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Se-loss-induced CIS Thin Films in RTA Process after Co-sputtering 
Using CuSe2 and InSe2 Targets 
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Abstract – Chalcopyrite CuInSe2 (CIS) thin films were prepared without Se- / S-containing gas by 
co-sputtering using CuSe2 and InSe2 selenide-targets and rapid thermal annealing. The grain size 
increased to a maximum of 54.68 nm with a predominant (112) plane. The tetragonal distortion 
parameter η decreased and the inter-planar spacing d(112) increased in the RTA-treated CIS thin films 
annealed at a 400°C, which indicates better crystal quality. The increased carrier concentration of 
RTA-treated p-type CIS thin films led to a decrease in resistivity due to an increase in Cu composition 
at annealing temperatures ≥ 350°C. The optical band gap energy (Eg) of CIS thin films decreased to 
1.127 eV in RTA-treated CIS thin films annealed at 400°C due to the improved crystallinity, elevated 
carrier concentration and decreased In composition. 
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1. Introduction 
 
Copper Indium Diselenide (CIS) is an I-III-IV2 

chalcopyrite semiconductor that is used as an absorber 
layer in heterostructured thin film photovoltaic devices. 
The material has a high absorption coefficient (α > 105 
cm-1) and direct band gap energy (Eg ~ 1.04 eV) [1], which 
makes it suitable for high-efficiency thin film solar cell 
applications. Several methods have been used and 
developed to prepare CIS thin films. A co-evaporation 
method followed by post-selenization process is used 
widely to achieve high-level conversion efficiency [2, 3]. 
Selenization / sulfurization of the sputtered Cu-In 
precursors using Se- / S-containing vapor is a suitable 
method for preparing CIS thin films at low cost [4]. On 
the other hand, these methods have several critical 
disadvantages in selenization / sulfurization processes for 
industrial production. The major drawbacks were highly 
toxic gas, process complexity with expensive equipment, 
slow reaction rate and poor adhesion to the back contact 
and poor reproducibility [5-7]. An eco-friendly, simple 
and cheap method for fabricating CIS thin films without 
additional selenization / sulfurization process using Se- / 
S-containing vapor needs to be developed, but few studies 
have been performed. Several efforts have been made to 
develop this method for preparing CIS thin films, such as 
Cu2Se + In2Se3 by Chen and CuSe2+In in a previous 
study [8]. However, the loss of Se in thin films due to 
volatilization in heat treatment at higher temperatures for 
longer times could not be suppressed [9, 10]. In this study, 
CuSe2 and InSe2 selenides as the starting targets for co-

sputtering were used to prepare CIS thin films by adjusting 
the chemical composition ratio of Se in the thin films. 
Rapid thermal annealing (RTA) is a powerful annealing 
method with a short cycle time and reduced thermal 
exposure [11]. The RTA was used in N2 gas ambient to 
form polycrystalline chalcopyrite phases and control Se-
loss from the Se-rich thin films with changes in the 
annealing temperature. This study examined the micro-
structure, electrical and optical properties of the Se-loss-
induced near-stoichiometric CIS thin films from Se-rich 
thin films. 

 
 

2. Experimental Details 
 
Corning glass (20×20 mm2) was used as a substrate for 

deposition of 530-nm thin films by RF magnetron co-
sputtering (IDT Engineering Co.). Commercial CuSe2 
(TASCO, 99.99% purity, 2 inches-diameter) and InSe2 
(LTS Chemical Inc., 99.99% purity, 2 inches-diameter) 
targets were used at RF sputtering powers of 80 W and 50 
W, respectively. The fixed set of process parameters was 
followed: pre-sputtering for 3 minutes, Ar gas flux of 50 
sccm, base pressure of 1.0×10-6 Torr, 5.0 cm distance from 
the substrate to targets and vacuum pressure of 7.5×10-3 
Torr during the sputtering process for 23 minutes at room 
temperature. The total thickness of the co-sputtered CuSe2 
and InSe2 thin films was approximately 530 nm, which 
had the same deposition rate of 11.5 nm/min for each 
target. The RTA (Modular Process Technology Co., RTP-
600S) treatment of the 530-nm-thick thin films was 
performed to improve the temperature uniformity over the 
conventional furnace for 1 minute in N2 gas ambient at 
various temperatures ranging from 250°C to 400°C with 
an interval of 50°C [9, 10]. A non-selenization / non-
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sulfurization process was performed during the RTA 
treatment for preparing CIS thin films without additional 
Se- / S-containing gas. The microstructure of the thin films 
was analyzed by X-ray diffraction (XRD, Philips, X’pert-
PRO-MRD, Cu Kα = 0.15405 nm, 40 kV, 30 mA) over 
the scan range, 2θ = 10–80°. Energy-dispersive X-ray 
(EDX, Oxford Instruments, INCA) installed in the field 
emission scanning electron microscope (FESEM, JEOL, 
JSM-7500F) and X-ray photoelectron spectroscopy (XPS, 
VG Microtech, ESCA2000) were used to characterize the 
chemical composition ratio of Se in the as-deposited and 
RTA-treated thin films. XPS was equipped with a mono-
chromatic Al Kα X-ray source (1486.6 eV). A take-off 
angle of 90° was used for all analyses. For the high-
resolution spectra, all binding energies were referenced to 
the C 1s peak at 285.0 eV. The optical properties of the 
as-deposited and RTA-treated thin films were measured 
using an ultraviolet-visible spectrophotometer (Varian 
Techtron, Cary500scan) in the range, 400–1500 nm. The 
electrical properties of the thin films, including the carrier 
concentration, resistivity and mobility were characterized 
using a Hall Effect measurement system (Accent Optical 
Technologies, HL5500PC) at room temperature. 

 
 

3. Results and Discussion 
 
Fig. 1 shows the XRD patterns of the (a) as-deposited 

and RTA-treated CIS thin films at various annealing 
temperatures including (b) 250°C, (c) 300°C, (d) 350°C 
and (e) 400°C. The XRD pattern of the as-deposited CIS 
thin film showed a broad and weak peak at approximately 
2θ = 27° corresponding to the position of the (112) peak of 
CIS, confirming the almost amorphous nature. No notable 
changes in spectra except for the broad and weak peaks 
were detected in the RTA-treated CIS thin films at the 
relatively lower temperatures ≤ 300°C. This means that the 
microstructure was amorphous. The XRD patterns became 
sharper / stronger after annealing at ≥ 350°C, indicating 
enhanced crystalline quality in CIS thin films. The RTA-
treated CIS thin films at both 350°C and 400°C showed the 
major XRD peaks with preferred orientations of (112), 
(220) / (204) and (312) / (116) at 2θ = 26.59°, 44.33° and 
52.61°, respectively, corresponding to the crystallographic 
planes in the CIS chalcopyrite phase [6, 12]. The peak 
intensity of (112) was stronger than the other peaks in 
the RTA-treated CIS thin films at annealing temperatures 
≥ 350°C. This indicates that the preferential orientation 
of the crystallites was the (112) direction with the 
perpendicularity to the surface [13]. 

The inset in Fig. 1 shows the mean grain sizes (D) and 
full width at half maximum (FWHM) of the predominant 
(112) diffraction peak. The mean grain sizes of the 
crystallites in each CIS thin film were estimated from the 
FWHM of the (112) diffraction peak using the Debye-
Scherrer formula, D = 0.94λ / ωcosθ, where λ is the 

wavelength of Kα radiation of Cu (λ = 0.15406 nm), ω is 
the FWHM of the (112) diffraction peak and θ is the angle 
corresponding to the (112) reflection [14-16]. The FWHM 
of the (112) peak decreased at annealing temperatures ≥ 
350°C, as shown in the inset in Fig. 1. This indicates that 
an increase in crystal quality in the CIS thin films as well 
as an increase in the grain size of CIS thin films along 
the (112) plane at an annealing temperature of approximately 
350°C. The mean grain size of the as-deposited CIS thin 
films was approximately 8.16 nm, which increased to a 
maximum of 54.68 nm for the RTA-treated CIS thin films 
at an annealing temperature of 400°C with rapid grain 
growth along the (112) plane observed above 350°C [17]. 
Williamson and Smallman developed equations for 
calculating the dislocation density (δ), as shown in 
equation of δ = 1 / D2 [18], indicating that the dislocation 
in the CIS thin films was reduced significantly at annealing 
temperatures ~ 350°C.  

The lattice constants, a and c, of the tetragonal structure 
were calculated using the equation, 1/d2 = (h2+k2)/a2 + 
l2/c2, combined with the Bragg’s law, d = λ/2sinθ, where d 
is the spacing between the planes in the atomic lattice 
(inter-planar spacing), hkl are Miller indices, λ is the 
wavelength of CuKα radiation (λ = 0.15406 nm) and θ is the 
angle between the incident ray and the scattering planes 
[19]. For a particular incident X-ray wavelength, λ, and the 
angle, θ from XRD, the d spacing can be determined from 
Bragg’s law. The lattice constants, a and c, can also be 
calculated using the (112), (220) / (204) and (312) / (116) 
peaks, and are represented in Fig. 2. The lattice constants, a 
and c, were 0.268 nm and 0.728 nm, respectively, in the as-
deposited CIS thin films. These are smaller values than 
those of the previously published values of 0.578 nm and 
1.172 nm, respectively [6, 20]. The lattice constant, a, 
increased slightly in the RTA-treated CIS thin films at 

  
Fig. 1. XRD patterns of the (a) as-deposited and the RTA-

treated CIS thin films at the annealing temperatures
of (b) 250°C, (c) 300°C, (d) 350°C and (e) 400°C. 
The inset shows the FWHM of the predominant 
(112) diffraction peak and the grain size of the CIS
thin films under the same conditions. 
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annealing temperatures ≥ 350°C and reached a maximum 
of 0.288 nm at 400°C, whereas the lattice constant, c, 
increased with the RTA treatment and showed a maximum 
of 0.776 nm at 400°C. The tetragonal distortion parameter, 
η = c/2a, was in the range of 1.354–1.400. This range is 
larger than the value of 1.003–1.008 reported for most 
chalcopyrite tetragonal crystals [21, 22]. A higher 
distortion parameter was shown in the Se-rich CIS thin 
films [6]. The inter-planar spacing of the (112) peak (d(112)) 
was also calculated using Bragg’s law and is shown in Fig. 
2. The d(112) increased rapidly at annealing temperatures ≥ 
300°C. The better crystallinity was obtained by a decrease 
in the number of crystallographic-rearrangement-induced 
structural defects and internal stresses [23]. This is in 
agreement with the grain sizes of the RTA-treated CIS thin 
films in the inset in Fig. 1.  

Fig. 3 shows the chemical compositions of the as-
deposited and RTA-treated CIS thin films with various 
annealing temperatures. The specimens were taken from a 

depth of 30 nm on each surface to obtain the atomic 
percentages of CIS thin films. The deviation from the 
chemical composition was used with the two parameters 
from the intrinsic defect model, Δm = [Cu] / [In] -1 and Δs 
= 2[Se]/([Cu]+3[In]) -1 [6]. The parameters, Δm and Δs, 
refer to the deviations from molecularity and valance 
stoichiometry, respectively. The material is stoichiometric 
when both parameters show no deviation. The chemical 
composition of the as-deposited and RTA-treated CIS thin 
films with various annealing temperatures was analyzed by 
extracting the atomic percentage of them with EDX and 
XPS detector units. The as-deposited CIS thin films had 
Δm = - 0.431 and Δs = 0.550. The Cu-poor (Δm < 0) and 
Se-excess (Δs > 0) composition was obtained in the as-
deposited specimen. Although the deposition rates of the 
CuSe2 and InSe2 targets were similar, the Cu and In 
compositions were not identical. All specimens in this 
study showed a Cu-poor and Se-excess composition, but 
both deviations became close to ‘0’, indicating an approach 
to a near-stoichiometric composition at 400°C in the 
RTA-treated CIS thin films. If the annealing temperature 
increased to more than 400°C, the Se-loss might be 
activated to be nearer-stoichiometric composition.  

The conductivity type was determined by the deviations 
(Δm and Δs) [24], which has been verified and developed 
the relationship further [6]. The conductivity of the CIS 
thin films in this study with Δm < 0 and Δs > 0 should have 
n-type conductivity, but the Hall Effect measurements 
showed p-type conductivity in all specimens. This was 
attributed to the large deviation from stoichiometry. P-
type conductivity induces better electrical conductivity 
and higher efficiency in solar cells compared to n-type 
conductivity [25]. Hall Effect measurements were 
performed to examine the electrical properties of the as-
deposited and RTA-treated CIS thin films, such as the 
conductivity type, carrier mobility, resistivity, and carrier 
concentration, as a function of the annealing temperature, 
as shown in Fig. 4. The carrier concentration of the as-
deposited CIS thin films was in the order of 1010 cm-3 
excessive holes due to p-type conductivity. This is 
similar or inferior to the free carrier concentration reported 
in intrinsic p-type CIS thin films (1010 – 1021 cm-3) [26, 27]. 
The carrier concentration of the RTA-treated CIS thin 
films increased significantly to 1013cm-3 at annealing 
temperatures ≥ 350°C. Twelve possible intrinsic defects 
can exist in CIS thin films; vacancies (VCu, VIn, VSe), 
interstitials (Cui, Ini, Sei) and anti-site defects (CuIn, InCu, 
InSe, SeIn, CuSe, SeCu) [28]. The increased carrier 
concentration in the CIS thin films was attributed to the 
reduction in VSe and/or increase in the acceptor centers 
including VCu, VIn, CuIn and Sei. Considering the increase 
in Cu composition at 400°C in Fig. 3, the increase in VIn is 
believed to be the main contribution to the increase in 
carrier concentration. The increase in carrier concentration, 
acting as acceptors in p-type CIS thin films, can lead to 
a decrease in the band gap energy of CIS thin films. This 
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Fig. 2. Lattice constants (a and c), distortion parameter η
and inter-planar spacing d(112) of the (a) as-deposited 
and RTA-treated CIS thin films at annealing 
temperatures of (b) 250°C, (c) 300°C, (d) 350°C 
and (e) 400°C. 
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Fig. 3. Deviation parameters of Δm = [Cu]/[In] -1 and Δs 
= 2[Se] / ([Cu] + 3[In]) -1 from the chemical
compositions of the (a) as-deposited and RTA-
treated CIS thin films at annealing temperatures of 
(b) 250°C, (c) 300°C, (d) 350°C and (e) 400°C [6].
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would allow more efficient harvesting of the incident light 
at longer wavelengths. The resistivity of the as-deposited 
and RTA-treated CIS thin films was in the order of 105 Ω-
cm. The values (103 – 104 Ω-cm) reported in the p-type CIS 
thin films were similar to these values [29]. The high 
resistivity of the CIS thin films was attributed to the In-rich 
composition of CIS thin films. Highly conducting and 
highly resistive properties were obtained with Cu-rich and 
Cu-poor compositions, respectively [30]. The increase in 
Cu composition (Fig. 3) and the carrier concentration 
caused a decrease in the resistivity of the RTA-treated CIS 
thin films at annealing temperatures ≥ 350°C. 

Fig. 5 shows the experimentally-measured optical 
transmittance in the visible to near-infrared (NIR) spectral 
region of the as-deposited and RTA-treated CIS thin films. 
All spectra were ≤ 42% in the visible spectral region (400 - 
800 nm). The mean optical transmittance was also ≤ 8% 

over the same wavelength range. The mean optical 
transmittance of the RTA-treated CIS thin films was 4.89% 
and 5.01% at annealing temperatures of 350°C and 
400°C, respectively. These were somewhat lower than 
that of the as-deposited CIS thin film (7.72%). Throughout 
the visible spectral region (400 - 800 nm), both the as-
deposited and RTA-treated CIS thin films revealed 
considerable absorption because all the spectra converged 
to the ‘0’ value regardless of the annealing treatment. The 
Burstein–Moss (B–M) shift was also observed after the 
RTA treatment at annealing temperatures < 350°C. This is 
the decrease in the range of spectral transmission to the 
shorter solar emission spectrum in the optical transmittance, 
highlighting the advantages of CIS thin films as the 
absorber layer in thin film photovoltaic devices due to 
the shift of the absorption edge to a larger wavelength in 
absorption coefficient (α) [31-33]. When the wavelength 
range was widened from visible spectral region to the 
NIR spectral region (400-1500 nm), the mean optical 
transmittance of the RTA-treated CIS thin films at the 
annealing temperatures of 350°C and 400°C increased 
gradually to 36.89% and 25.18%, respectively. That of the 
as-deposited and RTA-treated CIS thin films annealed at ≤ 
250°C increased rapidly to 43.09–43.80% over the same 
spectral range. The equation, Eg=hc/λ, was used to 
calculate the optical band gap energies of the CIS thin 
films with the same thickness (530 nm), where h is 
Planck’s constant (4.135667×10-15 eVs), c is the velocity of 
light (3×108 m/s) and λ is the wavelength (nm) of the 
absorption onset (1/e = 37%). The optical band gap energy 
(Eg) of the as-deposited and RTA-treated CIS thin films at 
annealing temperatures of 250°C, 300°C, 350°C and 400°C 
were 1.495 eV, 1.583 eV, 1.714 eV, 1.672 eV and 1.127 eV, 
respectively, as shown in the inset in Fig. 5. This is 
inversely proportional to the deviation parameter, Δm, in 
Fig. 3. The decreased optical band gap energy at annealing 
temperatures of 400°C was attributed to the increased 
grain size (Fig. 1), decreased In composition (Fig. 2), 
increased spacing d (better crystallinity) (Fig. 3) and 
increased carrier concentration (Fig. 4). This is attributed 
to both crystallinity and intrinsic defects that cause a 
shift in the absorption edge followed by the RTA treatment 
[17, 34]. An increase in grain size leads to a decrease in the 
optical band gap energy due to the fewer free carrier 
concentrations and lower potential barriers originating 
from large particles with fewer grain boundaries and 
imperfections [35]. 

 
 

4. Conclusion 
 
A co-sputtering process for preparing CIS thin films 

was advanced by using a CuSe2 and InSe2 targets without a 
Se- / S-containing gas in the RTA treatment by a function 
of the annealing temperature. The grains grew along the 
predominant (112) plane in the RTA-treated CIS thin 
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Fig. 4. Hall Effect measurements (carrier concentration,
resistivity and carrier mobility) of the (a) as-
deposited and RTA-treated CIS thin films at 
annealing temperatures of (b) 250°C, (c) 300°C, (d) 
350°C and (e) 400°C. 
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Fig. 5. Optical transmittance of the (a) as-deposited and
the RTA-treated CIS thin films at annealing
temperatures of (b) 250°C, (c) 300°C, (d) 350°C 
and (e) 400°C. The inset shows the calculated
optical band gap energy of the CIS thin films under
the same conditions. 
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films at annealing temperatures ≥ 350°C. The mean grain 
size of approximately 8.16 nm for the as-deposited CIS 
thin films increased to a maximum of 54.68 nm for the 
RTA-treated CIS thin films at an annealing temperature of 
400°C. This suggests that the dislocation was reduced 
noticeably after annealing at~350°C, which was confirmed 
by the distortion parameter η. The inter-planar spacing 
d(112) increased after annealing at ≥ 300°C. This means 
that the crystallinity became improved. Despite the same 
deposition rates of each target in the co-sputtering process, 
a Cu-poor (Δm < 0) and Se-excess (Δs > 0) composition 
was obtained in the as-deposited specimen. The RTA-
treated CIS thin films approached to the near-
stoichiometric composition at the temperature of 400°C. 
The carrier concentration of the RTA-treated CIS thin films 
increased significantly from 1010 cm-3 to 1013 cm-3 after 
annealing at ≥ 350°C. The resistivity of the as-deposited 
CIS thin films was in the order of 105 Ω-cm due to the 
In-rich composition. It decreased with increasing Cu 
composition and carrier concentration at annealing 
temperatures of ≥ 350°C. The mean optical transmittance 
of the RTA-treated CIS thin films at annealing temperature 
of 400°C was 25.18%, whereas that of the as-deposited 
CIS thin films was 43.29% in the spectral range of 400 - 
1500 nm. The optical band gap energy (Eg) of the CIS thin 
films showed an opposite tendency to the deviation 
parameter Δm. It decreased from 1.495 eV (as-deposited) 
to 1.127 eV (RTA-treated at 400°C) due to the increase in 
grain size, inter-planar spacing and carrier concentration as 
well as the decrease in In composition. The decreased 
optical band gap energy would allow the absorption of 
more incident-light at longer wavelengths. 
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