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One-step electrodeposition process of CuInSe2: Deposition time effect 
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Abstract. CuInSe2 thin films were prepared by one-step electrodeposition process using a simplified two-
electrodes system. The films were deposited, during 5, 10, 15 and 20 min, from the deionized water solution 
consisting of CuCl2, InCl3 and SeO2 onto ITO-coated glass substrates. As-deposited films have been annealed 
under vacuum at 300 °C during 30 min. The structural, optical band gap and electrical resistivity of  
elaborated films were studied, respectively, using X-ray diffraction (XRD), Raman spectroscopy, UV spectrophoto-
meter and four-point probe method. The micro structural parameters like lattice constants, crystallite size, 
dislocation density and strain have been evaluated. The XRD investigation proved that the film deposited at 
20 min present CuInSe2 single phase in its chalcopyrite structure and with preferred orientation along (1 1 2) 
direction, whereas the films deposited at 5, 10 and 15 min show the CuInSe2 chalcopyrite structure with the 
In2Se3 as secondary phase. We have found that the formation mechanism of CuInSe2 depends on the In2Se3 
phase. The optical band gap of the films is found to decrease from 1⋅17 to 1⋅04 eV with increase in deposition time. 
All films show Raman spectra with a dominant A1 mode at 174 cm–1, confirming the chalcopyrite crystalline 
quality of these films. The films exhibited a range of resistivity varying from 2.3 × 10–3 to 4.4 × 10–1  Ω cm. 
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1. Introduction 

Chalcopyrite, CuInSe2, is considered one of the most im-
portant semiconductors that can be used to make low-cost 
photovoltaic devices. It has high absorption coefficient 
(> 105 cm–1) (Kavcar et al 1992; Huang et al 2004), rea-
sonable work function and suitable band gap, and this 
semiconductor can be used for the preparation of the  
homojunctions or heterojunctions (Rincon et al 1983). 
Efficiency of 19⋅9% for laboratory-scale solar cell and of 
13% for commercial modules have been achieved by us-
ing CuInSe2 thin films as absorber layers (Wellings et al 
2009); these progresses open new perspectives. 
 Various techniques such as close-spaced vapour trans-
port (CSVT) (Zouaoui et al 1999), RF sputtering  
(Parretta et al 1993), co-evaporation (Moharram et al 
2001), spray (Tembhurkar and Hirde 1994), molecular 
beam epitaxy (White et al 1979), electrodeposition  
(Fahoume et al 1998), chemical bath deposition (Murali 
1988), etc. have been adopted for the growth of CuInSe2 
films. Amongst them, electrodeposition is an appealing 
technique that offers low cost of equipment, no use of 
toxic gases, high rate deposition and scalability for large-
area thin films deposition. This technique can be used as 
a one-step process (co-deposition) or a multi-step process. 

The one-step electrodeposition is the common method 
adopted for laboratory-scale devices, Moorthy Babu et al 
(2005) found that the CuInSe2 films electrodeposited with 
one-step electrodeposition have better adherence, low 
porosity and are stable during characterization processes. 
The electrodeposition technique has already been proven 
for CuInSe2 solar cells with a record efficiency of 10% 
for laboratory-scale devices and 6–7% for 30 × 30 cm2 
modules (Wellings et al 2009). 
 In this work, we have grown CuInSe2 by one-step elec-
trodeposition technique. Films were deposited at various 
deposition times onto indium thin oxide (ITO)-covered 
glass substrates. We also investigated the influence of 
deposition time on the structure, microstructure and opti-
cal properties of electrodeposited films. 

2. Experimental 

CuInSe2 thin films were deposited using a sample  
two-electrode cell configurations. The counter electrode 
was a platinum sheet and the ITO layer-coated glass  
substrates (15 × 5 × 1⋅1 mm) were used as the working 
electrodes. 
 Before deposition of the films, the ITO-coated glass 
cathode was first washed with distilled water, ultrasoni-
cally cleaned with acetone and, finally, washed with dis-
tilled water jets and dried. After each film deposition, the 
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platinum anode was polished with fine emery paper, 
washed with distilled water and ultrasonically cleaned 
with acetone. 
 The electrolytic solution prepared using 10 mM CuCl2, 
20 mM InCl3 and 20 mM SeO2 (1 : 2 : 2 ratio) dissolved in 
deionized water. The pH of the solution was around 2⋅6 
and the solution was prepared just prior to the com-
mencement of the elaboration. 
 The CuInSe2 thin films were deposited at the following 
deposition times: 5, 10, 15 and 20 min. The applied  
potential was fixed at –7 V and the deposition was carried 
out at room temperature without stirring the solution. After 
completion of the deposition, the films were rinsed in de-
ionized water and dried in air. The as-deposited films were 
annealed under vacuum at 300 °C during 30 min. 
 The structural and optical aspects of the films were 
analysed. The crystalline structure was studied by means 
of X-ray diffraction (XRD) using CuKα1 radiation of 
wavelength λ = 1⋅54056 Å, scans were performed in the 
range of 15–90°. The operation voltage and current used 
are, respectively, 30 kV and 40 mA. The optical transmit-
tance as a function of the incident wavelength was re-
corded, at room temperature, in the wavelength range 
from 200 to 1800 nm using UV–Vis–NIR spectropho-
tometer (Shimadzu UV-3101 model). An identical ITO 
coated glass substrate was used as reference for recording 
the optical absorption spectra. The films thickness, d, was 
estimated theoretically using the following formula 
(Faraday 1834) 

1 .itMd
nFA ρ

⎛ ⎞
= ⎜ ⎟

⎝ ⎠
 (1) 

Here n is the number of electrons transferred, F Faraday’s 
number, A the electrode area, i the applied current, t the 
deposition time, M and ρ are, respectively, the molecular 
weight and the density of CuInSe2 material. 
 For our calculations, we used the formula weight 
(336⋅28 g mol–1) and density (5⋅77 g cm–3) of intrinsic 
CIS. The number of electrons transferred was taken as 13 
according to the total electrode reaction (Weast 1980) 

2+ 3+ 2 +
3Cu + In + 2SeO + 12H + 13e− −  

 → 2 2CuInSe + 6H O.  (2) 

Raman spectra of the films in the range of 50–450 cm–1 
were performed at room temperature using micro Raman 
system (SENTERRA Raman microscope) with spectral 
resolution of 0⋅5 cm–1 and with 532 nm wavelength as 
light source. The electrical resistivity of the films was 
carried out by four-point probe method. 

3. Results and discussion 

The films thickness evolution vs deposition time is shown 
in figure 1. It is easily seen that the films thickness  

increases quasi-linearly with deposition time, and it 
ranged between 0⋅3 and 0⋅9 μm. 
 Figure 2(a–d) shows the XRD patterns of the annealing 
films as a function of deposition time ((a): 5, (b): 10, (c): 
 

 
Figure 1. Variation of film thickness vs deposition time. 
 

 
Figure 2. XRD patterns of CuInSe2 deposited on ITO-coated 
glass substrate after annealing under vacuum at 300 °C during 
30 min related to different deposition times: (a) 5, (b) 10, (c) 15 
and (d) 20 min. The diffraction peaks identified from the  
CuInSe2, ITO and In2Se3 are, respectively, marked by ⊕, • and Ο. 
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15 and (d): 20 min). The diffraction peaks identified from 
the ITO are marked with solid circle sign. We found that, 
after annealing of as-deposited films at 300 °C during 
30 min, the ITO substrates retain their initial structure. 
 As can be seen in figure 2(a–d), all films are polycrys-
talline in nature and they appear as peaks located at 
2θ ≈ 26⋅75, 44⋅24, 52⋅68, 64⋅85 and 81⋅55°. These peaks 
correspond to most intensive peaks given in the JCPDS 
card no. 40-1487 for CuInSe2 phase in its tetragonal chal-
copyrite structure (ICDD No: 40-1487). They are corre-
sponding, respectively, to the (1 1 2), (2 0 4)/(2 2 0), 
(1 1 6)/(3 1 2), (4 0 0) and (4 2 4) planes. These peaks 
distinguish the chalcopyrite structure from the sphalerite. 
 Figure 3 shows XRD scans reflecting only a section  
of the scan 25–30° for the films related to different depo-
sition times. As can be seen from this figure, in addition to 
CuInSe2 reflection peaks, the films deposited at 5, 10 and 
15 min show a peak situated at 2θ ≈ 29⋅28°; this peak is 
attributed to In2Se3 binary phase (ICDD No: 72-1469). 
Guillén et al (2000) and Chaure et al (2004) indicated 
that In2Se3 phase coexists with CuInSe2 in indium-rich 
films. 
 
 

 

Figure 3. XRD scans reflecting only a section of the scan  
25–30° for the films related to different deposition times. 

 Several workers have reported the appearance of  
Cu–Se and In–Se binaries phases with CuInSe2. Using 
photoluminescence and Raman spectroscopy, Niki et al 
(2001) and Volobujeva et al (2009) have observed the 
peaks attributed to binaries CuSe and InSe phases on  
CuInSe2 surface. 
 No peaks attributable to Cu–Se binaries phases was 
detected in our films, because there was a very small 
amount of these binaries phases that was amorphous or as 
the CuInSe2 and Cu–Se phases having similar peak posi-
tions and, with the available resolution, we were not able 
to distinguish between these phases. 
 The variation, as function of deposition time, of peaks 
intensities of In2Se3 and the (1 1 2) peak of chalcopyrite 
CuInSe2 phases are shown in figure 4. As can be seen, the 
intensity of (1 1 2) follows the opposite trend of the  
intensity of In2Se3 phase. 
 The XRD pattern of the film deposited during 20 min 
(figure 2d) does not appear the peak of In2Se3 phase and 
the intensity of (1 1 2) peak of chalcopyrite CuInSe2  
for this film is the highest. This indicates that, among  
the formation mechanism of CuInSe2, the reaction  
between the Cu–Se and In2Se3 secondary phases accord-
ing to the following chemical equation (Guillemoles et al 
1996) is 

In2Se3 + Cu2Se → 2CuInSe2. (3) 

Although, to date the reaction mechanism of CuInSe2 
formation is still unclear. Mellikov et al (2008) indicated 
that the mechanism of CuInSe2 phase formation in one 
step electrodeposition goes through a number of consecu-
tive reactions and they confirm the coexistence of  
CuInSe2 and In2Se3 at more negative deposition poten-
tials. 
 For measurement of the degree of preferential orienta-
tion in the films, we defined the variable RI as the ratio of 
intensity of (1 1 2) peak to the sum of intensities of all 
 
 

 

Figure 4. Representation of the intensity of the main CuInSe2 
and In2Se3 diffraction peak as a function of the deposition time. 



O Meglali et al 

 

1538 

 

Figure 5. The variations of R(1 1 2) of elaborated thin films as a 
function of deposition time. 
 
 

peaks in the X-ray pattern (Muller et al 2006). The varia-
tions of R(1 1 2) of films as a function of deposition times 
are depicted in figure 5. As can be seen from this figure, 
deposition time varies from 5 to 20 min, the R(112) passes 
from 0⋅43 to 0⋅50. These values show the high degree of 
preferred orientation towards the (1 1 2) direction for all 
films. 
 The average crystallite size, Cs, of CuInSe2 films was 
estimated by using Scherr’s formula (Malssel and Glang 
1970) 

s
.0 9 ,
cos

C λ
β θ

=  (4) 

where λ is the wavelength of X-ray, β the full width at 
half maximum in radians of the main peak of the XRD 
spectrum and θ the Bragg angle. Before calculating the 
crystallite size, line broadening due to the equipment was 
substracted from the peak width. Using the crystallite 
size, Cs, the dislocation density δ and the strain ε in the 
films are evaluated using the same scheme as described 
in Dhanam et al (2005). 
 Figure 6 shows the variation of the crystallite size with 
deposition time. The dislocation density and the strain 
values are reported in table 1. As can be seen from figure 
6, the crystallite size follows the opposite trend of inter-
nal strain and the dislocation density. The crystallite size 
first shows an increasing tendency, reaching a maximum 
value for 10 min and then shows a decreasing tendency 
with deposition time from 10 to 20 min. 
 The change in crystallite size and lattice strain with 
deposition time could infer that higher the lattice strain, 
lower will be the crystallite size, suggesting that the  
decrease implies that lattice strain in films restricts the 
growth of grains. 
 The lattice constants a and c for the tetragonal phase 
structure are calculated from the XRD data using the

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 6. Variation of crystallite size with deposition time. 
 
 
tetragonal interplanar spacing equation. The cell parame-
ters, a and c, vary, respectively, in 5⋅74–5⋅76 Å and 
11⋅52–11⋅57 Å ranges, similar results have been found by 
Pal et al (1994). 
 The band gap of the deposited films was determined 
from the optical absorption spectra. The absorption coef-
ficient, α, in the region of the fundamental band edge, 
was determined at various photon energies from the 
transmission spectra using the relation 

1 ,
ln(1/ )d T

α =  (5) 

where d is the thickness of the film and T the observed 
transmittance. 
 The optical band gap, Eg, was deduced from the linear 
extrapolation of the square of the absorption coefficient 
vs the photon energy near the band edge using the well-
known relationship (Sharma et al 1992) 

1/2
g( ) .C h E

h
α ν

ν
= −  (6) 

Here C, h and ν represent a constant, Plank’s constant 
and frequency of the incident radiation, respectively.  
Figure 7(a–d) shows the variation of (αhν)2 vs photon 
energy (hν) plot near the band edge. The value of absorp-
tion coefficient, α, has been found to be dependent of 
both radiation and deposition time. 
 On the contrary, at low absorption levels, the absorp-
tion coefficient is described by the Urbach formula  
(Urbach 1953) 

00/
0 ,h Ee να α=  (7) 

where α0 is a constant dependent on the optical band gap, 
but independent of photon energy and E00, called  
Urbach energy, characterizes the disorder in the film
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Table 1. The lattice constants (a and c), strain (ε) and dislocation density (δ) vs the 
deposition time. 

Deposition    Dislocation density, 
time (min) a (Å) c (Å) Strain, ε (× 10–4 %) δ (× 1015

 lines m-2) 
 

 5 5⋅74 11⋅55 22 3⋅53 
10 5⋅76 11⋅52 10 0⋅69 
15 5⋅76 11⋅53 14 1⋅32 
20 5⋅76 11⋅57 13 1⋅24 

 

 
Figure 7. The square of the measured absorption coefficient (αhν)2 vs the  
incident photon energy (hν) for CuInSe2 film deposited at different times: (a) 5, 
(b) 10, (c) 15 and (d) 20 min. 

 
 
network. The inverse of the slope from plot of ln(α) vs hν 
gives the value of Urbach energy. 
 In figure 8, the values of the energy band gap, Eg and 
Urbach energy, E00, have been reported as a function of 

deposition time. From the plot, it is seen that the band 
gap energy decreases linearly with increasing deposition 
time and it changes inversely with the Urbach energy. 
This behaviour clearly indicates that the energy band gap
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Figure 8. Variation of energy band gap, Eg, and Urbach energy, E00, vs deposition time. 
 
 

 

Figure 9. Raman spectra of CuInSe2 thin films deposited at different times: (a) 5, (b) 10, (c) 15 and  
(d) 20 min. 

 

 
variation in the obtained films is governed by the disorder 
in film network. The obtained values are in good agree-
ment with the reported values by many workers (Pachori 
et al 1986; Shah et al 2009). 

 The films were also analysed by Raman spectroscopy. 
The Raman spectra of the films are depicted in figure 
9(a–d). In all the Raman spectra, the most intense line  
is observed at approximately 174 cm–1, which is the
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Figure 10. Variation of the room temperature electrical  
resistivity vs deposition time. 
 
characteristic mode observed in the I–III–IV2 chalcopy-
rite compounds. This peak is assigned to the A1 mode and 
arises due to the motion of selenium atoms with copper 
and indium atoms at rest (Zaretskaya et al 2003, Chen et 
al 2010; Deepa et al 2012). As indicated in XRD results 
(figure 2(a–d)), the Raman spectra does not show the 
peaks of Cu–Se secondary phase. 
 Three peaks situated at 74, 107 and 204 cm–1 are  
observed. These modes are reported to be due to In2Se3 
binary compounds, although this phase is not observed in 
the XRD pattern for the film deposited during 20 min 
(figure 2d) (Julien and Eddrief 1992). 
 The variation of the room temperature electrical resis-
tivity with deposition time is shown in figure 10. The 
films exhibited a range of resistivity varying from 2.30 " 
0.06) × 10–3 Ω cm to (4.49 " 0.22) × 10–1 Ω cm. As can 
be seen, the electrical resistivity first shows an increasing 
tendency, reaching a maximum value for 15 min and  
then shows a decreasing tendency with deposition  
time from 15 to 20 min. The slightly resistive films are 
preferred for device fabrication and the highly conductive 
films are used as the bottom layer of the absorber near the 
electrode (Deepa et al 2009). The obtained values are in 
general agreement with other results. Deepa et al (2009) 
have reported that the values vary from 10–3 to 102 Ω cm 
for CuInSe2 deposited using sequential evaporation. 
 From the above results, we have found that the film de-
posited during 20 min presents single phase, polycrystalline 
and chalcopyrite CuInSe2 and exhibits better crystallinity 
and excellent optical properties, it can be used as a good 
absorber layer in the fabrication of thin film solar cells. 

4. Conclusion 

Single-phase, polycrystalline and chalcopyrite CuInSe2 
thin films with good properties were electrodeposited on 

ITO-covered glass substrate. All elaborated films present 
CuInSe2 in its chalcopyrite structure and with preferred 
orientation along (1 1 2) direction. In the films deposited 
at 5, 10 and 15 min, In2Se3 is present as a secondary phase 
together with the main CuInSe2 chalcopyrite phase. The 
In2Se3 peak intensity decreases with deposition time and 
it disappeared for the film deposited at 20 min, indicating 
that the formation mechanism of CuInSe2 depends on the 
binary In2Se3 phase. The chalcopyrite structure of  
the films was also confirmed from Raman spectroscopy. 
We found also that the film deposited during 20 min  
possesses a band gap of 1⋅04 eV and can be used as an 
absorber layer of the solar cell. 
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