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Abstract

The electrodeposition of CuInSe2 is investigated to improve the stoichiometric properties of CuInSe2 layers on indium tin oxide (ITO)-

coated glass substrates and to develop one-step electrodeposition method for solar cell applications. XPS was utilized for the

characterization of the surface properties of CuInSe2 layers. The influence of the complexing agent, e.g. benzotriazole, bulk

concentration of Cu and Se and deposition potentials on the stoichiometric properties, are discussed.

r 2007 Elsevier B.V. All rights reserved.
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1. Introduction

CuInSe2 (CIS) has a bandgap energy (0.95oEgo
1.04 eV) and a light absorption coefficient very suitable to
the photovoltaic conversion of solar energy [1]. Further-
more, having the plastic/flexible substrate CIS-based
flexible solar cells are lighter, thinner and unbreakable, a
fact which is interesting for the development of industrial
applications. Electrodeposition is a very useful technique
for developing CIS-based solar cells as compared to the
traditional vapour deposition methods. Preparation of CIS
films using electro-deposition may be either a two-step
process, namely (a) sequential electrodeposition of Cu and
In layers on a conductive glass substrate followed by
selenization of Cu/In stacked layer at elevated tempera-
tures in an atmosphere containing H2Se gas [2,3] or
(b) after preparation of precursor films of Cu–In–Se by
electrodeposition, it is subsequently integrated with the
physical evaporation technique [4], or (c) prepared in one
step by codeposition of Cu, In and Se simultaneously [5].
Several attempts have been made to employ the one-step
process on which the CIS film is potentiostically grown by
e front matter r 2007 Elsevier B.V. All rights reserved.

lmat.2007.06.017

ing author. Tel.: +90212 2853159; fax: +90 212 2856386.

ess: kadirgan@itu.edu.tr (F. Kadırgan).
co-deposition of Cu, In and Se simultaneously; however,
some difficulties have been met [6–8].
An important problem in the development of this

technique is the control of the sample composition. It is
shown that the film composition should be very close to
CIS to obtain higher efficiency in thin film solar cell. This
stochiometric relation between the Cu, In and Se atoms is
directly related to the electrodeposition conditions and
concentrations. According to the Nernst equation, the
electrode potentials for selenium and copper will, of course,
precede the deposition of indium. This problem has been
overcome by using a complexing agent (such as citric acid,
triethanolamine, CN�, etc.) in order to shift the copper
deposition potential in the negative direction bringing it
closer to the In deposition potential [9,10]. It is seen in the
literature that both the dissolution and deposition reac-
tions of Cu are inhibited by the benzotriazole (BTA)
adsorption [11,12]. It is also observed that with an excess of
In3+ in the solution, the ratio of Se4+ and Cu2+ fluxes is
the key parameter setting the composition. Lower con-
centration of In3+ than 10�3M involve the deposition of
elemental selenium. In this case, the electrodeposition
process is limited by the diffusion of three species [9].
In this work, CIS thin films has been deposited

potentiostatically on conductive and transparent indium
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tin oxide (ITO)-coated glass substrates from an aqueous
solution containing CuCl2, In2(SO4)3, H2SeO3, LiCl in a
pHydrion buffer (pH 3). The effect of adding BTA as a
complexing agent was studied. pHydrion buffer provides
stability of electrodeposition bath and improved deposition
process for producing stoichiometric CIS thin films [13].
The codeposition process of Cu–In–Se system was studied
with an excess of In3+ in the solution ([In3+]41mM), the
ratio of Se4+ and Cu2+ concentrations are the key
parameters setting the composition. Indium composition
is normalized to 1 during the determination of surface
composition, because of the possible diffusion of the In
ions to the surface of the films from ITO-coated substrates.
The stoichiometry of electrodeposited thin films is con-
trolled by deposition potential, Cu and Se bulk concentra-
tion and BTA. The thin films compositions of the resulting
films were characterized using XPS.

2. Experimental

Codepositions of Cu–In–Se by the electrodeposition
process were performed from a bath containing CuCl2
between 1.14 and 4.55mM, In2(SO4)3 3.75mM, H2SeO3

from 6.89 to 13.78mM, LiCl 0.7M and BTA 1mM
dissolved in pHydrion buffer (pH 3).

Thin films were prepared by using a three-electrode cell,
the counter electrode was Pt gauze, reference electrode was
SCE and the substrate was ITO/glass. Voltalab PGZ 301
Impedance Spectroscopy was used to prepare the electro-
deposited films. The thin films were electroplated at
room temperature (25 1C) without stirring the electrolyte
solution.

3. Result and discussion

Cathodic electrodeposition of CIS is based on co-
reduction of Cu2+/Cu, In3+/In and the reduction of
HSeO2

+ species [14]. It is known that for ternary
compounds, the available free energy from compound
formation results in a shift of the metal deposition
potentials to positive values (relative to the standard
potentials E0)

According to the Nernst equations:
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Fig. 1. Cyclic voltammograms of a ITO/glass electrode from 4.55mM

CuCl2, 0.7M LiCl solutions with (dotted line) and without 1mM BTA

(solid line) in the pHydrion buffer (pH 3) medium.
the electrode potentials for selenium and copper are
more positive than that of indium.

Thus the deposition of selenium and copper will precede
the deposition of indium. Se electrodeposition potential
depends to the pH. Consequently, for the simultaneous
deposition of Cu, In and Se, we may adjust the pH and
concentration of the electrolyte such that the electrode
potential of the individual deposits may come closer to
each other. For example, a higher concentration of indium
makes the electrode potential of indium closer to that of
Cu and Se. For the direct deposition of CIS the pH of
the electrolyte should lie between 0.5 and 9.5 and the
deposition potential should lie between �0.05 and �0.75V/
NHE. A straightforward way to shift the reduction
potentials of Cu and Se in this potential range is to
complex, the copper ions with ligands forming complexes
with high stability constants should be used. On the other
hand, the ligand used for complexing Cu should form only
weak complexes with In3+ ions so that the potential
required for the underpotential deposition of In3+ into CIS
would not be shifted outside the stability region of water.
It is well known that Cu gives the strong complexing

reaction with BTA [12]. This negative shift of Cu reduction
peak potential approves complex formation between the
Cu and BTAH. As seen in Fig. 1, the reduction potential of
Cu2+ is shifted (�180mV) to more negative potentials in
the presence of BTA. Reduction of Cu occurred at
��580mV in the presence of BTA. Such complexes are
known to form in acidic solution when BTA is chemi-
sorbed at the electrode surface, according to the following
reaction.

(4)

We checked the effect of BTA on In and Se ions under
same experimental conditions.
Fig. 2 illustrates the effect of BTA on the Se4+ reduction

potential with and without BTA comparing the cyclic
voltammograms. The first reduction peak which begins at
about �0.3V giving two reduction peaks at �660mV and
�820mV probably corresponding to the HSeO3

� reduction
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Fig. 2. Comparison of a ITO/glass electrode from 6.89mM H2SeO3,

0.7M LiCl in the pHydrion buffer (pH 3) medium with (dotted line) and

without 1mM BTA (solid line).
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Fig. 3. Cyclic voltammograms ITO/glass electrode in a solution containg

3.75mM In2(SO4)3, 0.7M LiCl, with 1mM BTA (dotted line) and without

1mM BTA (solid line) in the pHydrion buffer (pH 3) medium.
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Fig. 4. Cyclic voltammograms of CIS deposition solutions (4.55mM

CuCl2, 3.75mM In2(SO4)3, 6.89mM H2SeO3, 0.7M LiCl with pHydrion

buffer) with (dotted line) and without 1mM BTA (solid line).
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to Se according to the following equation:

HSeO3
�ðaqÞ þ 5Hþ þ 4e� ! SeðsÞ þ 3H2O: (5)

The second peak at about �0.82V is probably corre-
sponding to the Se reduction to H2Se (Eq. (6)), the
standard reduction potential of which is �0.621V vs.
Ag/AgCl.

SeðsÞ þ 2HþðaqÞ þ 2e�2H2SeðaqÞ: (6)

In the presence of BTA both of peak intensity
corresponding to Se reduction increases. These enhance-
ments may be explained by the increase of the reduction
reactions rates. Any shift of potential did not observe. So,
there was no complex formation between H2SeO3 and
BTA. As the reduction rate of Se depends to the pH,
dissociation of the BTA may increase the H+ ion
concentration and then a higher reduction rate of Se is
observed.

Fig. 3 shows the effect of BTA on In deposition. As it is
seen, in the electrolyte free of complexing agent, In
reduction begins from �120mV and reduction rate
increase giving a sharp decrease at current density from
�430mV. With addition of BTA, reduction of In begins at
about �200mV but the rate of reaction is slower than the
solution free of BTA. The sharp decrease in current density
observed at �680mV. So; in the presence of BTA, EIn

shifts towards negative values. We could conclude that
there was a complex formation between In and BTA.

Fig. 4 illustrates I/V curves for ternary reduction of
copper, indium and selenium with and without BTA. One
reduction peak is observed for three cation reduction for
both cases. In the electrolyte containing BTA, reduction
peak potential was shifted about 75mV towards negative
potentials (from �525 to �580mV). Reduction reaction
begins at �0.45mV giving a peak at �580mV.

The aim of this work was to define the electrochemical
conditions leading to the stoichiometric relationship
between Cu, Se (1:2). Two different deposition methods
were tried: by cycling between two potential values; e.g.
�0.2 and �0.8V and at constant potentials; e.g. �0.45V
(onset reduction potential) and �0.55V (close to reduction
peak potential). XPS measurements were performed to
investigate the electrochemical depositions conditions
effect on the chemical composition of the thin film surface.
Indium composition is normalized to 1 during the
determination of surface composition, because of the
possible diffusion of the In ions to the surface of the films
from the ITO-coated substrate. An excess of In concentra-
tion in the solution were also chosen to provide the ratio of
Se4+ and Cu2+ fluxes as the key parameter, setting the
composition.
Fig. 5 shows the XPS analysis results of CuxInySez

ternary alloys under different electrochemical deposition
conditions with and without BTA using 4.55mM CuCl2,
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Fig. 5. XPS analysis of different samples prepared at different potentials

in a solution containing 4.55mM CuCl2, 3.75mM In2(SO4)3, 6.89mM

H2SeO3, 0.7M LiCl with pHydrion buffer.

Table 1

Variation of the thin film composition with BTA and without BTA

(samples 4 and 5 are in a solution without BTA) at different potentials in a

solution containing 4.55mM CuCl2, 3.75mM In2(SO4)3, 6.89mM

H2SeO3, 0.7M LiCl with pHydrion buffer

Sample E (V vs. SCE) BTA Composition

1 �0.45 + In1.00 Cu0.72 Se0.41
2 �0.68 + In1.00 Cu0.93 Se0.54
3 (�0.2)_(�0.8) + In1.00 Cu0.53 Se0.46
4 �0.45 � In1.00 Cu0.88 Se0.39
5 (�0.2)_(�0.8) � In1.00 Cu0.56 Se0.33
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Fig. 6. XPS analysis of different samples prepared at different potentials

and concentrations of Cu and Se in 3.75mM In2(SO4)3 and 0.7M LiCl

with pHydrion buffer.

S. Beyhan et al. / Solar Energy Materials & Solar Cells 91 (2007) 1922–1926 1925
3.75mM In2(SO4)3, 6.89mM H2SeO3, 0.7M LiCl electro-
lyte and pHydrion buffer (pH 3). The results are given in
Table 1. Samples 1, and 2 with 1mM BTA, sample 4
without BTA in the electrolyte at different constant
deposition potentials; samples 3 with 1mM BTA, sample
5 without BTA by cycling between two potentials were
studied. Although the films obtained are powdery cycling
between two potentials, smooth and crystalline films are
obtained at constant potential deposition conditions. It
was found that while the stoichiometric ratio of Cu and Se
could change in the presence of BTA depending on the
deposition potential and deposition method, Cu rich
surfaces are obtained even with the BTA used electrolytes
(samples 4 and 5). The stoichiometric ratios were more far
from the 1:2 when BTA was not used. However surface
composition becomes richer in Cu and Se when the
deposition potential was more negative in the presence
of BTA (sample 2). But, never 1:2 ratio was obtained for
Cu/Se surface composition with the above-mentioned
solution.
Taking into consideration Nernst equations, to able to
obtain the (1:2) ratio between the Cu and Se surface
concentration, different bulk concentrations with different
[Se]/[Cu] ratio were tried at two deposition potentials with
the presence of 1mM BTA and an excess of In in the
electrolyte. Bulk concentration ratios of [Se]/[Cu] were
varied from 1.5 to 6. The potentials are chosen as a result
of the Figs. 1, 2 and 4. While �0.45V was onset reduction
potential of the cations, �0.55V was close to the reduction
peak. The surface compositions of samples obtained were
characterized by XPS measurements (Fig. 6). Table 2 gives
the results of XPS analysis on Cu–In–Se ternary alloys
obtained at different concentration of selenium and copper
in a solution at pH 3. Deposition potential of samples 1, 2
and 4 were at �0.45V/SCE and sample 3 was at �0.55V/
SCE. It was observed that under the same deposition
potential (samples 1 and 2) when we change the [Se]/[Cu]
ratio from 1.5 to 6, Se surface composition was increased
(Cu0.7 Se1.6). This may be a due to increase on the reduced
Se surface concentration in the presence of further free
BTA concentration and Se concentration. Changing the
deposition potential to more negative values (sample 3) and
keeping the ratio as 6, both Cu and Se surface composi-
tions were increased (Cu1 Se1.8) on the sample surface.
Increase in the Cu composition may be the result of the
shift of the deposition potential to negative values in the
presence of BTA (Fig. 1). We also tried at this optimum
condition (keeping the [Se]/[Cu] ratio 6) to prepare a film in
the absence of BTA. The observed composition was
Cu0.4Se0.91. Decrease of the Cu content may be explained
by the deposition potential value. In the absence of BTA,
maximum reduction peak of Cu occurs at �0.4V (Fig. 1).
At �0.55V reduction rate begins to decrease. However, at
this potential we were observed an increase for Se (Fig. 2)
as a result of high Se concentration.
Keeping the deposition potential at �0.45V and BTA

concentration at 1mM, if the [Se]/[Cu] taken equal to 3, the
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Table 2

XPS data of CuInSe2 coated on ITO glass under different selenium and copper concentrations in a solution at pH 3 with 3.75mM In2(SO4)3 and 1mM

BTA; In composition is normalized to 1.00

AVB E (V vs. SCE) Cu (mM) Se (mM) [Se]/[Cu] Surface composition

1 �0.45 4.55 6.89 1.5 In1.00 Cu0.72 Se0.41
2 �0.45 1.14 6.89 6 In1.00 Cu0.7 Se1.6
3 �0.55 1.14 6.89 6 In1.00 Cu1 Se1.8
4 �0.45 4.55 13.78 3 In1.00 Cu0.7 Se0.9
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stoichiometry between Cu and Se was obtained as (Cu0.7
Se0.9) (sample 4).
4. Conclusion

Co-deposition of ternary compound Cu–In–Se was per-
formed in one-step process using BTA as complexing agent.
An excess of In concentration in the solution were also chosen
to provide the ratio of Se4+ and Cu2+ fluxes as the key
parameter, setting the composition. The effect of deposition
potential, deposition method and concentration of the Cu and
Se was observed on the surface composition of the films
obtained. While the Cu gives a complexing reaction with
BTA, Se gives a chemical reaction independent from the
potential in the presence of BTA with the enhancement of
reduction reaction rate. A smooth and transparent film
formation with a good stoichiometry (In1Cu1Se1.8) obtained
under�0.55V/SCE at pH 3 with 1mMBTA keeping the [Se]/
[Cu] ratio equal to 6. At this optimum condition the surface
composition of the film prepared in the absence of BTA was
far from the preferred values due to electrochemical deposition
properties of Cu and Se on this potential value.

The work will continue preparing a solar cell with
obtained films.
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