bulky 
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evaporated Se molecules from the reservoir. To deliver Ar gas 
onto the target surface to reduce as much of the contamination 
caused by cracked Se molecules as possible, we use a 
magnetron sputtering gun that we designed. Using this reactive 
sputtering system, we study the CIGS film growth and 
fabricate a solar cell using a submicron-thick CIGS film. 
Development of a submicron-thick CIGS absorber showing a 
high efficiency is also an interesting topic because this 
development can reduce manufacturing cost. The coevaporation 
process shows power conversion efficiency of about 10% to 
12% in a 600-nm CIGS film with antireflection coating [8], [9]. 
Our solar cell shows power conversion efficiency of over 8% 
in an 800-nm CIGS film without antireflection coating. 

II. Experiment 

Cu and (In0.7Ga0.3)2Se3 targets and a Se cracker are used to 
fabricate CIGS thin film on Mo/soda lime glass (SLG). The 
process temperature and pressure are 500ºC and 8 mTorr, 
respectively. A Mo film of 900 nm is deposited onto the SLG 
(25 mm × 25 mm × 1.1 mm polished glass) at a pressure of   
2 mTorr at room temperature using a DC magnetron sputtering 
process at 300 W. The (In0.7Ga0.3)2Se3 target is simultaneously 
sputtered with a Cu target by radio frequency magnetron guns 
at a fixed power of 100 W. The Cu target is sputtered with a 
power variation of 25 W to 40 W for the CIGS compound film. 
The Se cracker (model: SCS-500D) is composed of a Se 
evaporation reservoir and a cracking zone for pyrolyzing 
evaporated bulky Se molecules. The reservoir temperature is 
adjusted from 210ºC to 310ºC to control the Se flux, and the 
cracking zone is maintained at 900ºC. 

CIGS thin films are characterized by X-ray fluorescence 
spectroscopy (XRF) using a Solar Metrology SMX-BEN to 
obtain their information of composition and thickness. X-ray 
diffraction (XRD) is performed using a Rigaku D/Max-RC 
Bede/DCC300 with Cu Kα (λ=1.54 Å) radiation. XRD data is 
collected at 0.02 increments of 2θ at a scan rate of 3º per 
minute with a θ–2θ goniometer and a sample rotation of 60 
revolutions per minute. Scanning electron microscopy (SEM) 
images are obtained using an FEI Sirion 400 operating at    
10 KeV to confirm the film thickness and the crystal grain size. 
No metallic coating is carried out. 

For PV device fabrication, a CdS buffer layer is deposited 
onto the CIGS/Mo/SLG at 50ºC in a bath containing 300 ml of 
DI water, 0.015 M of CdSO4, 0.75 M of thiourea, and 56 ml of 
NH3 (28%). The reaction is carried out for eight minutes. After 
completion of the procedure, the samples are washed by DI 
water and blow-dried using nitrogen gas. An ITO/i-ZnO 
window layer is deposited by radio frequency magnetron  

sputtering using ZnO (99.9%) and ITO (99.99%, In2O3:SnO2 = 
90:10) targets. A 70-nm-thick i-ZnO film is deposited in an Ar 
atmosphere with 25% O2 at a pressure of 30 mTorr using a 
power of 400 W at ambient temperature. A 150-nm-thick ITO 
film is deposited in an Ar atmosphere of 50 mTorr with a 
power of 100 W at 200ºC. An Al/Ni (3,000/50 nm) top grid 
contact is deposited by using an e-beam evaporator. The final 
active region of the device is 0.47 cm2 (1 cm × 0.5 cm). The 
power conversion efficiency is measured using a solar 
simulator (Oriel 91193-1000) equipped with an AM 1.5 filter. 

III. Results and Discussion 

Figure 1(a) shows the Se flux variation as a function of the 
reservoir temperature of the Se cracker when the cracking zone 
temperature is fixed at 900ºC. The monitoring position of the 
Se flux is 300 mm away from the end of the cracking zone, 
whereas the film deposition occurs within 260 mm of the end 
of the cracking zone. During the film deposition, the Se is 
uniformly deposited over an area of 300 mm × 300 mm. 
Therefore, the Se flux in Fig. 1(a) is a relative value. The 
relative Se flux varies from 0.13 Å/s to 11 Å/s as the reservoir 
temperature increases from 230ºC to 310ºC. The Se flux is 
linearly proportional to the reservoir temperature at the log 
scale, and we are able to easily control the Se flux by varying 
this reservoir temperature. This Se cracker is a downward type, 
and the Se vapor of the reservoir zone is maintained at a high 
pressure compared to that of an upward type, which is able to 
supply a uniform Se vapor over a long period. In our case, a 
uniform rate is sustained for eight hours. 

Figure 1(b) shows the ratio of Cu to In+Ga contents (Cu/III) 
in a CIGS film with variations in the reservoir temperature of 
the Se cracker. The reservoir temperature of the Se cracker 
corresponds to the Se flux, as shown in Fig. 1(a). Using this 
 

 

Fig. 1. (a) Relative Se flux as function of reservoir temperature of 
Se cracker at cracking temperature of 900°C. Se flux is 
linearly proportional to reservoir temperature at log scale.
(b) Cu/III ratio as function of reservoir temperature of Se 
cracker. Reservoir temperature corresponds to Se flux. 
Cu/III ratio increases in region I and decreases in region 
II with increase in Se flux. 
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Fig. 2. SEM images of CIGS films with different Cu contents in
region I: (a) Cu/III = 0.24, (b) Cu/III = 0.64, and (c) Cu/III
= 0.81. Crystal grain becomes larger as Cu/III ratio
increases. Scale bar is same in all images. 
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Fig. 3. XRD patterns of same sample series shown in Fig. 2: (a)
Cu/III = 0.24, (b) Cu/III = 0.64, and (c) Cu/III = 0.81.
Three peaks related to CIGS crystal are shown. Two
peaks (gray squares) shown at 35.8º and 65.3º are related
to Cu16In9 (JCPDS 26-0522), and peak (black square)
shown at 21.8º is related to η-(Cu2Se)0.09(In2Se3)9.91
(JCPDS 39-0759). 
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one-step process, a CIGS compound film is produced through 
the cosputtering of Cu and (In0.7Ga0.3)2Se3 targets with the 
assistance of the Se supply. An Ar atmosphere is consistently 
maintained at 8 mTorr during the sputtering of two targets, and 
Se is supplied via the Se cracker.  

The Cu/III ratio decreases as the Se flux increases under a 
40-W sputtering power of the Cu target, which is a similar 
phenomenon observed in the coevaporation process [10], [11]. 
We keep the reservoir temperature below 310ºC to maintain 
the stability of the Se flux. In region II, Cu metal segregation 
occurs, and a volatile compound such as In2Se forms as the Se 
supply becomes insufficient, which results in an increase in the 
Cu content of the film [9]. However, the Cu/III ratio increases 
as the Se flux increases in region I, where the sputtering power 
of the Cu target is less than 30 W. This behavior has not been 
observed in the coevaporation process, and there have been 
few reports on such behavior because the Se source is made up 
of bulky molecules in the coevaporation process. A bulky 
molecule has a low reactivity, and it is very difficult to observe 
a reactive characteristic at a low flux. 

 

Fig. 4. XRD peak intensity ratio of CIGS crystal film to each
crystal plane as function of Cu/III shown in Fig. 3. (112)
crystal plane becomes dominant with increasing Cu/III
compared to other crystal planes. 
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Fig. 5. (a) Current-voltage (J-V) curve of solar cell fabricated
with 800-nm CIGS film and (b) SEM image of 800-nm
CIGS film grown through reactive sputtering. Cu/III and
Ga/III ratios are about 0.82 and 0.30, respectively. 
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Figure 2 shows SEM images of the CIGS films shown in  
Fig. 1(b) with different Cu contents in region I. All CIGS films 
are grown on Mo/SLG. As the Cu/III ratio increases from 0.24 
to 0.81, the average size of the crystal grains in the CIGS film 
clearly increases from100 nm to 200 nm. Therefore, it is likely 
that a high Cu content facilitates CIGS crystal grain growth. 
We measure XRD to know which crystal orientation is 
developing with an increase in the Cu/III ratio (or Se flux). 

Figure 3 shows XRD patterns of the same sample series as 
shown in Fig. 2, where Mo peaks are positioned at 40.1º, 58.3º, 
and 73.3º , which are related to (110), (200), and (211) crystal 
orientations in a cubic structure, respectively (JCPDS 42-1120). 
η-(Cu2Se)0.09(In2Se3)9.91 is observed at 21.8º, and Cu16In9-
related peaks are observed at 35.8º and 65.3º only in sample (a) 
of Cu/III=0.24. However, the Cu and Se come to sufficiently 
react with (In0.7Ga0.3)2Se3 as the Se flux increases, resulting in 
CIGS crystal grain growth. The indication is that an insufficient 
Se supply does not form a stable Cu-Se or CIGS compound, 
and, as a result, a volatile Cu-In(Ga) metallic compound or Cu-
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rich selenide such as Cu2-xSe or CuSe develops during the 
CIGS film deposition [12], [13], which causes a decrease in the 
Cu content of the film. The three CIGS peaks in sample (a) can 
be considered as a Cu(In,Ga)3Se5 crystal due to the low Cu 
content. The Cu(In,Ga)3Se5 phase has a very similar lattice 
parameter but characteristic peaks due to (002), (110), (200), 
(202), and (114) planes [14]. Considering that XRF provides 
information of an overall film composition and there is no 
characteristic peak related to the Cu(In,Ga)3Se5 phase in    
Fig. 3(a), it is reasonable that we assign CIGS phases to these 
peaks.  

CIGS crystallinity is also changed according to variation in 
the Se flux. Figure 4 shows the XRD peak intensity ratio of 
CIGS crystals for each crystal orientation as a function of 
Cu/III. When CIGS crystallinity becomes dominant in the 
(112) orientation as Cu/III increases, there is no dependency of 
the (220) and (312) orientations on the Se flux. Considering 
thermodynamics, the (112) orientation is preferred. Crystal 
grain growth makes it possible to develop a crystal grain film 
with a (112) orientation under sufficient Se conditions [15]. 

Figure 5 shows the power conversion efficiency of a solar 
cell fabricated with an 800-nm CIGS film at a Cu/III ratio of 
0.82 and a Ga/III ratio of 0.30. In the coevaporation process, 
the optimum condition to show a high efficiency is Cu/III of 
0.9 and Ga/III of 0.3 in a CIGS film composition [15], but the 
best efficiency is acquired in a different film composition in a 
reactive sputtering process. The short-circuit current density is 
30.8 mA/cm2, but the open-circuit voltage of 0.54 V is 
somewhat low considering Ga/III. The fill factor is also low. In 
the SEM image, the density of the CIGS crystal grain appears 
to be low and the crystal grain size is small compared to that of 
the sample grown through the coevaporation process [16], 
which is attributed to the low fill factor. Therefore, we need to 
further optimize the process condition to obtain a dense and 
large crystal grain film. However, the power conversion 
efficiency of 8.5% for this 800-nm-thick CIGS solar cell is the 
highest efficiency ever reported in a submicron-thick CIGS 
solar cell when using a sputtering process. 

IV. Conclusion 

In this letter, we investigated the effects of a Se flux on a 
CIGS film composition, particularly the Cu/III ratio in a 
reactive sputtering system in which a Se cracker was used to 
supply the reactive Se molecules. As the Se flux increased, the 
Cu/III ratio also increased, and the (112) crystal orientation 
became dominant at a sputtering power below 30 W for the Cu 
target. The crystal grain size was also larger with the Se flux. 
An 800-nm-thick CIGS solar cell showed a power conversion 
efficiency of 8.5%.  
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