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a b s t r a c t

Cu(In,Ga)Se2 thin films were prepared from aqueous solution by pulse electrodeposition. It was found
that the co-deposition of the species occurred under a 3D growth with instantaneous nucleation. The
morphology of the pulse-electrodeposited film can be improved by adjusting the duty cycle. The signifi-
eywords:
u(In
a)Se2

hin films
ulse electrodeposition

cant loss of indium and reduction of In–Se compound(s) accordingly were observed with decrease of duty
cycle. Chalcopyrite structure Cu(In,Ga)Se2 films with p-type behavior and enhancement in crystallinity
were obtained after annealing treatment in Ar atmosphere.

© 2010 Elsevier B.V. All rights reserved.
uty cycle
ucleation and growth

. Introduction

Cu(In, Ga)Se2 (CIGS) is a very promising semiconductor material
or solar cell [1,2] and photoelectrochemical hydrogen produc-
ion application [3]. Thin film CIGS solar cell devices, fabricated
rom a multistep physical vapor deposition (PVD) process, have
emonstrated a record conversion efficiency of 20.3% [4]. The PVD
echnology is excellent for good quality film growth, but difficult
o scale up. There is thus great interest in developing low cost non-
acuum-based techniques such as electrodeposition [5]. Several
tudies on electrodeposition of CIGS thin film have been reported
6–8], and these studies have mainly focused on the potentiostatic
lectrodeposition technique using direct current (DC) mode. There
re very few research that attempts to achieve pulse electrochemi-
al growth of CIGS films [9] but fails to incorporate gallium into the
lms during electrodeposition, even if ternary CuInSe2 thin film
repared by pulse electrodeposition have been reported [10–12].
ulsed electrodeposition is an advanced form of electrodeposition,
hich offers better control over deposit properties by controlling

he interfacial electrochemical reaction for the formation of CIGS.
n contrast to the DC electrodeposition where only potential or
urrent can be controlled, in pulse electrodeposition, a number of

ariables like pulse waveform, cathodic/anodic pulses, on/off pulse
ime or duty cycle �, and applied potential, etc. [13] can be inde-
endently varied and offer effective ways to control properties such
s microstructure, adhesion, composition, crystallinity, optical and
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electrical properties. On the other hand, the study of the mechanism
of CIGS electrodeposition is very insufficient [14], especially the
nucleation and growth mechanism of CIGS during deposition has
not been reported to our knowledge, although an understanding
of CIGS nucleation and growth mechanism will help in producing
CIGS deposits with desirable properties.

In this work, Cu(In,Ga)Se2 thin films were pulse elec-
trodeposited from acidic solution. The preliminary results of
investigation of the electrochemical nucleation and growth mech-
anism by cyclic voltammetry and chronoamperometry, as well as
film composition, morphology and structure properties were pre-
sented.

2. Experimental

The electrochemical analyses, including cyclic voltammetric (CV) and
chronoamperometric (CA) measurements, and electrodeposition of Cu–In–Ga–Se
films were performed in a typical three-electrode cell where the working elec-
trode was Mo/glass(Mo film thickness ≈0.7 �m and active area = 1cm × 1 cm), the
counter electrode was a platinum plate, and the reference electrode was a saturated
calomel electrode (SCE). All potentials are reported with respect to this reference.
The electrolyte bath contained 3 mmol/L CuCl2, 10 mmol/L InCl3, 10 mmol/L GaCl3,
8 mmol/L H2SeO3 and 60 mmol/L sodium sulfamate as complexing agent, which can
hinder the formation of copper selenides [15]. The pH of the solution was adjusted
to 2.10–2.20 using concentrated hydrochloric acid (HCl). All electrochemical exper-
iments were carried out in this electrolyte bath using a Princeton applied research
2273 A potentiostat at room temperature (25 ◦C) and without stirring. The deposi-
tion of the CIGS films was performed with a square-pulse potential where nonpulse
potential Eo was constant at 0.0 V, and pulse potential was constant at −0.6 V accord-

ing to the results of CV measurement. The pulse period T (T = ton + toff) was constant

at 3 s and duty cycle �
(

� = ton
ton+toff

× 100%
)

varied from 33 to 100%. The deposition

time was 60 min in all the cases. The thickness of the films, estimated by SEM, was
found to vary between 0.8 and 1.5 �m according to the duty cycle. Residual oxygen
in the bath was removed by N2 bubbling for 20 min prior to the electrochemical
measurements and electrodeposition. The as-deposited films were annealed in Ar

dx.doi.org/10.1016/j.jallcom.2010.12.031
http://www.sciencedirect.com/science/journal/09258388
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Fig. 1. (a) A typical cyclic voltammogram of an electrolyte bath containing 3 mmol/L
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uCl2, 10 mmol/L InCl3, 10 mmol/L GaCl3, 8 mmol/L H2SeO3 and 60 mmol/L sodium
ulfamate on Mo/glass electrode at pH 2.2 and scan rate of 10 mV/s. (b) An illus-
ration of pulse waveforms of cathode potential and the corresponding current for
lectrodeposition.

mbient at 500 ◦C for 10 min to form Cu(In,Ga)Se2 and improve their crystalline
roperties.

The chemical composition, surface morphology and crystalline properties of the
repared films were characterized by energy dispersive X-ray spectroscopy (EDS,
DAX-GENSIS60S), scanning electron microscopy (SEM, JSM-6360LV) and X-ray
iffraction (XRD, Rigaku3014), respectively. The photoelectrochemical character-

zation of the films was carried out in 0.5 M H2SO4 solution using a 300 W xenon
rc lamp as the light source with light intensity kept at 100 mW cm−2, referring the
otential again to the SCE, to study their photosensitivity as well as conductivity
ype.

. Results and discussion

Fig. 1(a) illustrates the typical cyclic voltammogram for co-
eposition of quaternary Cu–In–Ga–Se film. As seen in Fig. 1(a), the
urve displays two well-defined cathodic peaks, two anodic peaks
nd a double crossing between the cathodic and anodic branches.
he first cathodic peak between −0.30 V and −0.43 V corresponds
o the formation of Cu–Se binary compound(s) and the second
athodic peak at about −0.6 V is attributed to the co-deposition
f Cu, In, Ga and Se according to the composition of films deposited

t relevant potential (region) determined by EDS analysis. Similar
lectrochemical characteristics also have been observed by oth-
rs for CuInSe2 [16] and Cu(In,Ga)Se2 [17] electrodeposition. After
he second peak, a further negative shift in potential results in the
ecrease of the cathodic current density until the potential reaches
pounds 509 (2011) L129–L133

−0.76 V, where the evolution of hydrogen begins. The anodic peaks
at about −0.63 V and −0.38 V may correspond to the oxidation
of hydrogen and incorporated In or Ga or their selenides, respec-
tively. No other anodic peaks for dissolution of Cu–Se compound(s)
are seen in the cyclic voltammogram probably because the poten-
tials are not positive enough. The presence of the double crossover
of the reverse anodic scan over the cathodic scan, giving rise to
what has been called the “nucleation loop”, is diagnostic for the
nuclei formation on the electrode surface [18]. The crossover posi-
tions of this double crossover are at about −0.36 V and −0.91 V,
respectively. It shows that the nucleation occurs when the poten-
tial is negative than −0.36 V, and the mode of the nucleation or the
kind of the nuclei may vary after −0.91 V. Based on assignment of
the reductive peaks and the occurrence of nucleation for poten-
tials negative than −0.36 V, the pulse potential was selected to be
−0.60 V and the typical potential–time curve and the correspond-
ing current–time behavior are shown in Fig. 1(b). It can be observed
easily that although these potential pulses are of square in shape,
the corresponding current form is differently modulated due to
the presence of an electric double layer at the cathode–electrolyte
interface forming a capacitor of molecular dimension [19]. It is also
found that the current changes from negative during ton to posi-
tive during toff, which means that the film plating process, in our
experimental conditions, is a well-balanced repetition of cathodic
deposition and anodic dissolution actually.

The nucleation and growth mechanisms during the codeposi-
tion of the species on the plain carbon steel have been studied
using Scharifker and Hill’s so-called instantaneous and progressive
nucleation models [20]. The models for the instantaneous and the
progressive nucleation are given by Eqs. (1) and (2), respectively.
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where Im and tm are the current and time coordinates, respectively,
at the peak maximum in the current transient. Fig. 2(a) shows the
current transient for co-deposition of Cu–In–Ga–Se film. This cur-
rent transient was obtained by stepping the cathodic potential from
0.2 V, where deposition does not occur, to potential of −0.60 V,
where would be minimum interference from the hydrogen evo-
lution as can be seen in Fig. 1(a). The relation of dimensionless
variables (I/Im) and (t/tm) derived from experimental current tran-
sient and the theoretical ones are shown in Fig. 2(b). It is shown that
the experimental data are in good agreement with the grow law
for instantaneous nucleation followed by diffusion-limited growth
before reaching the maximum points. However, for long time
(t � tm), experimental current density falls lower (negative devi-
ation) than would be predicted by the growth of hemispheroids.
A lack of agreement between theory and experiment for t > tm in
potentiostatic current transients has been reported for many sys-
tems and the disagreement was accounted for in terms of death
and rebirth of crystal growth [21], overlap of diffusion zones [22]
or concurrent hydrogen evolution [23]. Nevertheless, it should be
note that experimental current density values are always larger
than the predictions of the model (positive deviations) in those
cases. Therefore, a different source of error has to be considered
in our work, whereas an adequate explanation for negative devia-
tion is not available up to now. In the present work, the passivation

of the electrode resulting from the poor conductivity of deposit
is reasonably considered to be the possible reason. Consequently,
considering the electrode passivation, it can be believed that CIGS
electrodeposition is carried out under a 3D growth with instanta-
neous nucleation.
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Fig. 2. (a) A typical current–time transient from an electrolyte bath contain-
ing 3 mmol/L CuCl2, 10 mmol/L InCl3, 10 mmol/L GaCl3, 8 mmol/L H2SeO3 and
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tion and grain growth. It can be seen that the annealed film has the
0 mmol/L sodium sulfamate on Mo/glass electrode at pH 2.2 and applied potential
f −0.6 V. (b) Dimensionless curves (i/im)2 vs. t/tm for instantaneous and progressive
D nucleation from Eqs. (1) and (2), respectively, along with experimental data.

The compositions of the electrodeposited films determined
y EDS measurement and normalized to Cu = 1 at duty cycle �
f 100% (i.e. potentiostatic electrodeposition), 67% and 33% are
uIn0.65Ga0.34Se2.12, CuIn0.51Ga0.36Se1.96 and CuIn0.12Ga0.27Se1.69,
espectively. This result is indicative that decreasing of duty cycle
rom 100% to 67% reduces the relative content of In and Se, but
as no obvious effect on Ga relative content in the film. Taking

nto account the current–time behavior during pulse electrodepo-
ition in Fig. 1(b), this can be attributed to the fact that In was first
issolved back into the solution due to its lowest electronegativity
orresponding to the positive current during the nonpulse duration
off, leading to the loss of In in deposited film, and therefore reduc-
ion of In–Se compound(s). Similar phenomenon also has been
eported during the pulse electrodeposition of ternary CuInSe2 [24].

hen duty cycle further decreases to 33%, besides significant loss
f In, the relative content of Ga also indicates some drop, thereby
eading to a corresponding reduction of Ga–Se compound(s).

Surface morphologies of the electrodeposited films were
bserved using SEM as show in Fig. 3. For duty cycle of 100%, the

lm shows a non-uniform morphology with dendritic structure
Fig. 3(a)), which is often produced during potentiostatic electrode-
osition easily owing to concentration polarization [25]. When
uty cycle decreases to 67%, the deposited film is homogeneous
Fig. 3. Surface morphologies of pulse electrodeposited CIGS film from an electrolyte
bath containing 3 mmol/L CuCl2, 10 mmol/L InCl3, 10 mmol/L GaCl3, 8 mmol/L
H2SeO3 and 60 mmol/L sodium sulfamate on Mo/glass electrode at pH 2.2 and
various duty cycle �: (a) � = 100%, (b) � = 67%, (c) � = 33%.

in appearance (Fig. 3(b)), which is attributed to the selective dis-
solution of the projecting parts with high electrochemical activity
from the film surface. With further decreasing of duty cycle to 33%,
the excessive dissolution back during a quite long toff results in the
depletion of the film bulk and a corresponding rather rough surface
(Fig. 3(c)) which is not fit for application.

Fig. 4(a) displays a comparison of XRD patterns measured
for pulse electrodeposited CIGS film with a composition of
CuIn0.71Ga0.34Se2.18 before and after annealing. The spectra of the
as-deposited film presents only three weak broad peaks at about
2� = 26.7◦, 44.3◦ and 52.5◦, suggesting an extremely poor degree of
crystallinity. For annealed film, an improvement in the sharpness
and intensity of the diffraction peaks can be due to the recrystalliza-
basic chalcopyrite structure, which confirmed by the minor peaks
labeled (1 0 1), (1 0 3), (2 1 1), and (3 1 6), etc. [26,27]. No evidence of
secondary phases was observed from the XRD data. Furthermore,
it is very important to remark that the (1 1 2) peak at 2� = 26.9◦ is
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ig. 4. (a) A comparison of XRD patterns measured for typical pulse electrodeposited
aCl3, 8 mmol/L H2SeO3 and 60 mmol/L sodium sulfamate on Mo/glass electrode
ection of the annealed CIGS film. (c) The photocurrent versus electrode potential fo

◦
igher than that of CuInSe2 (2� = 26.6 ), which is owing to the fact
hat the formation of quaternary CIGS with substitution of In by Ga
rings a decrease in the lattice parameters and therefore d-spacings
f the material. This substitution of In by Ga can also widen the band
ap from 1.01 eV for CuInSe2 to 1.17 eV for this CuIn0.71Ga0.34Se2.18
lm from an electrolyte bath containing 3 mmol/L CuCl2, 10 mmol/L InCl3, 10 mmol/L
2.1 and duty cycle of 67% before and after annealing. (b) The SEM image of cross
nnealed CIGS film in a photoelectrochemical cell configuration. Scan rate = 10 mV/s.
sample based on the composition to band gap relation [28,29]. In
order to get insight into its microstructure profile, the cross sec-
tion of the annealed CIGS film is present, as shown in Fig. 4(b). It
can be seen that the film with a thickness of about 1 �m and a
very compact and homogeneous morphology having large grains
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xtending from the back to the front of the film has been grown on
he substrate.

The annealed film was further analyzed by photoelectrochemi-
al (PEC) test, as shown in Fig. 4(c). It is exhibited that the cathode
hotocurrent is increased in the direction of the cathode potential,
hich is a characteristic of a semiconductor with p-type conduc-

ivity. It is also seen that the photocurrent increases very slowly
ithout arriving at a saturated value, which are very similar to

hose reported in earlier published results [30]. This behavior is
ttributed to the recombination of charge carries at the grain
oundary of the semiconductor, which results in low photocon-
ersion efficiency.

. Conclusions

Cu(In,Ga)Se2 thin films were pulse-electrodeposited from aque-
us solution. The cyclic voltammetric studies show the potential
ange for Cu, In, Ga and Se co-electrodeposition and the chronoam-
erometric investigation reveals the instantaneous nucleation and
D diffusion controlled growth mode for co-electrodeposition. The
ulse-electrodeposited films show the best morphology for duty
ycle of 67%. With the decrease of duty cycle, significant loss of
ndium, and reduction of In–Se compound(s) accordingly can be
bserved. Chalcopyrite structure Cu(In,Ga)Se2 film with a band gap
f about 1.17 eV and p-type behavior and enhancement in crys-
allinity were obtained after annealing treatment in Ar atmosphere.
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