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Abstract The purpose of this work is to deposit the

CuInSe2 films on the ITO substrate by electrodeposition

technique using a simplified two electrodes system and to

investigate the effect of ITO sheet resistance on the fun-

damental properties of the resulting films. The as deposited

films were annealed under argon atmosphere at 300 �C

during 30 min. The structural, morphological and electrical

properties were characterized respectively by means of

X-ray diffraction (XRD), scanning electron microscopy

(SEM) and electrical resistivity measurements. The optical

band gap of samples was estimated using the optical

absorption technique. After annealing, the XRD spectra

show diffraction peaks corresponding to the single-phase

chalcopyrite CuInSe2 with (112) as main reflection. The

SEM images reveal a homogeneous surface and the esti-

mated grain size was calculated from Scherrer’s Equation

with (112) peak lay in the range of 165–272 Å. The band

gap, Eg, is a decreasing function with the ITO sheet

resistance.

Introduction

In the last years, the ternary chalcopyrite CuInSe2 (CIS), has

received considerable attention as one of the most promis-

ing materials for thin-film solar cells application. This is

owing to its high optical absorption; CIS thin film of about

1-lm thickness absorbs 90% of the incident sunlight with

photon energy greater than its band gap [1], long-term-

stability, high conversion efficiencies of 19.5% for lab scale

devices (reported by NREL 2006 [2]), and it can be pre-

pared from the semiconductor of the homojunction or

heterojunction solar cells [3, 4]. The efficiency of the solar

cells based on CuInSe2 thin films is critically influenced by

several parameters such as the elaboration technique, the

experimental parameters, the preferred orientation of

CuInSe2 growth layer and substrate properties, etc.

Copper indium diselenide (CIS) has been prepared

by various methods like close-spaced vapour transport

(CSVT) [5], R.F. sputtering [6–8], three source co-evapo-

ration [9], spray pyrolysis [10], physical vapour deposition

[11], electrodeposition [12–17], chemical bath deposition

[18], close spaced selenization [19], etc. Considering its

advantages, such as low cost, high production, non-vacuum

and low-temperature process, electrodeposition is a very

useful technique for CIS elaboration [20]. In the literature,

there are numerous reports about the film growth by elec-

trodeposition technique using a three electrodes system, but

it is also possible to grow CuInSe2 films using electrode-

position technique with two electrodes system (see the

work reported by Dharmadasa et al. [15]).

In this article, we report the effect of the indium tin

oxide (ITO) substrate sheet resistance on the fundamental

properties of copper indium diselenide CuInSe2 thin films

grown by electrochemical deposition method using two

electrodes system.
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Experimental

Copper indium diselenide thin films were electrochemi-

cally deposited using two electrode cell configurations. The

counter electrode was a platinum sheet. The conductive

indium tin oxide (ITO) layer coating high-quality glass

substrates were used as the working electrode (cathode).

The glass substrate is 1.1 mm in thickness.

We have deposited three samples of CIS on the ITO with

the following sheet resistance values 8, 15, and 20 X/h.

From now, the CIS films deposited on the ITO with 8, 15,

and 20 X/h are, respectively, noted as A film, B film, and C

film. The electrolyte bath used for the films elaboration

consisted of 10 mM copper chloride (CuCl2), 40 mM

indium chloride (InCl3) and 20 mM selenium oxide (SeO2)

dissolved in de-ionized water. The thin films were deposited

at room temperature without stirring and using deposition

potential of -7 V. After deposition, the resulting films were

submitted to thermal treatment at 300 �C in argon atmo-

sphere. Duration of annealing was 30 min.

To investigate the structural properties of the films,

coupled h–h X-ray diffraction (XRD) scans were per-

formed in the range of 10–90� using monochromatic CuKa1

(k = 1.5406 Å) radiation. A comparison with the Joint

Committee on Powder Diffraction Standards (JCPDS) card

was done for the identification of the observed peaks. The

film morphology was examined by scanning electron

microscope SUPRA 55VP-ZEISS type.

Spectral transmittance was recorded using Shimadzu

mode UV-3101 spectrophotometer in the wavelength range

of 300–1800 nm at room temperature. The films thickness,

d, was estimated theoretically using the following formula

[21, 22]:

d ¼ 1

nFS

itM

q

� �
ð1Þ

where n is the number of electrons transferred, which was

taken as 13 according to the total electrode reaction:

Cuþ2 þ Inþ3 þ 2SeO�2
3 þ 12Hþ þ 13e�

! CuInSe2 þ 6H2O ð2Þ

F = 96,000 C is Faraday’s number, S is the electrode area,

i is the applied current, t is the deposition time,

M = 336.28 g mol-1 is the CuInSe2 molecular weight and

q = 5.77 g cm-3 is the CuInSe2 density [23].

The electrical resistivity measurement was carried out

by the four-point probe method.

Results and discussion

Before annealing, the XRD spectra appear only the ITO

phase peaks and CuInSe2 phase is absent in all the samples,

so the films are amorphous independently of the substrate

sheet resistance.

Figure 1 shows the XRD patterns of the annealing

samples for different ITO substrate sheet resistances. All

the elaborated films are polycrystalline in nature.

As can be seen in this figure, the peaks located at

2h & 21.26�, 30.22�, 35.26�, 37.66�, 50.5� and 60.3�
correspond to the most intensive peaks of ITO phase. On

the other hand, all the spectra appear the peaks located at

2h & 26.66�, 44.3�, 52.5�, 64.34� and 81.66�. These last

five peaks correspond to most intensive peaks given in the

JCPDS card No. 40-1487 for CuInSe2 phase in its chal-

copyrite structure [24]. They are corresponding,

respectively, to the (112), (204)/(220), (116)/(312), (400)

and (424) planes. So, independent of the substrate sheet

resistance, the films present CuInSe2 phase with a chalco-

pyrite type structure. According to the Brag equation, the

interplanar spacing of (112) plane (d112) of A, B and C

films is, respectively, equal to 3.340, 3.338 and 3.347 Å.

These values are in good agreement with that given in

JCPDS card (d112 = 3.3422 Å) [24].

For a measurement of the degree of preferential orien-

tation in the films, we defined the variable RI as the ratio of

intensity of peak (112) to the sum of intensities of all peaks

in the X-ray pattern [6].

RI ¼
I 112ð ÞP

all peaks

IðhklÞ
ð3Þ

where I(hkl) is the intensity of (hkl) peak.

For the three films (A, B and C), it is found that the

intensity ratio, RI, is equal, respectively, to 0.67, 0.61 and

0.68; this shows the high degree of preferred orientation

towards the h112i direction for all the deposited films [25].

This orientation is believed to be beneficial for CuInSe2
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Fig. 1 XRD spectra of CuInSe2 deposited on different ITO substrates

sheet resistance
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films to be employed for solar energy conversion [5]. The

(112) peak of the C film, with the highest sheet resistance,

is the most intense and narrowest.

Figure 2a–c includes secondary electron image (SEM)

of A, B and C films. All the pictures show a smooth, dense

crystal structure and good uniform surface morphology.

We noted that the surface of the A film has smooth surface

on which are scattered particles with size of about 0.5 lm

and the B film presents small and dense crystal structure.

The surface of the C film consists of the round grain with

uniform size (around 150 nm) and well-defined boundaries.

The CuInSe2 being a direct band gap, and thus the

energy band gap Eg can be estimated from the intercept of

the straight line shown in Fig. 3 with the energy axis. The

band gap energy Eg values of the A, B and C films versus

the ITO sheet resistance are shown in Fig. 4. It is easily

seen from this figure that Eg is a decreasing function with

ITO sheet resistance; its decreasing speed is higher for the

relatively low values. We noted also that, Eg for all the

elaborated films is less than the optimum value of around

1.4 eV for the terrestrial solar spectrum. The band gap

values of these films are in good agreement with those

presented in the previous study [26]. Similar results for

optical absorption measurement have been found by Cali-

xto et al. [20], Kois et al. [27] and Huang et al. [28], who

have found that the band gaps of CuInSe2 thin films were

respectively 1.05, 1.1 and 1.18 eV. However, the values

reported by other authors [29, 30] are lower than our value.

Fig. 2 SEM micrographs of elaborated thin films as deposited on

different ITO substrates sheet resistance
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Fig. 3 Variation of (ahm)2 as function of radiation energy (hm) for

different ITO substrates sheet resistance. The linear intercepts on the

(hm) axis gives the band gap values
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From the full-width at half maximum (FWHM) of the

main peak of the XRD spectrum, one can calculate the

average grain size, Gs, of the samples with the Scherrer’s

formula [31, 32]:

Gs ¼
0:9k
bcosh

ð4Þ

where k is the wavelength of CuKa radiation in nm, h is the

Bragg angle and b is the the full width at half maximum

(FWHM).

The evolutions of the electrical resistivity of the resulting

CuInSe2 layers as their grain size versus the ITO substrate

sheet resistance are recapitulated in Table 1. It is easily seen

that the electrical resistivity is proportional to the inverse of

the grain size. This result is consistent with that reported by

Machlin [33]. It indicates that the decreasing of the grain

size would contribute to grain boundary formation which

results in the formation of trapping states, and the charge

carriers are trapped and immobilized [29].

Conclusion

The CuInSe2 films with good properties were electrochem-

ically deposited using two electrodes cell configuration on

three different ITO-coated glass substrate sheet resistances

from solution containing 10 mM copper chloride (CuCl2),

40 mM indium chloride (InCl3) and 20 mM selenium oxide

(SeO2). It was found that the ITO substrate sheet resistance

plays an important role in the structural, morphological,

electrical and optical properties of CuInSe2 films.

The XRD patterns indicate that all the deposited films

exhibit the CuInSe2 phase with tetragonal chalcopyrite

structure, predominantly h112i oriented. The optical band

gap, Eg, estimated from optical absorption data, was

between 1.07 and 1.22 eV, which is in good agreement

with the results published in the literature. The electrical

resistivity of the resulting CuInSe2 films follows the

opposite trend to the grain size.
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Table 1 The electrical resistivity of the resulting CuInSe2 layers and

their grain size versus the ITO substrate sheet resistance

ITO sheet resistance (X/h) 8 15 20

Grain size (Å) 272 165 240

CuInSe2 resistivity (X cm) 1.04 3.63 1.94
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