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CuInSe2 (CIS) thin films have been prepared by potentiostatic electrochemical synthesis route in an aqueousme-
dium. A conventional three-electrode electrochemical geometry was used to study the influence of agitation on
electrodeposition of CIS. The co-deposition potentials for Cu-In-Se,−0.4 V and−0.6 V were optimized by using
cyclic voltammetrymeasurements. The diffusive controlled growthwith instantaneous nucleation is observed by
Chronoamperometric measurements. X-ray diffraction (XRD) and Raman spectroscopy, UV–Vis spectroscopy,
energy dispersive X-ray analysis (EDAX) and scanning electron microscopy (SEM) were employed to study the
structural, optical, compositional and morphological properties, respectively. Polycrystalline CIS thin films with
tetragonal structure were obtained without agitation, however the secondary phases of CuxSey were attributed
with agitation. The Raman results are found to be in good agreement with XRD and EDAX analyses. Without ag-
itation the energy band gap (Eg) was estimated ~1.1 eV. The higher values of Eg ~ 1.5 to 1.8 eVmeasured for the
samples grown with agitation are proposed due to the inhomogeneous growth of precursors and the change in
surface morphology. Uniform, compact and well adherent CIS layers were deposited with and without agitation.
The deposition potentials and agitation conditions were found to be greatly affected on the surface morphology.
The stoichiometric CIS layer was deposited at−0.6 V without agitation.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Thin film solar cells such as, CuInSe2 (CIS), CuInGaSe2 (CIGS) and
cadmium telluride (CdTe) are an excellent candidate for clean energy
generation with significantly lower production cost. CIS is I-III-VI
group semiconductor having direct band-gap (1.04 eV) and high ab-
sorption coefficient (104 cm−1). The highest efficiency for CIGS based
solar cells devices is ~21.7%, reported by ZSWgroup, Germany [1,2]. Nu-
merous reports are available on fabrication of CIS solar cells by vacuum
and non-vacuum techniques such as co-evaporation [3], sputtering [5],
spray pyrolysis [6], molecular beam epitaxy [7], stacking elemental
layers [8],flash evaporation [9], pulsed laser deposition [10] and electro-
deposition [11], etc. Electrodeposition is a versatilemethod for the prep-
aration of thin films of metals, insulator and semiconductors, because of
its simplicity and high throughput [13,14]. Since decades the electrode-
position has been widely employed for the preparation of solar cell de-
vices. CIGS and CdTe are the leading photovoltaic materials, which have
been successfully deposited using electrodeposition at an industrial
level [14–16]. Bhattacharya et al., [17] reported the highest efficiency
15.4% for CIGS solar cells prepared by electrodeposition technique. Nu-
merous reports are available on the electrodeposition of CIS layers by
one-step electrodeposition, selenization of electrodeposited Cu-In
alloy thin films and pulsed electrodeposition [18–20]. Agitation is one
of the important parameters during the electrochemical synthesis to
control the deposition rate, stoichiometry, mass transport, surface
morphology, etc. Nakamura et.al, [21] deposited CIS thin films with
and without agitation and studied the dependence of composition or
ratio of mass transfer coefficient. Agitation in the plating electrolyte
can be produced either by stirring an electrolyte or rotating theworking
electrode, which is commonly known as rotating disc electrode. Herein
we have reported the deposition of stoichiometric CIS thin films by elec-
trodeposition technique without agitation on fluorine doped tin oxide
(FTO) coated glass substrates. Herein, we examined the effects of elec-
trolyte agitation during deposition process by comparing themwith de-
posited sample without electrolyte agitation. Furthermore, the
influence of agitation on the morphological, structural and chemical
compositions of deposited CIS material was also thoroughly
investigated.

2. Experimental details

Ppotentiostatic electrodeposition with a standard three-electrode
geometry was used for the deposition of CIS thin films. FTO coated
glass substrate, Ag/AgCl and graphite were used as working, reference
and counter electrodes, respectively. The electrolyte was prepared in
aqueous medium consisting of 3 mM copper chloride (CuCl2), 6 mM in-
dium chloride (InCl3) and 3 mM selenous acid (H2SeO3). Lithium chlo-
ride was used as a supporting additive. The pH of the bath was
adjusted to 1.2 with dilute HCl. The deposition parameters were opti-
mized by studying the cyclic voltammetry for different agitation speeds,



367A.B. Rohom et al. / Thin Solid Films 615 (2016) 366–373
viz. 0 rpm, 100 rpm and 200 rpm. Above 200 rpm the samples were not
adherent to the substrate. CIS layers were electrodeposited at −0.4 V
and −0.6 V versus Ag/AgCl reference electrode. The films were dried
in normal laboratory ambient and used for further characterizations.

A μ3AUT 70762 AUTOLAB potentiostat/galvanostat was used for cy-
clic voltammetry studies and electrodeposition of the CIS layers. The
structural properties were studied by means of X-ray diffraction
(XRD), model Bruker D8 advance diffractometer with Cu Kα anode of
wavelength 0.154 nm and Invia Renishow micro Raman spectropho-
tometer, with 785 nm excitation laser. Optical absorption measure-
ments were carried out by JASCO UV–Vis-NIR spectrophotometer.
JEOL JSM 6360 A, scanning electron microscope with an accelerating
voltage 20 kVwas used to study the surfacemorphology. The elemental
atomic percentage concentrations were obtained by energy dispersive
X-ray analysis technique equipped with the SEM unit.

3. Results and discussion

The cyclic voltammetry measurements were performed to optimize
the co-deposition potential of Cu-In-Se in presence of LiCl at room tem-
perature. The cyclic voltammograms obtained without agitation and for
100 and 200 rpmwith scan rate 5 mV/s are depicted in Fig. 1 a), b) and
c), respectively.
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Fig. 1. Cyclic voltammograms recorded in thematrix of Cu, In and Se precursors in an aqueous ba
with scan rate of 5 mV s−1.
Initially, at lower cathodic potentials up to −0.4 V, the features no-
ticed are associated to the reduction of Cu and Se by the following
charge-transfer reactions,

Cu2þ þ 2e−→ Cu E0 ¼ þ0:34 V versus SHE ð1Þ

H2SeO3 þ 4e− þ 4Hþ→ Seþ 3H2O E0 ¼ þ0:74 V versus SHEð2Þ

Indium is proposed to be electrodeposited along with Cu and Se to
deposit ternary alloy of CIS in the plateau region observed about
−0.4 V to −0.7 V by the charge transfer reaction,

In3þ þ 3e−→ In E0 ¼ þ0:74 V versus SHE ð3Þ

CIS layers can be electrodeposited by the following charge reaction,

Cu2þ þ In3þ þ 2SeO3
2− þ 9e− þ 12Hþ→ CuInSe 2 þ 6H2O ð4Þ

The current enhancement observed without agitation (Fig. 1(a)) at
lower cathodic potentials (+0.1 V to−0.4 V)marked as ‘A’ is proposed
due to the reduction of Cu and Se ions. This region may favor the depo-
sition of secondary phases of CuxSey [18]. A flat limiting current plateau,
which is nearly unaffected by the growth potential observed in the
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Fig. 2. Chronoamperometric curves on potentiostatic deposition of CIS under different agitation speeds 0 rpm, b) 100 rpm and c) 200 rpm at different deposition potentials.

Fig. 3.XRD patterns of CIS thin films deposited at−0.4 V A) and−0.6 V B) for agitation speeds a) 0 rpm, b) 100 rpm and c) 200 rpm on FTO coated glass substrates. ( ) and (*) represent
the peak associated to FTO and CuSe.
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Table 1
A summary of the XRD results for obtained the CIS layers deposited at−0.4 V and −0.6 V with different agitation speeds.

Agitation speed
2θ (deg) ‘d’ (A0)

Miller indices (hkl)
Structural
assignmentObserved Standard Observed Standard

Deposition potential (V) −0.4 −0.6 −0.4 −0.6 −0.4 −0.6 −0.4 −0.6 −0.4 −0.6 −0.4 −0.6

0 rpm
26.52 26.63 26.62 26.62 3.357 3.345 3.352 3.345 (112) (112) CIS CIS
44.32 44.41 44.28 44.28 2.041 2.043 2.043 2.043 (204/220) (204/220) CIS CIS
52.49 52.56 52.41 52.41 1.741 1.744 1.744 1.744 (116/312) (116/312) CIS CIS

100 rpm

25.82 26.61 26.42 26.62 3.446 3.370 3.345 3.345 (111) (112) CuSe CIS
26.63 44.55 26.62 44.28 3.343 3.345 2.031 2.043 (112) (204/220) CIS CIS
44.41 52.66 44.28 52.41 2.037 2.043 1.736 1.744 (204/220) (116/312) CIS CIS
52.56 54.61 52.41 54.39 1.739 1.744 1.678 1.685 (116/312) (222) CIS CuSe
54.51 54.39 1.681 1.685 (222) CuSe

200 rpm

25.88 25.52 26.42 26.42 3.438 3.486 3.370 3.370 (111) (111) CuSe CuSe
28.01 26.61 27.92 26.62 3.181 3.345 3.192 3.345 (112) (112) CuSe CIS
45.93 44.61 45.28 44.28 1.973 2.028 2.001 2.043 (117) (204/220) CuSe CIS
46.16 52.86 45.89 52.41 1.964 1.729 1.976 1.744 (200) (116/312) CuSe CIS
54.61 54.71 54.39 54.39 1.678 1.675 1.685 1.685 (222) (222) CuSe CuSe
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Fig. 4. Raman spectra for CIS thin films deposited at −0.4 V and −0.6 V under various
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range −0.42 V to −0.62 V is assigned the diffusion controlled electro-
deposition. The increase in cathodic current density with increasing
the agitation speed can be justified by the enhanced diffusion of Cu2+

to the electrode, yielding higher amount of Cu2+ near the cathode dur-
ing the initial process of reduction [22]. The shift in peak appeared due
to charge transfer reaction of Cu and Se towardsmore cathodic potential
is observed after agitation, also electrolyte agitation induces a progres-
sive shift of both cathodic as well as anodic peaks to more negative
and positive values, respectively. Polycrystalline and controlled stoi-
chiometric CIS layers may be obtained in this plateau region. The
sharp rise in the cathodic current observed beyond−0.65 V is proposed
due the hydrogen evolution as well as the metallic deposition of In. A
plateau region is found to be shifted towards the higher cathodic poten-
tialwith increase in the agitation speed due to the change in open circuit
potentials (OCP) and/or pH in the vicinity of working electrode. The
values of OCP, +0.33, +0.39 and +0.43 V, were measured for the CIS
layer deposited for different agitation rate from 0 rpm, 100 rpm and
200 rpm, respectively. Furthermore, a cathodic current density was
also found to be increasedwith increase in the agitation speed of the so-
lution. The anodic or stripping peaks are associated with the redox po-
tentials of precursors. Moreover, the element having more negative
redox potential is expected to deposit at the end or high cathodic poten-
tials. According to the half electrode reactions e1, 2 and 3 given in the
manuscript, one can assign the peaks B, C and D could be corresponds
the stripping of In, Cu and Se.

Fig. 2 shows the Chronoamperometric curves of CIS for deposition
potentials−0.4 V and−0.6 Vwith andwithout agitation of electrolyte.
It is observed that the current density increases with increase in agita-
tion rate. At the beginning of the curves, the cathodic current was
sharply decreases within first few seconds in all cases and later nearly
remains constant. This type of behavior is associated with the diffusive
controlled growth with instantaneous nucleation, while the rapid drop
in current density at the initial stage is due to the double layer charg-
ing/discharging [23]. According to the electrochemical point of view,
the deposition can occur due to mass transport, diffusion, migration
and convection [24]. The migration is the delivery of metal ions, there-
fore, the main driving forces contributing to electrodeposition are de-
rived from a concentration gradient (diffusion) and movement of the
reacting species (convection) [25]. The movement of the bulk solution
by electrolyte agitation generally results in an enhancement of the con-
vection, giving rise to the vigorous delivery of metal ions to the cathode
surface. The Chronoamperometric curves confirm the instantaneous
nucleation and the process is diffusion limited, therefore, the diffusion
electrolyte agitation speeds a) 0 rpm, b) 100 rpm and c) 200 rpm.
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Fig. 5. SEM Images of CIS thin films deposited at−0.4 V and−0.6 V for different agitation speeds a) 0 rpm, b) 100 rpm and c) 200 rpm.
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layer can be related to limiting current density (iL) expressed as [26]

iL ¼ zFD
C
δN

where, z is the number of electrons of a metal ion, F is Faraday's con-
stant, D is the diffusion coefficient, C is the ion concentration of bulk so-
lution and δN is the diffusion-layer thickness. Since the terms z, F and D
are constant, and ionic concentrationswas usedwith andwithout agita-
tions were also constant. Thus, the diffusion-layer thickness is the only
factor depends on the limiting current density. As the stirring rate in-
creases the limiting current density increases which thereafter decrease
the diffusion layer thickness [27]. This information is used for further
structural, morphological and chemical composition analysis.

Fig. 3 (A) shows the XRD pattern of CIS thin films deposited at
−0.4 V for different agitation rates. The reflections (112), (204/220)
and (312/116) corresponds to the tetragonal structure of CIS are attrib-
uted in the pristine CIS layer. It is noticed that without agitation the
peaks associated to the CIS are exhibited with orientation along (112)
plane. The layer deposited at 100 rpm exhibits the peak related to CIS
along with binary phases of CuSe. The layer deposited at 200 rpm ex-
hibit only the peaks related to CuSe. The XRD results agree well with el-
emental composition obtained by EDAX analysis, which is discussed in
the next section. The peaks related to CuSe and FTO are marked as (⁎)
and (●), respectively. Fig. 3 (B) shows the XRD pattern of CIS thin
films deposited at−0.6 V for different agitation rates. Three prominent
planes (112), (204/220) and (312/116) corresponds to tetragonal struc-
ture of CIS are attributed from the sample deposited without agitation,
whereas the secondary peaks associated to CuSe are revealed in the
sample depositedwith agitation. The presence of secondary peaks asso-
ciated to shift in deposition potential of CIS due to the change in open
circuit potential with agitation. The XRD results are analyzed in detail
and the observations are tabulated in Table 1.

The structural properties and the secondary phase formation in CIS
layers was further studied using Raman spectroscopy with 785 nm ex-
citation laser. Fig. 4 shows Raman spectra for CIS thin films grown at
−0.4 V and −0.6 V under various agitation speeds. It is observed that
CIS layers electrodeposited at −0.4 V with agitation at 0 rpm and
100 rpm shows themost intense peak at 176 cm−1, which is associated
to the vibrational A1 mode in the CIS chalcopyrite structure and the
peaks attributed at 207 cm−1 and 224 cm−1 confirms the contribution
of E and B2 modes of CIS phase [28]. The sharp peak exhibited at
260 cm−1 in the sample deposited at 200 rpm could be associated to
the Cu-Se binary phase [29], which is not clearly observed in the sample
deposited at 0 rpm and 100 rpm. The Raman results agree well with the
XRD and EDAX analysis. Especially in the XRD analysis, the sample de-
posited at −0.4 V with 200 rpm the peaks associated to the formation
of CIS were not observed, and the elemental concentrations determined
by EDAX confirms the absence of In. Fig. 4 (B) shows the Raman spectra
for CIS film grown at−0.6 V in presence of various agitation speeds. A



Fig. 6. EDAX of CIS thin films deposited at −0.4 V and −0.6 V on FTO coated glass
substrates for different agitation speeds a) 0 rpm, b) 100 rpm and c) 200 rpm.
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sample prepared without agitation showed only three peaks related to
the chalcopyrite structure of CIS. The peaks associated to CIS are exhib-
ited in all spectra,while a small hump observed around 260 cm−1 in ag-
itated samples is related to secondary phase of the Cu-Se. A small
Table 2
A summary of atomic concentration (%) of Cu, In and Se for CIS thin films deposited at −0.4 V

Agitation speed

Deposition potential −0.4 V

Atomic concentration (%)
In/Cu

Cu In Se

0 rpm 41.06 15.92 43.02 0.39
100 rpm 44.41 09.32 46.28 0.21
200 rpm 47.13 00.00 52.87 0.00
shoulder appeared at 118 cm−1 is corresponds to the laser line used
for the calibration of the Raman wave number.

The surfacemorphologywas found to be dependent on the agitation
and growth potentials. Layer deposited at−0.4 V and−0.6 V for with-
out agitation were reasonably densely packed and compact. A remark-
able change in the morphology consisting globular grains of size
~1 μm can be clearly seen for the layer deposited at−0.6 V without ag-
itation. A randomly placed interdiffused disc shaped morphology was
observed for the sample deposited at −0.4 V without agitation, which
was found to be changed into agglomeration of particles upon agitation
with 100 rpm. A seed like morphology covered all over the surface,
densely packed, without void can be seen in Fig. 5 (b). For higher agita-
tion speed (200 rpm) for the same growth potential (−0.4 V) themor-
phology was again changed to a randomly oriented flakes or
longitudinal needles of size over a micron (Fig. 5 (c)). The voids are ob-
served due to the random growth of the niddles. The diffused spherical
grains of size over a micron are deposited at −0.6 V with agitation at
100 rpmand200 rpm. Thediffused grainwith compact deposition is ob-
served probably due to the elemental deposition of copper, which is fur-
ther confirmed by EDAX analysis. The globular, compact and void free
morphology observed for the sample electrodeposited at−0.6 V versus
Ag/AgCl without agitation is desirable for the development of high effi-
ciency CIS based thin film solar cell [13].

Fig. 6 (A) and (B) depicts the EDAX pattern of the layers electrode-
posited at growth potentials −0.4 V and −0.6 V, respectively with
and without agitation. The layers deposited at−0.4 V favors the depo-
sition of Cu-rich material for both with and without agitation. The con-
tents of Cu and In were found to be increased and decreased
systematically with increasing the agitation speed during deposition.
The increased Cu contents with increasing the agitation rate could be
due to the diffusion limited reaction [19]. The contents of Se were also
found to be increased upon the increasing the agitation speed. The
layers deposited at 200 rpm were found only the contents of Cu and
Se with nearly similar atomic percentages which are supported to the
XRD results. The absence of In content could be related to the change
in the open circuit potential measured with and without agitation. All
the films deposited at −0.6 V with and without agitation was Cu-rich,
moreover the contents of Cu further increased with agitation. The sys-
tematic change in the content of Cu and Inwas observedwith increasing
the agitation speed. As the layerswere deposited at−0.4 V for three dif-
ferent agitation speeds 0 rpm, 100 rpm and 200 rpm, the actual poten-
tial applied between the electrode in presence of 200 rpm is less than
that of the sample prepared without agitation (0 rpm) due to the
change in the values of OCP from +0.33 to +0.43 V. At lower growth
potentials only Cu and Se are expected to deposit. Therefore, due to
the change in the OCP values the actual growth potential between
with and without agitation is different. Thus the film grown at−0.4 V
without stirring measured 15% In, while at 200 rpm In content was
zero. To incorporate more In at 200 rpm, the cathodic growth potential
need to be increased. Chassaing et al. have shown that In incorporation
started beyond a potential value close to −0.6 V and In/Cu ratio in-
creased towards more negative potential −0.6 V [30,31]. Some details
are added in the revised manuscript and highlighted. The layers depos-
itedwithout agitation at−0.6 Vwere found to be nearly stoichiometric
close to the ideal concentration of CIS (Cu:In:Se = 25%:25%:50%). The
variation in the contents of Cu, In and Se could be associated with the
and −0.6 V for different agitation speeds obtained by EDAX analysis.

Deposition potential −0.6 V

Se/Cu
Atomic concentration (%)

In/Cu Se/Cu
Cu In Se

1.05 28.67 21.77 49.56 0.76 1.73
1.04 45.29 17.56 37.14 0.39 0.82
1.29 52.56 16.50 30.93 0.31 0.59



Fig. 7. UV–Vis absorption spectra of CIS thin films deposited at −0.4 V A) and −0.6 V B) for different agitation speeds a) 0 rpm, b) 100 rpm and c) 200 rpm.
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formation of diffusion layer in the vicinity of working electrode. An en-
hancement in the limiting current densitymay also be related to the for-
mation of highly conducting diffusion layer. The increase in limiting
current density may leads to a metallic (copper) deposition at potential
which is effectively lower than the specified one [32]. In/Cu and Se/Cu
ratio for both the samples deposited at −0.4 V and −0.6 V along with
the elemental atomic percentage concentration is tabulated in Table 2.
Itwas observed that the agitation rate plays an important role to control
the elemental concentration in the deposit. The results obtained for the
sample deposited at −0.6 V without agitation are close to the
stoichiometry.

Fig. 7 (A) shows the plot of (αhυ)2 versus (hυ) of the layer deposited
at−0.4 V for different agitation speeds. The values of band gap for the
CIS layer deposited without agitation and with agitation at 100 rpm
were estimated ~1.3 eV and ~1.48 eV, respectively. Both values are
higher than that of the literature value (~1.05 eV) due to the growth
of off stoichiometrc CIS layer, which resulted the formation of secondary
phases of CuxSey along with CIS. The films deposited at 200 rpm shows
the band gap of 1.91 eV which corresponds to band gap of copper sele-
nide. Fig. 7 (B) shows the plot of (αhυ)2 verses (hυ) for the layer depos-
ited at −0.6 V for different agitation speeds. The band gap for the
sample deposited without agitation was found to be 1.13 eV and with
agitation at 100 rpm and 200 rpm was estimated ~1.30 eV and
~1.54 eV, respectively. The increased band gap is associated to the pres-
ence of binary compounds copper selenide and/or variation in grain
size. The band gap estimated for the sample deposited at−0.6 V with-
out agitation is close to the reported values of CIS thin films [33].

4. Conclusions

In summary, we have studied the effect of agitation on the
electrodepostion of CIS thin films and their properties. Two growth po-
tentials−0.4V and−0.6V verses Ag/AgCl reference electrodewere op-
timized by CV measurements. Chronoamperometric curves show
diffusive controlled growth with instantaneous nucleation. The layers
depositedwithout agitation for both potentials were revealed polycrys-
talline CIS with tetragonal chalcopyrite crystal structure. On the con-
trary with increasing the agitation speed the peaks related to CuSe are
attributed alongwith the CIS reflection. Cu-rich films are electrodepos-
ited for both potentials with agitation due to the decrease of diffusion
layer thickness near the cathode, which is further supported to enhance
the limiting current density. The results obtained from Raman spectra
are in good agreement with XRD and EDAX results. The surface mor-
phology of the layer was found to be highly dependent on deposition
potentials and agitation speeds. The globular grains deposited at
−0.6 V without agitation are suitable for the preparation of high effi-
ciency CIS based solar cell devices. Nearly stoichiometric CIS layers are
deposited at−0.6 V without agitation. By employing external agitation
a remarkable variation in In/Cu ratio was observed which also con-
firmed the deposition of copper is diffusion limited process. The results
obtained by EDAX agrees well with the strauctural data obtained by
XRD. The deviation in the estimated energy band gap is proposed due
to the prsence of secondary phases of CuSe, the variation in particle
size or inhomogeneous growth of CIS. The post-depostion heat treat-
ment could further enhance the crystallinity, particle size and would
be helpful to obtain the stoichiometric CIS layer with optimum band
gap.
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