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In this article, electrochemically as deposited and rapid thermal annealing in argon 

atmosphere of CuInSe2 thin films were investigated. The annealing treatments, for half an 

hour in argon atmosphere, were done at 250°C, 300°C and 350°C. Structural and grain 

sizes, morphological surfaces and optical properties, of the as deposited and annealed 

CuInSe2 thin films of different heat treatments were compared. All elaborated thin films 

show the tetragonal chalcopyrite CuInSe2 with favored orientation along (112) direction. 

Grain seizes of the as deposited film was about 24.48 nm whereas the annealed thin film at 

350°C presents the high intensity of (112)peak with high grain size of 40.71nm. To 

support XRD and SEM results relating to the composition and quality of the as deposited 

and annealed CuInSe2 thin films, FT-IR spectroscopy investigation was used. It reveals a 

distinct absorption peaks nearly at 2332-2361cm
-1

 conforming the CuInSe2 product. The 

band gap of the samples was found to be in 1.10-1.20eV range. As a result, RTP 

conditions of the films are found to be of interest in the process of CuInSe2 electro-

deposition and its crystallinety enhancement. As active absorber layers for solar cell 

applications, those thin films may be used. 
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1. Introduction 
 

Copper indium diselenide (CuInSe2 or CIS) is a 1.02eV direct band gap material with high 

optical absorption coefficient (10
+5

 cm
-1

) [1-3], good stability and high efficiency [4,5] these 

factors make it as promising absorber material for thin film solar cells. As well-known, there are 

multiple techniques currently available for the preparation of CIS thin films, for instance co-

evaporation [6], RF sputtering [7], molecular beam epitaxial[8], spray pyrolysis [9], pulsed laser 

deposition[10], and electro-deposition[11]. The later has various advantages such as (i) low cost, 

(ii) large scale area of deposition, (iii) high speed deposition (iv) vacuum system less, and (v) no 

use of toxic gases [12].  

As recognized, the electrical, optical, morphological and structural properties of such 

elaborated material are really influenced by the techniques and the experimental parameters. In 

electro-deposition method, the precursor concentration, complexing agent[13], potential, time 

deposition and post annealing treatment are the common parameters that influence the material 
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properties. Post annealing treatment is required to improve the crystallinity of CIS thin films. But 

based on the low vapor pressure of Selenium, thin films annealed in vacuum, nitrogen or argon 

atmospheres usually present high levels of Se vacancies [14-16]. For this reason, selenization (ie: 

excess of selenium as H2Se gas in the surrounding atmosphere of annealing) may be obligatory to 

compensate selenium loss and adjust the stoichiometry of CuInSe2 thin films. Although, the 

elevated toxicity of selenium gas, which can be considered as an edge for mass production of CIS-

devices [17], re-crystallization was carried out at 550°C in the selenium atmosphere as a solution 

to prevent selenium less in the thin film [18]. Recent studies using wet chemical without annealing 

to avoid desalination, CIS nanoparticles are synthesized[19] 

It is worth noting that the effects of classical annealing, on CIS physical properties, are 

widely studied, but more investigations namely on the mode and the atmosphere of annealing are 

still required. 

This work aims to electrochemically deposit CIS thin films and to study the effect of rapid 

thermal annealing in argon atmosphere (RTAAA), on their properties and to compare them to the 

as deposited one. On coated indium tin oxide substrate (ITO), those CIS thin films are deposited. 

To characterize the structural, surface morphology and optical properties, X-ray diffraction 

(XRD), scanning electron microscopy (SEM), UV-visible near infrared transmission and FT-IR 

spectroscopy techniques are used, respectively. 

 

 

2. Experimental 
 

The electrodeposition of CuInSe2 (CIS) thin films were performed using an a potentiostat 

model Voltalab 40 with a three-electrode cell, which consists of a platinum plate as the counter 

electrode, a saturate calomel (Ag/AgCl) as the reference electrode and an ITO coated glass as the 

working electrode on which CIS thin films were deposited for 15min. For the RTP in (AA), an 

infrared furnace was used to anneal the deposited films. The furnace consists of lighting infra-red 

lamps around a quartz tube. The lamps were powered by an electrical regulating source and the 

annealing temperature was stepped as 250°C, 300°C and 350°C for maintained time of 30 min. 

Prior to deposit on ITO glass, the later was cleaned ultrasonically with acetone, and ethanol during 

10 min for each treatment; then the cleaned glass was rinsed with distilled water and blow-dried in 

the air. CIS thin films were electrochemically deposited from a solution of CuCl2, InCl3 and SeO2 

at given concentration (3.5, 3.5 and 7mM), respectively. The added complexing agent was Na-
citrate at 0.5 M whereas the pH was taken closely 1.5 [20]. The bath was adjusted to this pH by 

adding diluted hydrochloric acid. At room temperature, each film deposition was proceeded for 15 

min (t=15min).The potential deposition was maintained constant at (-950mV/SCE), without 

stirring[21]. 

For the RTP in (AA), some of the as deposited films were held in quartz tube. The 

RTAAA consists of lighting infra-red lamps around the quartz tube. The lamps were powered by 

an electrical regulating source. While the annealing temperatures were 250°C, 300°C and 350°C 

for 30 min. The as deposited and treated samples constituting the samples for this study are named 

(a), (b), (c) and (d), respectively. Structural properties were carried out using XPERT-PRO X-ray 

diffractometer with CuKα radiation in the scanning angle range of 10-80° whereas morphological 

properties of the samples surfaces were survived by means of SEM apparatus. To hold up XRD 

and SEM results, the quality and composition of the films were investigated by FT-IR 

spectroscopy apparatus(Agilant Technologie carry 600 series FTIR). The scan of the FT-IR 

measurements investigation of the CIS bonding formation was performed in (400-4000cm
-1

) 

range. For this purpose, only the as deposited and 300°C treated samples were taken in 

consideration. Transmittance and optical properties of the prepared films such as band gap (Eg) 

were studied using Shimadzu mode UV-3101 PC spectrophotometer. It was taken in consideration 

that the streak light of the apparatus confronts directly the CIS face. 

The thickness (d) of the as elaborated thin films was theoretically estimated as 

follows[22]: 

𝑑 =
1

𝑛𝐹𝐴
(

𝐼𝑡𝑀

𝜌
)                                         (1) 
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where n is the number of transferring electrons, F is the Faraday's number, A is the electrode area, 

I is the applied current, t is the deposition time, M = 336.28 g/mol is the molecular weight, ρ = 

5.77 g/cm
3
 is the density and n is taken equal to 13 exchanged electrons. 

 

Cu
+2

 + In
+3

 + 2SeO3
−2

+ 12H
+
 + 13e

−
→ CuInSe2 + 6H2O                           (2) 

 

For all evaluated simples the thickness average was 1.10-1.19µm before annealing 

treatment which is still as estimation hence the film areis not well homogeneous. 
 

 

3. Results and discussion 
 

3. 1. Structural properties   

For 15 min time deposition CIS thin films, X-ray diffraction patterns of the as deposited 

and annealed ones with the pattern of the ITO covered glass are given in Fig.1. If one starts by 

describing the bellow spectrum of ITO on which chalcopyrite CIS films were deposited. It exhibits 

six diffraction peaks located at 2θ = 21.497°, 30.858°, 35.462°, 45.688°, 51.024° and 60.667° 

which related to the following planes (211), (222), (400), (431), (440), and (622), respectively. 

Such peaks much well with those of the Joint Committee on Powder Diffraction Standards 

(JCPDS) card (No. 71-2195) of the cubic In2O3:Sn structure (ITO). Whereas X-ray diffraction 

patterns of the as deposited and annealed CIS thin films exhibit three major diffraction peaks at 2θ 

= 26.82°, 44.5°and 52.49 which are related to (112) plane and to the subsequent emerged 

(204)/(220) and (116)/(312) ones, respectively. All the diffraction peaks coordinated well with the 

space group I-42d (122) matching to the tetragonal chalcopyrite CIS phase having JCPDS card 

(No. 40-1487). Peak (112), located at 2θ°=26.82 is present in the whole spectrum which is the 

most intense peak given in the JCPDS file for the CIS phase. No peak of the binary compounds 

was observed however others residual diffraction peaks, with feeble intensities, located at 2θ = 

21.497°, 30.858°,35.462°, and 51.024° subsist in the spectrum. Those residual diffraction peaks 

found their origin from the inner X-ray diffraction on ITO covered glass, on which the films were 

deposited. As it was seen in (Fig.1 samples b, c and d), with increasing annealing temperature 

from 250°C to 350°C, peak intensities of (112)plan, (204)/(220) and (116)/(312) emerged plans 

increase leading to an enhanced crystallinity of the sample treated at 350°C. Such peaks are 

established by many authors using the argon atmosphere treatment [23-26]. Within the XRD 

detection limit, for the treatment at 350°C three additional peaks corresponding also to 

chalcopyrite CIS phase [27,28], which are located at 2θ = 17.12°, 64.67° and 70.94° related to 

(101), (400) and (316) plans, respectively. 

 

 
 

Fig. 1: XRD patterns of ITO coated glass substrate with as deposited and 30min annealed CIS thin film, 

in argon atmosphere: a) as deposited, b), c) and d) annealed at 250, 300 and 350°C respectively. 
 

 

For more details, about the preferred growth orientation, different texture coefficients 

TC(hkl), representing the texture of the particular plane, were determined using the X-ray data. 

TC(hkl) coefficients were calculated via the well-known formula [29]. 
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𝑇𝐶(ℎ𝑘𝑙) =
𝐼(ℎ𝑘𝑙) 𝐼0(ℎ𝑘𝑙)⁄

𝑁−1 ∑ 𝐼(ℎ𝑘𝑙)𝑁
𝑛 𝐼0(ℎ𝑘𝑙)⁄

                                   (3) 

 
where I(hkl) is the measured relative intensity of a plane (hkl), Io(hkl) is the standard intensity of 

considered plane taken from the JCPDS data, n is the number of diffraction peaks and N is the 

reflection number.TC(hkl) values of all films for (112), (204)/(220) and the emerged 

(116)/(312)peaks, with the annealing temperatures are shown in Fig. 2. The polycrystallinity 

nature of the films was confirmed since the values of TC(hkl) are lower than unity. Observing this 

figure one can see that the whole thin films have privileged orientation along the (112) plan and 

the crystalline quality of thin films improved with 350°C as annealing temperature. 

 

 
 

Fig. 2: Variation of TC (hkl) with annealing temperatures in argon  

atmosphere of CIS thin films. 

 

 
The crystallite size of the as deposited and annealed CIS thin films was calculated from 

the high intensity of (112)direction peaks, obtained from the diffraction patterns, using the full 

width at half maximum (FWHM) and Scherrer’s formula [30]: 
 

𝐷 =
0.9𝜆

𝛽 cos 𝜃  
                                              (4) 

 

where D, β and λ are the crystalline size, FWHM of the most intense diffraction peak, and the X-

ray wavelength (1.54056 Å) whereas θ is the Bragg angle of peaks (112) for the as deposited and 

annealed CIS thin films taken in consideration. Scherrer’s equation applied to the most intense 

(112) peaks diffraction lines of those films, respectively. It reveals that D size distribution is about 

24.48nm for the as deposited and increases with annealing temperature to reach 40.71nm as 

exhibited on Fig.3 and recapitulated in Table1. 

 

 
 

Fig. 3: Lattice parameters (a and c) and Crystallite size (D) of CIS thin films with  

annealing temperatures. 
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According to the tetragonal chalcopyrite CIS phase, the lattice constant can be calculated 

by the following formula: 

 
1

𝑑ℎ𝑘𝑙
2 =

ℎ2+𝑘2

𝑎2 +
𝑙2

𝑐2                                           (5) 

 

where a, c, (hkl) and dhkl are the lattice parameters, the Miller indices of the planes and its 

corresponding interplanar spacing. These parameters are shown in Table 1. In Fig. 3 it was 

reported the variations of the crystallite size and the lattice parameters a and c, of all CIS thin 

films. As can be seen from Fig. 3 and Table 1, the crystallite size was round 24.48nm for the as 

deposited. After annealing in argon atmosphere at 250°C, it remains approximately constant 

(23.26nm) then increases to reach 40.71nm as edge value when the samples were annealed at 

300°C and at 350°C. This leads to proclaim that beyond 300°C a treatment limit effect happens. 

The values of the lattice parameters a and c have slight change with annealing treatment: a has a 

slight decrease with the annealing at 250°C, then increases with temperature, whereas c evokes an 

increasing with annealing temperature but it is still less than the standard parameter c0 =11.6100Å 

obtained from the JCPDS card (No. 40-1487). The c week values lead to announce that the 

elaborated lattice is stressed along this direction. 

 
Table 1: The lattice parameter (a and c) and d-spacing of (112) plan, Crystallite size (D) and band  

gap energy (Eg) of as deposited and 30min annealed CIS thin films. 

 

Samples Crystallite  

size(nm)  

d(112) (Å) Eg 

(eV) 

Lattice constants (Å) 

    a  Δa = a–a0 c Δc=c–c0 

As deposited 24.48 3.33080 1.20 5.78266 –0.00066 11.48460 –0.1254 

Annealed at 250°C 23.26 3.32867 1.16 5.77675 –0.00525 11.48598 –0.1240 

Annealed at 300°C 40.71 3.33034 1.14 5.78079 –0.00121 11.48718 –0.1228 

Annealed at 350°C 40.71 3.33179 1.10 5.78317 –0.00120 11.49276 –0.1172 

 

 
3. 2. Morphological properties  

At the equal magnification, Fig. 4 exhibits the SEM morphologies of all the CIS thin films 

prepared from fixed electrolyte concentration (3.5mM CuCl2, 3.5mM of InCl3, 7mM of SeO2) for 

15 min deposition. Starting by Fig. 4a, it represents the as deposited CIS thin film. As seen the 

surface contains a multinuclear, cauliflower-like and (desert rose-like) grains crystalline structure 

of CIS. Cauliflower and desert rose-like aggregation with rounded well-defined boundaries are 

found distinctively on the surface of the film. Such difference in the structure may be associated to 

the potential distribution on the surface during electro-deposition. Similar cauliflower-like 

morphology was observed by many authors [13,21,25,31-33]; whereas desert rose-like 

morphology was observed by Yassitepe et al [28] . The grains crystalline structure of CIS is well 

detected by XRD measurement. For the heated CIS thin films and in respect to the temperature 

rise, the sample annealed at low temperature 250°C, the boundaries of rounded granular structure 

diminish and inter diffuse to form homogenous CIS layer (see in Fig. 4b).With increase (RTAAA) 

temperature, the inter diffusion of rounded granular structure continues to enhance the CIS layer 

homogeneity with, of course, losing its big dimension as it was seen in Fig. 4c. Displayed in Fig. 

4d is the film having the most homogeneous layer, than any others films with few residual little 

rounded granular grains. The homogeneous coalescence of the neighboring nodules is improved 

because of the elevation of (RTAAA) temperature to 350°C leading to enhanced crystalline 

structure. Such enhancement is well confirmed by XRD measurements. 
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Fig. 4: SEM images of CIS thin films: a) as deposited, b), c) and d) 30min annealed in argon  

atmosphere at 250, 300 and 350°C, respectively. 

 

 
3. 3. FT-IR analysis 
To further support the XRD and SEM results, the quality and composition of CIS thin 

films were investigated by FT-IR spectroscopy which is known as one of the very practical 

method to find out information about matter chemical bonding and elemental constituents. Fig. 5 

shows FT-IR spectra of as deposited and (RTAAA) at 300°C CIS thin films. For both samples, a 

dissimilar absorption peaks are observed nearly at 2332-2361cm
-1

 and another peaks at 1527cm
-1

 

with less absorption corresponding to the CuInSe2stretching vibrations modes[26]. But for the 

annealed thin film at 300°C the absorption peaks intensities was found to be greater than before 

annealing which confirms the raise in amount of CuInSe2 bonding. This reveals the effect of the 

(RTAAA)in enhancing the thin films quality as it was carried out by XRD and SEM results. It may 

proclaimed that (RTAAA) acts as brake for the Se out diffusion and offers an adequate amount of 

Se to the CIS thin films to crystallize better than other use of classical thermal annealing. 

 

 
 

Fig. 5: FT-IR spectra of CIS thin films: a) as deposited sample b) annealed at 

300°C in argon atmosphere. 
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3. 4. Optical properties  

Fig. 6 gathers the transmittance patterns of as deposited and 30min annealed CIS thin 

films. As seen in Fig. 6a-d, the transmittance of the as deposited and annealed CIS thin films, at 

250, 300 and 350°C, respectively, reveals a feeble transmittance values due to the whole 

absorbance of light by those layers mainly in the region between 400-1800nm. A strong 

absorbance was remarked with the film treated at 350°C (see Fig. 6d). 
 

 
 

Fig. 6: Optical transmittance of as deposited and annealed CIS thin films in argon atmosphere: a) as 

deposited, b), c) and d) 30min annealed CIS thin films at 250, 300 and 350°C, respectively. 
 

 

As it was known that CIS is a direct gap semiconductor, so the absorption coefficient (α) 

in the region of strong absorption obeying to the equation[34]: 
 

(𝛼ℎ𝜈)2 = 𝐵(ℎ𝜈 − 𝐸𝑔)                                  (6) 
 

where α is the absorption coefficient, h is the Planck constant, ν is the radiation frequency, Eg is 
the band gap energy and B is a constant which depends on the nature of the radiation. The band 
gap (Eg) values of as deposited and 30min annealed CIS samples were deduced from the 
transmittance data, in region 400-1800nm, according to Tauc’s relation [35] giving (αhν)

2
 versus 

incident photon energy, (hν), plots. The graphs are represented in Fig. 7, whereas the band gap 
energy values are illustrated in Table 1. All the samples exhibit linear wavelength absorption 
dependence around the optical band gap which is characteristic of the direct inter-band transition. 
Eg values of the as deposited and annealed at 250, 300 and 350°C CIS thin films were found to be 
1.20, 1.16, 1.14 and 1.10eV respectively. Such values were found out by several researchers. They 
are slight larger than one reported for the bulk CuInSe2 of 1.05 eV[36] evoking a blue shift in Eg 
value. This shift may be owing to quantum confinement arising due to size effect[19].As can be 
seen from Table 1, a small decrease in Eg with the annealing temperature was remarked. This 
decrease is almost certainly due to the rearrangement of the atoms in the crystalline lattice, to the 
decrease of the defects in microstructure and to quantum detention of the treated thin films. As 
result, the annealed thin films may be used as an active absorber layers for solar cell applications. 
 

 
Fig. 7: Band-gap (Eg) estimation, from Tauc’s relation, of as deposited and 30min annealed CIS 

thin films: a) as deposited, b), c) and d) annealing at 250, 300 and 350°C, respectively. 
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4. Conclusions 
 

In this study, for 15min. effects of (RTAAA), for 30 min at 250°C, 300°C and 

350°Celectrochemically deposited CIS thin films were investigated. XRD studies show that all the 

elaborated thin films have the tetragonal chalcopyrite CIS structure with favored orientation along 

(112) direction. The as deposited CIS sample has grain seize about 24.48nm. While the annealed 

one at 350°C has the high intensity of (112) plane with high grain size of 40.71nm and exhibits the 

better crystalline structure in this work. SEM images display cauliflower and desert rose-like 

aggregations located distinctively on the surface of the film and inter diffuse with the (RTAAA) 

temperature raise to form CIS layers.  

FT-IR spectra of as deposited and annealed at 300°CCIS thin films confirm XRD and 

SEM results by showing an absorption peaks nearly at 2332-2361cm
-1

 corresponding to CuInSe2 

structure. The absorption peaks intensities were found to be greater after (RTAAA) confirming the 

raise in amount of CuInSe2 bonding. This proceeds by offering the films an adequate amount of 

Se to crystallize better than other use of classical thermal annealing. The optical properties of the 

films were greatly influenced by this method of treatment. Such treated thin films may be used as 

actives absorber layers for solar cells use. 
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