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In this study, Copper Indium Gallium Selenide (CIGS) thin films were successfully sputtered from a single 
quaternary target onto soda lime glass substrates. The effect of the incident angle of target atoms and sputter 
temperature on the properties of the films were examined using various techniques. It was found that a higher 
incident angle of target atoms resulted in a columnar microstructure, while a lower angle produced a solid film. 
The columnar structure showed improved optical absorption compared to the solid film. The sputter 
temperature had a greater effect on the crystalline properties of the films, with all films except those sputtered 
at room temperature showing polycrystalline formation. The films displayed a chalcopyrite structure and 
acceptable band gaps in the range of 1.1-1.3 eV, regardless of the incident angle and sputter temperature. These 
results indicate that the optical properties of CIGS thin films can be improved by a small increase in the incident 
angle of target atoms, without adversely affecting the structural and crystalline properties. 
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Introduction 

Chalcopyrite Cu(In,Ga)Se2 (CIGS) is one of the most 
preferable absorber layers in thin-film solar cells with high 
efficiencies due to its tunable bandgap (1.04 – 1.68 eV) [1], 
high absorption coefficient (~ 1015 cm-1) [2] and high 
stability [3]. However, it is a challenging task to carry out 
a successful CIGS absorber layer deposition due to its 
quadruple component structure [4]. Three-stage co-
evaporation process is the prominent method that is 
based on the simultaneous evaporation of multiple 
sources respectively at each stage [5, 6]. Although much 
progress has been made in fabrication of high-efficiency 
CIGS solar cell by this method [7], there are some 
drawbacks that limits its application in large scale devices. 
Since the evaporation of point sources of components (Cu, 
In, Ga, Se) is subjected, the CIGS film may not be uniformly 
coated. Besides, the difficulty of controlling the correct 
flux rates of the components usually results in the 
inhomogeneous elemental distribution through the CIGS. 
Another promising method for CIGS fabrication is the two-
step process in which the metal precursors are sputtered 
followed by the post-selenization [8]. The Ga 
accumulation at the backside of CIGS thin film which is 
detrimental to the efficiency has usually been observed 
after the deposition of precursors. Therefore, the post-
selenization process is offered as an inevitable solution [8, 
9]. Although healing in the structural properties of CIGS 
could be achieved, the complexity and high-cost necessity 

of the post-selenization are the side effects. Besides, the 
chemical used for selenium supplement during post-
selenization is hazardous for human health.  

A more practical and effective way of deposition of 
CIGS absorber layer is the single-step sputtering by using 
a quaternary target [10-14]. Sputtering directly from a 
single target provides good uniformity of thin film and 
simplification of process by eliminating the post-
selenization-which paves the way for mass production 
along with the reduced material cost [15-18]. 
Nevertheless, further improvements in structural, 
morphological, and optical properties CIGS absorber 
layers deposited by single-step sputtering would be 
beneficial via additional practical attempts. It has 
attracted our attention that there is not any related study 
on how the incident angle of target species according to 
the substrate normal affects the film properties although 
there are many reports about some other parameters 
such as post-annealing [19] and bandgap engineering [20].  

In this study, we introduce the way of varying the 
properties of CIGS thin film at two different incoming 
angles of elements that compose the Cu(In,Ga)Se2 thin 
film. As the details will be given in the experimental 
section, the morphology and thus the related properties 
have differed when the angle has changed to 600 from the 
existing incident angle of 400. Besides, the effect of the 
temperature has also been evaluated at these two 
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different angles. It was found that the incident angle of 
CIGS atoms is more effective on the morphology of the 
films while the structural and optical properties can be 
better properly controlled by the substrate temperature 
during the sputter. 

Materials and Methods 

The deposition of CIGS thin films was performed by 
one-step RF magnetron sputtering (Nanovak NVTS-400). 
Soda-lime glass (SLG) substrates with 25 mm x 25 mm x 
1mm dimensions were ultrasonically cleaned sequentially 
in acetone for 5 minutes, isopropanol for 5 minutes, and 
distilled (DI) water for 10 minutes, followed by drying with 
N2 gas. The clean glass substrates were placed onto the 
holder and transferred into the deposition chamber. 2-
inch diameter and 0.25-inch-thick single quaternary 
CuIn0.7Ga0.3Se2 target with 99.99% purity was preferred 
for sputtering. Prior to the sputtering process, the base 
pressure of the chamber was pumped down below 2 x 10-

6 Torr.  The working gas pressure of high-purity Argon (Ar) 
was set to the 8 mTorr equivalent to the 4.3 sccm flow 
rate. The sputtering was carried out at the power of 95 W 
and the substrate rotation of 8 rpm to provide the 
homogenous film formation during all depositions.   

In our study, we mainly focused on how the CIGS films 
are affected under two different incident angles of the 
incoming target atoms. The film composed on the 
substrate surface may have a dense or porous 
microstructure based on whether the target atoms reach 
to the substrate directly or obliquely. The dense film is 
obtained in case of the low incident angles of the 
impinging target atoms with respect to the substrate 

normal because of the stacked layer-by-layer formation. 
On the other hand, the impinging atoms tend to form a 
porous film with columnar microstructure at highly 
oblique angles due to the cluster formation at the 
beginning of the deposition. When the angle of incidence 
is high, the incoming target atoms pile up and form 
randomly assembled islets on the film surface due to the 
phenomenon called the “shadowing effect” [21-23] which 
can be explained as the formerly clusters’ shadowing the 
later atoms. These islets continue to grow and join each 
other during the sputtering process, and thus a porous, 
thin film that has a columnar type of microstructure is 
formed eventually. The approximate angle between 
target and substrate in our existing sputtering is 400 at 
which we can successfully deposit conventional thin films. 
We increased the angle to ~ 600 by simply raising the 
target holder little bit in the lateral position, as 
schematically described in Figure 1. Additionally, we 
investigated the effect of deposition temperature as well 
on the structural and optical properties of CIGS thin films 
grown at different angle configurations. As can be 
interpreted, the distance between the substrate and 
target would also change along with the varying angle. 
Therefore, we set the same thickness for all deposited 
films under various angles and temperatures in terms of 
performing a confident comparison. The same amount of 
deposited material because of setting the same thickness 
can be provided with the help of mass loading values using 
quartz crystal microbalance (QCM) [24]. The details of the 
CIGS thin films grown under different incident angles and 
temperatures are given in Table I. 

 
 

 

Figure 1. Schematic illustration of the 400 and 600 incident angle of target atoms towards substrate normal. 

 
Table 1. The list of the CIGS thin films grown under various sputter parameters. 

Sample Name  Deposition Temperature (°C) Incident Angle (Degrees) 

1 Room Temperature 40 
2 150 40 

3 300 40 
4 Room Temperature 60 
5 150 60 
6 300 60 
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The morphological study of the CIGS thin films was 
conducted by Scanning Electron Microscope (SEM, FEI 
QUANTA FEG 250). The compositional properties were 
examined by Raman spectroscopy (Renishaw Raman-
SPM/AFM) with the laser source at a wavelength of 633 
nm. The crystallinity of the films was investigated by XRD 
Diffractometer (Malvern Panalitycal Empyrean) with Cu-
Kα radiation (λ= 0.54 nm). The absorption measurements 
were carried out by UV-Vis-NIR (Jasco V-670) 
Spectrophotometer at a wavelength range of 400-2500 
nm. 

Results & Discussion 

Cross-sectional SEM images of CIGS samples obtained 
under different incident angles of target atoms and 
deposition temperatures are shown in Figure 2. Columnar 
structure formation is apparent in thin films deposited at 
higher angle of 600 (Figure 1d-f) while relatively more 
planar and smooth thin films are formed in conventional 
configuration with an angle of 400 (Figure 2a-c). The main 
reason behind the difference in the microstructure 

formation is the shadowing effect [22] that becomes 
significant when the arriving atoms reach the substrate at 
higher oblique angles. In our case, the shadowing effect 
which results in columnar formation is observed at the 
angle of 600 since the target atoms have a more oblique 
trajectory towards the substrate. The incident angle of 
target atoms not only affects the microstructure but also 
changes the thickness of the films. The thickness of the 
samples grown at 400 and 600 (room temperature) is 
approximately 1.1 μm and 1.6 μm, respectively, as shown 
in Figure 2a and Figure 2d in which the difference is the 
most significant among all films. The difference in 
thicknesses can be attributed to the microstructure of the 
films. Since the mass loading values were set the same, 
the film with columnar formation would be longer 
compared to conventional thin film because of the gaps 
between the columns. Despite the difference in the 
morphology from the side-view, the surface of the films 
seems almost the same as concluded from the top-view 
SEM images (not shown). 

 

    
Figure 2. Cross-sectional SEM images of CIGS thin films grown under 400 of incident angle (a-c) and 600 of incident angle 

(d-f) at different substrate temperatures. 
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On the contrary, the temperature does not a have a 
significant effect on the morphology of the films. The 
thickness of the films slightly decreases at temperatures 

of 1500C and 3000C which is a well-known result from the 
literature [25]. 

    
Figure 3. XRD patterns of CIGS thin films, the inset demonstrates the FWHM values of the main (112) 

XRD peaks belong to the CIGS films. 

 
Figure 3 shows the XRD patterns of the samples 

deposited at different temperatures and the incident 
angle of target atoms. The most apparent fact concluded 
from the graph is that there is no obvious peak for the 
samples obtained at room temperature. While all the 
remaining films exhibit one strong and two weak peaks 
located at approximately 2-theta of 26, 44, and 52 
degrees, which are correlated to the (112), (220/204), and 
(312) planes, respectively. It can be interpreted that the 
crystalline formation occurs only when the substrate 
temperature is applied during the sputtering process 
regardless of the incident angle. Indeed, the dramatic 

decrement in FWHM of the main peak of the films 
obtained even at low temperature is demonstrated in the 
inset of Figure 3. On the other hand, both incident angles 
of 400 and 600 have no significant effect on the crystalline 
properties. The XRD data verifies the polycrystalline 
structure of CIGS thin films in the form of the chalcopyrite 
phase [12, 13, 26]. Thus, the fact that the kinetic energy of 
target atoms provided by the applied temperature is the 
main parameter that affects the crystalline formation 
while the incoming trajectory of the atoms towards the 
substrate alters the morphology of the films without 
having any impact on the crystallinity. 

 

 
Figure 4. Raman spectra of CIGS thin films with different sputter parameters. 
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Raman spectra, a useful tool to investigate the 
chemical composition and phases of the films, are shown 
in Figure 4. All the films demonstrate a dominant peak 
located in the range of 174-179 cm-1 that can be 
correlated to the A1 mode of the AIBIIIC2VI chalcopyrite 
compounds [27-30]. Since there is only A1 mode which is 
the most frequent and strong among all and no other 
obvious peak is observed in the spectra, it can be 
interpreted that all films obtained under different 
temperatures and substrate-target configurations exhibit 
the chalcopyrite formation. When it is recalled that the 
films grown at room temperature do not provide any 
prominent XRD peak while the A1 Raman mode is obtained 
from the same samples, it can be safely stated that the 

films are in chalcopyrite phase with polycrystalline form 
regardless of the crystalline quality of the films. In 
addition, since no second phase peak is formed like Cu2Se 
in the Raman spectrum curves, it can be said that a single-
phase thin film structure was obtained [31]. FWHM values 
of A1 mode of the Raman curves was also examined. 
Although FWHM of the films obtained from main peak, 
174-179 cm-1, do not differ significantly (in the range of 
17-21 cm-1), it was noticed that there is a slight broadening 
in FWHM of the samples for which temperature applied 
during growth. This finding may be attributed to the decay 
in phonon lifetime as a result of growth temperature [32]. 
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Figure 5. Absorbance spectra of CIGS thin films, the Tauc plot of the films are given in the inset graph. 

 
The wavelength-dependent absorbance graph of the 

CIGS samples is demonstrated in Figure 5. The absorption 
enhancement in the near-infrared region (~700-2500 nm) 
for the samples grown with the temperature of 1500C and 
3000C is the most remarkable observation at first glance. 
As compatible with the literature [33], the fact that 
crystallinity is improved even at low temperatures (1500C) 
could be expressed as the main reason for the higher 
absorption. On the other hand, the slight increment in 
absorption for each film deposited with a higher incident 
angle of 600 compared to its counterpart film obtained 
with a lower angle of 400 is another important observation 
that should be evaluated. The absorption enhancement 
for the samples obtained at higher incident angle of 600 
can be attributed to the columnar microstructure of the 
films (Figure 2), which may be attributed to the slight 

diminishing in bandgap. As the bandgap decreases, it is 
expected that there would be an increment in Urbach tail 
shown in absorbance spectra [34]. Since we only observe 
a slight increment in Urbach tail for the samples grown at 
higher angles, the above statement can be accepted for 
our case as making a true correlation between SEM 
images (Figure 2) and absorbance graph (Figure 5). 
Moreover, the ripple-like behavior at longer wavelength 
range for all samples regardless of temperature and 
incident angle is due to the thin film formation of the 
samples. The slightly higher thickness of the films grown 
at room temperature as shown in Figure 2 yields more 
ripples in longer wavelength range.   

The optical bandgap of the films was estimated from 
Tauc’s equation, (𝛼𝛼ℎ𝑣𝑣)2 = 𝐴𝐴. (ℎ𝑣𝑣 − 𝐸𝐸𝑔𝑔)1/2 in the range 
of ~ 1.1-1.3 eV [34]. The inset in Figure 5 shows (αhν)2 
graphs versus the frequency-dependent energy (hν), 
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where α is the absorption coefficient, h is Planck’s 
constant, and ν is the frequency. The bandgap is 
extrapolated from the intersection of the line drawn 
through the linear part of the Tauc’s plot with the x-axis 
(photon energy) [35]. Although there is not any significant 
trend in terms of the bandgap of the films, the bandgap 
increment by the temperature can be evaluated as the 
general interpretation from the inset graph. As the 
temperature increases, the thermal energy required for 
the deposited CIGS molecules to interact with each other 
is provided. Thus, more molecules interact, and the grain 
size is enhanced which results in the widening bandgap 
[37]. The slight enhancement in bandgap for the films 
sputtered under the incident angle of 600 compared to 
their counterparts can be attributed to the morphological 
and elemental differences which may result from their 
material densities [22]. 

 
Conclusion 

In summary, we have conducted the sputtering of CIGS 
thin films from a single quaternary target under two 
different incident angles of target atoms and various 
substrate temperatures. The most significant observation 
is that the incident angle of target atoms is more effective 
on the microstructure formation and absorption while 
substrate temperature plays an important role in 
crystallinity. Regardless of the temperature, the 
columnar-like and solid films are obtained at 600 and 400 
degrees of incident angle, respectively. On the other hand, 
the crystalline formation concluded from XRD data only 
shows up when the temperature is applied during 
sputtering. Indeed, the films obtained under both incident 
angles demonstrate better crystallinity even at low 
temperature of 150 0C. In addition, all films considered in 
this study have the chalcopyrite structure provided by 
Raman spectra. The slightly higher absorption of the films 
deposited with an angle of 600 compared to their 
counterparts is another significant conclusion. It was also 
observed that the bandgap values for all films obtained by 
Tauc’s relation are close to each other and between 1.1-
1.3 eV, although there is slight increment for the films 
when the temperature is applied during the growth. To 
sum up, we have revealed that the morphology and 
optical absorption of CIGS thin films can be improved by 
simply changing the substate-target configuration while 
the chalcopyrite formation and crystallinity of the films 
are ensured even at low substrate temperature. In this 
regard, it can be predicted that the optical properties of 
high-quality CIGS thin films can be further improved by 
accordingly tuning the substrate-target configuration. 
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