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Abstract
The post-processing of CuInGaSe2 (CIGS) thin films deposited using a single-target sputtering method was studied. Post-
processing annealing was performed in a traditional muffle furnace and rapid thermal processing (RTP) tube furnace. The 
samples were annealed at 450°C for 10 min in a muffle furnace and subsequently quenched, whereas multiple quenching 
cycles were performed in RTP. The structural, optical, elemental, and morphological properties of the samples were analyzed. 
The obtained XRD data were refined using the Rietveld refinement algorithm, which showed that the c/a value approaches 
the ideal tetragonal crystal structure in the RTP-treated sample and that the crystallinity of the RTP-treated sample was 
better than that of the traditional furnace-annealed samples. Optical measurements showed increased absorbance values 
in the RTP-treated samples compared with the furnace-annealed samples. Bandgap was estimated to be 1.30 eV, 1.22 eV, 
and 1.18 eV for as-deposited, furnace annealing, and RTP-treated samples. Our experiment showed that better results were 
obtained in the RTP-treated samples, with a similar parameter used for annealing.
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Introduction

Thin-film polycrystalline absorber materials have gained 
attention for use in solar cells in recent years owing to 
their promising results for high-efficiency thin-film solar 
cells (TFSC). CuInGaSe2 (CIGS), CdTe, and Cu2ZnSnS4 
(CZTS) semiconductor-based solar cells have been studied 
extensively because of their properties such as wide band-
gap within the visible region, high absorption coefficient, 
and economical solution processing method.1 Among these, 
CIGS has been considered a promising material for thin-film 
solar cells because the energy bandgap of CIGS semicon-
ductors can be tuned in the range of 1.05eV to 1.65 eV by 
changing the stoichiometry of indium (In) to gallium (Ga) 
of the sample (CuInSe2 −1.05 eV, CuGaSe2− 1.65 eV).2 
CIGS also has a large minority carrier diffusion length and 
high absorption coefficient (~ 105  cm−1), allowing only 

a few-micrometer-thick layer to absorb most of the solar 
radiation falling on the material.3,4 The efficiency gap 
between CIGS-based TFSC and traditional Si solar cells has 
decreased. For example, 22.6% efficient CIGS-based solar 
cells have been reported, and recently, 23.35% efficient lab-
scale cells and 19.64% efficient modules were fabricated, 
which are efficient as traditional silicon solar cells.5,6

CIGS layers can be deposited using vacuum and non-
vacuum methods such as co-evaporation, sputtering, and 
electrodeposition.7–9 According to various reports, a post-
annealing process was required to improve the crystallinity, 
grain size, and compactness of CIGS samples.10,11 Some 
of the literature reports are summarized and presented in 
Table  III. Annealing under a selenium atmosphere is a 
well-developed technique for preparing CIGS thin films. 
However, owing to the toxicity of Se to the environment 
and human health, many researchers are exploring single-
step deposition of CIGS without selenization.12 Multi-stage 
deposition of CIGS involves the deposition of metallic 
Cu, In, and Ga species in the preferred order, followed by 
annealing in ambient selenium; this method can control the 
composition of polycrystalline CIGS thin films.13,14 CIGS 
is a polycrystalline structure that allows elemental doping 
using post-processing techniques at lower temperatures. 
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Ruddmann reported Na doping using a post-processing tech-
nique to introduce the Na doping in CIGS at 500°C, which 
was reported to alter the electronic properties of CIGS, 
similar approach adopted by He X. shows the doping can 
be achieved at a lower 300°C temperature.15,16 Tradition-
ally, CIGS films were annealed inside a tubular furnace in 
a Se atmosphere17; however, multiple annealing techniques 
have been studied by researchers. For example, rapid ther-
mal processing (RTP) was used on CuInSe2 (CIS) under a 
Se atmosphere to develop large-area solar cells.18 Ray et al. 
introduced a rapid annealing method to process the CIGS 
thin films to control the Cu vacancies in the CIGS compound 
by improving the grain boundary defects by faster recrystal-
lization of the sample.19 Kim et al. adopted an annealing 
technique using a continuous-wave Nd:YAG laser in ambient 
vacuum condition, in which p-type and n-type conductiv-
ity can be controlled by changing the laser power within 
the range of 2–3 W.20 RTP has been used to heat materials 
at a higher heating rate, which can efficiently reduce low-
temperature elemental interdiffusion. The effect of RTP 
treatment on electrodeposited CIS thin films was reported 
by Rohom et al., which showed an efficiency enhancement 
in RTP-treated samples.21

In this study, we investigated the impact of post-process-
ing on a single-stage RF-sputtered CIGS layer. A modified 
RTP technique was used to process the as-sputtered samples 
without additional selenization. The samples were annealed 
in a muffle furnace (MF-annealed) and an RTP chamber 
(RTP-treated) to optimize the post-processing annealing 
technique for the CIGS thin film. A unique RTP profile 
with successive higher and lower annealing temperature was 
utilized. The structural and optical properties are reported 
to discuss the effect of post-processing on sputtered CIGS 
using different annealing techniques.

Experimental

The CIGS thin films were deposited on glass substrates using 
a single-target radio-frequency (RF) sputtering technique. 
The borosilicate glass substrates were cleaned with piranha 
acid cleaning solution and stored in isopropyl alcohol solu-
tion. Prior to deposition, the sputtering chamber was evacu-
ated using a turbomolecular pump coupled with a backing 
rotary pump at a pressure of ~ 10–5 mbar, and argon (Ar) gas 
was purged at a flow rate of 60 sccm. The CIGS sample was 
continuously deposited at 120 W RF power and a substrate 
temperature of 300°C for 30 min. For post-deposition pro-
cessing, the samples were annealed at 450°C for 10 min in a 
muffle furnace and an RTP chamber in ambient air. The muf-
fle furnace temperature was raised to 450°C, and the CIGS 
sample was placed and annealed for 10 min, after which the 
sample was quenched by placing it on the ceramic plate. 

Another sample was annealed in an RTP furnace, where 
the sample underwent multiple heating and cooling tech-
niques in 10 s, with the ramp rate set to 25°C/s and 10 s soak 
time. A schematic representation of the RTP cycle is shown 
in Fig. 1, where the ON/OFF ratio and soaking times are 
marked. The optical, structural, elemental, and morphologi-
cal properties of the prepared samples were characterized. 
The structural properties were studied using x-ray diffraction 
(XRD) with a Bruker D8 Advance x-ray diffractometer with 
CuKα 0.154 nm radiation. XRD data were refined using the 
Rietveld refinement method to obtain lattice parameters and 
chemical composition using Profex software with a BGMN 
backend.22 The optical properties were measured using a 
JASCO V-770 ultraviolet–visible (UV–VIS) spectrophotom-
eter. Raman spectra were acquired using a Renishaw inVia™ 
Raman spectrometer coupled with 532 nm laser excitation 
wavelength. The surface morphology was analyzed using a 
scanning electron microscope (SEM) (JEOL JSM-6360A), 
and the relative atomic concentration was obtained using 
energy-dispersive x-ray analysis (EDAX) with the module 
attached to the SEM instrument.

Results and Discussion

X‑Ray Diffraction

Figure 2 shows the XRD patterns measured for the as-depos-
ited sample a), annealed in a muffle furnace (MF) b), and rapid 
thermal processing (RTP)-treated sample c). Three peaks are 
observed in all the samples at about 27.7º, 44.2º, and 52.4º, 
which are identified to be (112), (220)/(204), and (312)/
(116) diffraction plane of the tetragonal crystal structure of 
CIGS (JCPDS #00-035-1102). No peaks associated with the 

Fig. 1   Temperature cycle profile for RTP treatment.
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secondary phases were observed, confirming the growth of a 
single quaternary CIGS phase. Figure 1 shows the XRD spec-
tra along with the refined parameter obtained using Rietveld 
refinement with a good fit quality (χ2 < 1.5) to obtain the lat-
tice parameter. The crystal size and strain can affect the width 
of the observed diffraction peaks in the XRD data. Using the 
full-width half-minima (FWHM) of the diffraction peak, the 
average crystallite size can be obtained using the Scherrer 
formula23:

(1)d =
k�

�cos�

where d is the average crystallite size, k is the shape fac-
tor (0.9 for spherical shape), λ is the x-ray wavelength 
(1.543 Å), β is the FWHM of the (112) diffraction peak, and 
θ is the diffraction angle in radians. The calculation was per-
formed on the Rietveld-refined data to accurately estimate 
the grain size, as shown in Table I. The average crystallite 
size was found to increase in the annealed samples, indicat-
ing improved crystallinity of CIGS. The RTP-treated sample 
showed a larger crystallite size than the as-deposited and 
MF-annealed samples. The growth in the crystalline size of 
the RTP-treated samples was proposed to be associated with 
recrystallization owing to the multiple quenching cycles per-
formed in the RPT, which promoted a higher growth rate 
compared to the single quenching cycle in the MF-annealed 
sample. For a perfect tetragonal crystal structure system, 
the lattice follows the c = 2a relation. Table I also shows 
the lattice parameters a and c obtained from Rietveld refine-
ment. We observed a decrease in the c/a ratio approaching 
a value of 2 for the annealed sample and the lowest for the 
RTP-treated sample, which suggests a tendency to recrys-
tallize and from a perfect tetragonal crystal structure in 
the RTP-treated sample. Similar results were reported by 
Kim et al. for RTP on thermally evaporated CIGS layers, 
showing that CIGS crystals formed above 400°C, while 
recrystallization was observed above 480°C.24 The average 
interplanar spacings (d) for the (112) plane were 0.330 nm, 
0.332 nm, and 0.334 nm for the as-deposited, MF-annealed, 
and RTP-treated samples, respectively. Shih et al. reported a 
decrease in d in the range of 0.337–0.235 nm as a function of 
increasing Ga content; similar results were obtained by Soce 
et al.25,26 Our results revealed a minor change in d, which 
indicated a slight variation in Ga content.

UV–Vis–NIR Spectroscopy

Figure 3 shows the Tauc plot and absorption graph in the 
inset of the UV–Vis–near-infrared (NIR) spectra. The opti-
cal energy bandgap can be estimated from a Tauc plot using 
the energy-dependent absorption coefficient (α) by the fol-
lowing equation27:

Fig. 2   XRD data measured and Rietveld-refined graph of as-depos-
ited (a), MF-annealed (b), and RTP-treated sample (c).

Table I   Crystallite size and lattice parameters obtained by XRD anal-
ysis after Rietveld refinement

Samples Crystallite 
size (nm)

Lattice parameters (nm)
(Rietveld-refined struc-
ture)

Inter-
planar 
spacing
(112) 
(nm)a c c/a

As-deposited 9.31 0.569 1.162 2.04 0.330
MF-annealed 17.06 0.574 1.159 2.02 0.332
RTP-treated 30.84 0.577 1.159 2.01 0.334
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where α is the absorption coefficient, β is the tailing factor, 
h is Planck’s constant, v is the frequency, Eg is the energy 
bandgap, and r is the power factor that depends on the transi-
tion mode (1/2 for direct band transitions). Figure 2 shows 
the (αhυ)2 versus (hυ) plot, where the energy bandgap can 
be estimated by extrapolating the straight line on the energy 
axis. The bandgaps of the as-deposited, MF-annealed, and 
RTP-treated samples were estimated as 1.31, 1.21, and 
1.18, respectively. The absorbance of the annealed sam-
ples increased, and the RTP-treated sample exhibited the 
highest absorbance value. A decrease in the energy band-
gap upon annealing was attributed to the increase in parti-
cle size owing to the agglomeration of the small particles, 
thereby reducing the quantum confinement of electrons. The 
quantum confinement effect arises because of the concen-
tration of the localized energy state and is more prominent 
in bulk materials than in smaller crystals. The annealing 
process increased the crystallite size, increasing the density 
of the localized energy states by reducing the defect den-
sity in the crystal and reducing the confinement effect. The 
energy bandgap of the CIGS semiconductor also depends 
on the Ga/(In+Ga) ratio; the reduction in the bandgap of 
the annealed samples could also be a result of the reduction 
in Ga, and a slight change in Ga was also evident from the 
XRD studies. We did not find any significant change in the 

(2)(�.h�)
1

� = �
(

h� − Eg

)

Ga content in the crystal structure, which shows that the 
significant contribution to bandgap reduction is from the 
change in crystallite size.

Raman Spectroscopy

Figure 4 shows the Raman spectra of the as-deposited, 
MF-annealed, and RTP-treated samples acquired using the 
512 nm excitation wavelength laser. The intense peak at 
176 cm−1 was assigned to the transverse optical A1 mode 
of CIGS, which is the most substantial observed peak in 
related I-II-VI2 chalcopyrite compounds. The A1 mode of 
CIGS results from the vibration of Se anions with the rest 
of the cations, where two anions move in the x-direction 
antiparallel to each other, and the remaining two move in 
the y-direction in the same manner.28 The position of A1 
shifts as the Ga content in the molecule decreases, and 
the peak shifts towards a higher wavelength as the Ga 
content increases in the CIGS.29 Raman spectra for the 
as-deposited sample show a peak related to A1 mode. The 
prominent A1 peak shifted in the annealed sample, which 
indicates that the Ga content in the molecule decreased, 
as is also evident from the XRD analysis. A small shoul-
der peak attributed to approximately 252  cm−1 in the 
RTP-treated sample is associated with the A1 mode of the 
Cu2Se phase. Traces of the phase related to Cu-Se are not 
observed in the XRD analysis, which may be because the 
quantity of the Cu2Se phase is very small and is formed 
at the surface. The intensity of the peak was found to 
increase in the annealed sample and was highest in the 
RTP-treated sample, which shows the increased crystal-
linity of the sample.

Fig. 3   Tauc plot obtained using UV–Vis-NIR spectroscopy (inset 
shows the absorption spectra).

Fig. 4   Raman spectra acquired using 532 nm laser for as-deposited, 
MF-annealed, and RTP-treated samples.
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Scanning Electron Microscopy

Figure 5 shows the SEM micrographs and particle distri-
bution bar charts at the bottom for the as-deposited and 
annealed samples. Compact and densely packed grain 
growth was observed. The data were processed using ImageJ 
software to obtain size and distribution information.30 The 
as-deposited sample showed a non-uniform particle size 
over the surface, whereas the particle size distribution was 
enhanced after annealing. The average areas of the surface 
particles were estimated to be 25 nm, 83 nm, and 86 nm for 
the as-deposited, MF-annealed, and RTP-treated samples, 
respectively. Annealing the sample shows an improvement 
in average particle size as well as distribution, which may 
be due to the recrystallization of the sample upon heating. 
The particle size distribution histogram for the RTP-treated 
sample fitted with a Gaussian curve suggests more uniform 
distribution over the surface compared to other samples. No 
cracks were observed in the RTP sample even after multi-
ple rapid cooling cycles. Table II lists the observed relative 
atomic concentrations of the samples. A significant change 
was observed in the content of Se, which decreased with 
annealing and was lowest in the RTP-treated sample, which 
might be due to the highly volatile nature of Se resulting in 
liberation from the sample at high temperatures. In contrast 
to the results obtained from the XRD and Raman analyses, 
we found an increase in the Ga/In ratio in the EDAX sam-
ples. This can be explained by the penetration depth of low-
power x-ray used in EDAX analysis, where x-rays can only 
penetrate to a depth of a few nanometers, and thus the analy-
sis reflects the surface properties of the material (Table III).

Conclusion

CIGS thin films were deposited using a single-step RF sput-
tering method. Post-processing in a traditional muffle fur-
nace and modified RTP were studied and compared. Rietveld 
refinement of the XRD data revealed an improvement in 
crystallinity and the formation of a tetragonal crystal struc-
ture in the RTP-treated sample. The RTP-treated samples 
exhibit better crystallinity and c/a values near the ideal 
tetragonal crystal structure. The annealed sample shows a 
low bandgap, which might be due to the increase in the crys-
tallite size, which promotes fewer defects and a high con-
centration of localized energy states. Raman analysis shows 
a slight shift in the A1 mode peak, suggesting a reduction 
in the Ga/In ratio in the sample. We observed rectangular 
grains on the surface with increased size and uniformity in 
the annealed sample. A comparative study showed that the 
custom RTP technique could achieve similar results with 
reduced time. The study confirms that the effective use of 
RTP treatment on the CIGS sample, with multiple higher 
and lower heating steps, could achieve higher crystalline 

Fig. 5   SEM micrographs and particle size distribution histogram at the bottom of the as-deposited (a), MF-annealed (b), and RTP-treated sam-
ples (c).

Table II   Relative atomic concentration in samples obtained by EDAX 
analysis

Samples Relative atomic concentration (%)

Cu In Ga Se

As-deposited 19.21 19.26 6.11 55.42
MF-annealed 18.93 20.06 6.05 54.96
RTP-treated 19.74 20.31 6.24 53.74
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and uniform thin films compared to traditional annealing at 
similar temperature and time.
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