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The  mechanisms  related  to the  initial  stages  of the  nucleation  and  growth  of  antimony  selenide  (Sb2Se3)
semiconductor  compounds  onto  the  indium-doped  tin  oxides  (ITO)  coated  glass  surface  have  been  inves-
tigated  using  chronoamperometry  (CA)  technique.  The  fabrication  was  conducted  from  nitric  acid  bath

3+
ucleation and growth
ntimony triselenide (Sb2Se3)
lectrodeposition
TO antimony

containing  both  Sb and  SeO2 species  at ambient  conditions.  No  underpotential  deposition  (UPD)  of
antimony  and  selenium  onto  ITO substrate  was  observed  in  the  investigated  systems  indicating  a weak
precursor–substrate  interaction.  Deposition  of  antimony  and  selenium  onto  ITO substrate  occurred  with
large overvoltage  through  3D  nucleation  and  growth  mechanism  followed  by  diffusion  limited  growth.
FE-SEM  and  XRD  results  show  that  orthorhombic  phase  Sb2Se3 particles  with  their  size  between  90  and
125 nm  were  obtained  and  the  atomic  ratio  for  antimony  and  selenium  was  2:2.63  according  to  the  EDX

results.

. Introduction

In recent several decades, V2–VI3 semiconductor compounds
ave attracted considerable attention because of their potential
pplications in thermoelectric power conversion devices, as well
s in the fabrication of Hall Effect devices [1–3]. As a member
f V2–VI3 semiconductor compound, Sb2Se3, a layer-structured
irect band gap semiconductor with orthorhombic crystal struc-
ure, attracted much attention because of its excellent photovoltaic
roperties, photovoltaic properties and high thermoelectric power
1,2], which find applications for antimony triselenide in many
elds, such as selective and decorative coating, optical and ther-
oelectric cooling devices [3].
Several methods have been used for preparing Sb2Se3 thin

lms on different substrates, chemical bath deposition [4–6], spray
yrolysis [7,8], radio frequency sputtering [9],  and vacuum ther-
al  evaporation [10–12], electrochemical from alkaline bath [13],

cidic bath [14] and organic medium [15] etc. Electrochemical

echnologies have attracted much attention for preparing semi-
onductor thin films [16]. Compared with those capital-intensive
hysical methods, electrodeposition technique was  a generally

ess expensive technique and had several advantages over dry
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processes such as the possibility for large-scale production of
adherent and homogenous films, minimum waste of components,
easy monitoring of the deposition process and conducted at ambi-
ent conditions. Therefore, electrodeposition method did not require
expensive equipment (including vacuum plant), high temperature
and lithography. The fabrication process was performed at ambi-
ent conditions and the possibility for diffusion of components and
stress caused by temperature coefficient difference in the cool-
ing process was avoided. Therefore, electrochemical method was
a promising technique to produce semiconductor compounds.

However, few reports were reported on the nucleation and
growth mechanism for fabrication of Sb2Se3 using electrochem-
ical method. In this paper, current–time transients obtained by
using chronoamperometry (CA) technique were used to investi-
gate the nucleation and growth for electrodeposition of Sb2Se3 onto
ITO substrate. The deposition potential was  confirmed using CV
techniques. Structure and surface morphology of the deposit were
characterized by using X-ray diffraction (XRD) and field-emission
scanning electron microscopy (FE-SEM).

2. Experiment

Electrochemical measurements were carried out on conven-

tional homemade electrochemical cell with three-electrode system
and the potentials were controlled by using a CHI 660A electro-
chemical workstation (USA). The ITO-coated glass (80 �/�) served
as working electrode and was mounted to a small hole (0.3846 cm2)
at the bottom of the cell with its conductive side exposed to

dx.doi.org/10.1016/j.apsusc.2011.02.097
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
mailto:cmwang@lzu.edu.cn
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ig. 1. Cyclic voltammograms for n-Si electrode recorded in different solutions:
.1  M HNO3 (dotted line); 4 mM Sb3+ + 0.1 M HNO3 (dashed line); 2 mM SeO2 + 0.1 M
NO3 (solid line).

olution. The counter electrode was a Pt wire and saturated calomel
lectrode (SCE) served as reference electrode. Previous to the elec-
rochemical measurements, the ITO-coated glass was  cut into small
lices (1 cm × 1 cm). The small slices were rinsed ultrasonically with
cetone and absolute ethanol for 15 min  respectively, then rinsed
ith ultra pure water, and finally dried at 80 ◦C in air for use.

CV technique was used to investigate the electrochemical
ehavior of antimony and selenium on ITO substrates and con-
rm the deposition potential. CA technique was used to investigate
he deposition mechanism and prepare the semiconductor com-
ound. The deposition baths were as follows: 0.1 M HNO3 + 2 mM
eO2, 0.1 M HNO3 + 4 mM Sb3+ and 0.1 M HNO3 + 2 mM SeO2 + 4 mM
b3+. All chemicals were of reagent grade and used without fur-
her purification. Milli-Q water (Millipore, 18.2 M� cm−1) was  used
hrough all experiments. The crystalline structures of the deposited
ere identified by XRD (Rigaku D/max-2400, Cu K  ̨ radiation,

 = 0.15406 nm). The morphology of the materials was studied by
sing FE-SEM (JSM-6380Lv Japan).

. Result and discussion

.1. Cathodic deposition of antimony and selenium onto ITO
ubstrate from acidic solutions

As shown in the experimental section, electrochemical mea-
urements of individual components onto ITO substrate were
erformed to investigate the formation mechanism of Sb2Se3 on

TO substrate. The deposition bath containing potassium antimony
artrate (C4H4KO7Sb/2H2O), SeO2 and HNO3 was utilized to inves-
igate the optimum deposition potential for fabricating Sb2Se3
ompounds.

In the background electrolyte (0.10 M HNO3), a cathodic current
ppeared at the potential −0.60 V (dotted line in Fig. 1). This current
hould be attributed to the reduction of H+, which occurred with
n over voltage of 0.60 V. In reverse scan of the CV curve, no anodic
urrents appeared indicating that no oxidation process occurred on
TO substrate in blank solution. In the electrolyte containing 4 mM
b3+ (dashed line in Fig. 1), the cathodic current began at the poten-
ial −0.60 V and a current peak appeared at E = −0.72 V. This current
eak was caused by the reduction of Sb (III) on ITO electrode under
iffusion limited process. On the reverse scan a narrow current hys-

eresis loop appeared in the potential range from −0.63 V to −0.3 V,
imilar to the electrochemical behavior of lead on silicon substrate
17]. This current hysteresis loop should be attributed to the self-
atalyst property for reduction of antimony on the ITO electrode.
hat was to say, the reduction of antimony onto the predeposits was
Fig. 2. (a) Current–time transient for selenium deposition onto ITO substrate at
E  = −0.68 V. (b) normalized current transient plotted in dimensionless form (solid
line), the theoretical curve for instantaneous (dotted line) and progressive (solid
line) nucleation.

easier than that onto the bare ITO substrate. The reduction of anti-
mony on ITO substrate occurred at the potential which was about
0.48 V negative to the equilibrium potential ESb (III)/Sb (0) = −0.24 V
in contrast to that on gold substrate, which proceeded above the
reversible potential [18,19]. This should be attributed to the for-
mation of space charge region layer on the ITO substrate surface as
well the low electrocatalytic activity of ITO towards reduction of Sb
(III) species.

The reduction of antimony on ITO electrode surface occurred
at potentials more negative than the equilibrium potential and no
underpotential deposition of antimony was observed. Therefore,
2-dimensional (2D) deposition of antimony onto the ITO substrate
was rule out and the deposition proceeded through 3D nucleation
process on active sites and hemispherical diffusion towards the
growing atom clusters. For better understanding the nucleation
and growth kinetics of antimony in the electrodeposition process,
current–time transients for deposition of antimony onto the ITO
substrate were recorded at the constant potential E = −0.60 V. The
corresponding curve was  shown in Fig. 2a. In order to investigate
the nucleation mechanism for antimony depositing onto ITO, the
deposition transients were plotted in dimensionless form by nor-
malizing two  variables j and t with respect to the maximum current
jmax and the corresponding time tmax at which point the maximum
current was observed [20]. The theoretical plots for progressive
and instantaneous nucleation growth mechanism were calculated
according to following equations [21,22]:

i2

i2max
= 1.9542

[
tmax

t

]  [
1 − exp

(
−1.2564

t

tmax

)]2

for instantaneous nucleation;

i2

i2max
= 1.2254

[
tmax

t

][
1 − exp

(
−2.3367

t2

t2
max

)]2

for progressive nucleation. The calculated plots and the dimen-
sionless form of experimental plot for reduction of antimony were
presented Fig. 2b. Experimental deposition transient was in good
agreement with the theoretical curve for instantaneous nucleation
and growth mechanism before maximum value, after which the
experimental deposition transient decreased rapidly deviating the

instantaneous process. The deviation might be caused by partial
kinetic control of the growth [23].

On the reverse scan, at the potential positive to 0.02 V the
voltammograms presented the anodic current for stripping of anti-
mony. The separation between anodic and cathodic current peak
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ig. 3. (a) Current–time transient for selenium deposition onto ITO substrate at
 = −0.60 V. (b) normalized current transient plotted in dimensionless form (solid
ine), the theoretical curve for instantaneous (broken line) and progressive (solid
ine)  nucleation.

as 0.74 V, which was much larger than 2.3RT/nF (or 59/n mV  at
5 ◦C) [24] which was the character for a reversible Nernst reac-
ion, indicating that the deposition of antimony onto ITO substrate
as an irreversible process.

In the solution containing 2 mM SeO2 the cathodic current
ppeared at E < −0.42 V (solid line in Fig. 1) resulting from reduc-
ion of Se (IV) on the ITO substrate. The reduction of Se on ITO
ubstrate began at the potential about 0.72 V negative of the equi-
ibrium potential ESe(IV)/Se(0) = +0.30 V in contrast to the reversible
otential [25,26],  indicating low electrocatalytic activity for ITO
ubstrate. The current for the reduction of Se (IV) onto ITO sub-
trate was characterized by a peak at E = −0.74 V at the forward
otential scan, which was typical for nucleation followed by diffu-
ion limited growth. The reverse scan shows a current hysteresis
oop (not obvious in the CV curve) in the potential range from −0.45
o 0 V, indicating the autocatalytic Se (IV) reduction. The current
ysteresis loop and the absence of UPD for Se onto ITO excluded

ow dimensional nucleation and phase formation process and pre-
ented a weak deposit–substrate (Se–ITO) interaction. No anodic
urrent for oxidation of Se was observed in the potential range
hould be attributed to the formation of a barrier on ITO/Se interface
27].

Similar to antimony, current–time transients for deposition of
e were also recorded at the potential −0.60 V. The corresponding
urve was presented in Fig. 3a. Theoretical plots for 3D progressive
nd instantaneous nucleation growth process and the dimen-
ionless form of experimental plot were shown in Fig. 3b. The
imensionless form of experimental deposition transient was  in
ood agreement with the curve for progressive nucleation mecha-
ism in the whole deposition process, indicating that the reduction
f Se onto ITO substrate proceeded following progressive 3D nucle-
tion and growth mechanism.

.2. Electrochemical fabrication of Sb2Se3 compounds onto ITO
lectrode

In 0.10 M nitric acid solution containing 4 mM Sb3+ and 2 mM
eO2 the onset current occurred at potential −0.42 V (Fig. 2a). Com-
ared with that in background electrolyte only containing SeO2 or

3+
b , this cathodic current should be attributed to the reduction
f Se (IV) because the reduction of Sb3+ occurred at more nega-
ive potential. However, the cathodic current peak shift positively
o −0.58 V compared to that of SeO2 and the current intensity also
ncreased. These changes should result from the influence of Sb (III).
Fig. 4. (a) Cyclic voltammograms and (b) current–time curves at different potentials
recorded on ITO electrode in 4 mM Sb3+ + 2 mM SeO2 + 0.1 M HNO3.

The strong interaction between Se (IV) and Sb (III) would make
the deposition potential shift positively [28,29].  As the potential
scanned negatively, the reduction of antimony occurred and the
sharp cathodic current increase should be attributed to the code-
position of Sb and Se. On the reverse scan, a broad anodic current
peak with two  shoulder peaks appeared at about −0.01 V. This
anodic current should be attributed to the stripping of antimony
from the deposits and the shoulder peak may result from the pres-
ence of Se in the deposits. Nevertheless, the two shoulder peaks
should not be caused by stripping of Se because no Faraday process
occurred in this potential region for ITO substrate in the solution
only containing Se (IV) species.

Fig. 4b presented the current density–time transients recorded
at different constant potentials −0.52, −0.54, −0.56 and −0.58 V
in stationary electrolyte. The current density–time transients pre-
sented that the cathodic current reached its maximum value at the
very initial stages of the deposition (0.2–5 s) and then decreased to
a nearly constant value with the increase of time. Additionally, both
the maximum current and the time needed to reach the maximum
current depended on the applied potential: the more negative was
the potential, the higher was the maximum current and the shorter
time was needed to reach the maximum current.

The morphology image of the deposits obtained at E = −0.54 V
recorded by SEM was shown in Fig. 5a. According to the SEM image,
uniform particles with diameter at about 90–125 nm was obtained
on the substrate. The EDX analysis showed that the element ratio
for Sb:Se was 2: 2.65 in the deposit, a little larger than the stoi-
chiometry value (2:3). The crystalline structure was  investigated
using X-ray dispersion (XRD) and the XRD pattern of the deposits
was shown in Fig. 5b. The deposit presented a preferred (2 1 0) ori-
entation based on standard card (JCPDS, 72-1184), indicating that
the deposits were abundant in (2 1 0) facets, and thus their (2 1 0)
planes tended to be preferentially oriented parallel to the substrate
surface [30]. The experimental peak indicated that orthorhom-
bic phase Sb2Se3 compound was fabricated by electrochemical
method. A broad peak appeared between 15 and 30◦ should be
attributed to the amorphous glass.

Since the potential for fabrication of Sb2Se3 (E = −0.54 V) com-
pound was not sufficient for reduction of antimony, Se particles
formed in the over potential region according to the following
H2SeO3 + 4e− + 4H+ → Se + 3H2O (1)

which was  the first stage of Sb2Se3 formation on the ITO
substrate. When Se particles formed on the ITO substrate, the
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Fig. 6. Cyclic voltammograms for ITO/Se electrode in 4 mM Sb3+ + 0.1 M HNO3 (solid
line) and the ITO electrode in 4 mM Sb3+ + 0.1 M HNO3 (dashed line).
ig. 5. (a) SEM image and XRD pattern (b) for Sb2Se3 electrodeposited onto ITO at
 = −0.54 V.

eposition of Sb3+ occurred on the surface of Se particles because
f the strong interaction existed between Se particles and soluble
b (III) species, accompanying the formation of Sb2Se3 compound:

Se + 2Sb3+ + 6e− → Sb2Se3 (2)

Further growth of Sb2Se3 onto ITO substrate completed by alter-
ate deposition of Se onto the Sb2Se3 particles and antimony onto
he surface of Se and Sb2Se3, and finally formed bulk Sb2Se3 com-
ounds.

.3. Electrochemical behavior of ITO/Se and ITO/Sb2Se3 electrodes
n solution containing Sb3+

Fig. 6 (solid line) presented the voltammograms for Se coated
TO electrode in 0.1 M HNO3 solutions containing 4 mM Sb3+. In the
orward potential scan, the cathodic current caused by the reduc-
ion of antimony onto ITO/Se began at −0.46 V, forming a small
urrent peak at −0.51 V, caused by reduction of antimony onto the
urface of Se clusters. Compared to that on ITO substrate, the peak
otential shift positively which should be caused by the stronger

nteraction between predeposited Se and Sb (III) [28,29] than that
etween ITO substrate and Sb (III). As the potential scanned nega-
ively, the cathodic current increased again and a stronger current
eak was observed at the potential −0.6 V. This current peak should
esult from bulk deposition of antimony. On reverse potential scan,
he anodic current was occurred at the potential E = 0.00 V. This

urrent was caused by the stripping of antimony rather than Se
ecause no oxidation of Se occurred in this potential range.

The voltammogram for ITO/Sb2Se3 electrode in 4 mM
b3+ + 0.1 M HNO3 recorded under ambient conditions was
hown in Fig. 7 (solid line). In this case, the reverse scan was
Fig. 7. Cyclic voltammograms for ITO/Sb2Se3 (solid line) and ITO (dashed line) elec-
trode in 4 mM Sb3+ + 0.1 M HNO3 recorded under ambient conditions.

stopped at 0.0 V to prevent the preformed Sb2Se3 compound from
being destroyed. In the forward scan, the electrochemical behavior
for antimony onto Sb2Se3 was similar to that onto ITO/Se substrate.
The cathodic current began at potential −0.30 V, positive to that
onto ITO and ITO/Se substrate, indicating a stronger interaction
between Sb2Se3 and antimony. The shoulder peak at potential
−0.45 V should attribute to the deposition of antimony onto sur-
face of Sb2Se3 particles. While as the potential scanned negatively,
the current peak appeared at about −0.48 V should be attributed
to the bulk deposition of antimony on both Sb2Se3 particles and
on the partially exposed ITO substrate.

4. Conclusion

The deposition of antimony and Se onto ITO coated glass
occurred with large overvoltage and was characterized by 3D nucle-
ation and growth mechanism followed by diffusion controlled
process. The potential for the fabrication of Sb2Se3 was  more nega-
tive than equilibrium potential for the reduction of Sb3+ and Se(IV)
indicating the deposition of Sb2Se3 onto ITO coated glass was an
irreversible process. The mechanism of Sb2Se3 nucleation onto ITO

coated glass includes OPD of 3D islands of Se followed by deposition
of antimony onto surface of Se particles. The further Sb2Se3 growth
was accomplished by codeposition of antimony (deposition onto
Se and Sb2Se3) and Se (OPD onto antimony and Sb2Se3).
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