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Nanofilms of Sb2Te3 were electrodeposited on Au (1 1 1) substrates using a practical electrochemical
method, based on the simultaneous underpotential deposition (UPD) of Sb and Te from the same solution
containing SbO+, and HTeOþ2 at a constant potential. Sb2Te3 nanofilms were characterized by X-ray dif-
fraction (XRD), scanning tunneling microscopy (STM), atomic force microscopy (AFM), energy dispersive
spectroscopy (EDS) and reflection absorption-FTIR (RA-FTIR). Results indicate that the growth of Sb2Te3

thin films follows the nucleation and three-dimensional (3D) growth mechanism resulting in high crys-
talline films of Sb2Te3 (1 1 0) in hexagonal structure, which were grown at a kinetically preferred orien-
tation at (1 1 0) on Au (1 1 1). EDS analyses of the films confirm that Sb and Te are present in an
approximately 2:3 atomic ratio. The quantum-confined effect of the Sb2Te3 nanofilms is confirmed by
the RA-FTIR measurements.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

V–VI group semiconductors like Sb2Te3 are widely used for
thermoelectric (TE), biomedical and optoelectronic applications.
Such TE materials attract attention for their numerous interesting
features such as low maintenance, long life, no emissions of toxic
gases and high reliability [1,2]. The efficiency of TE devices de-
pends on the material’s figure of merit (ZT). To increase device effi-
ciency, the ZT of TE materials must be improved. Research results
have shown that the ZT value of certain nanoscale materials in-
creases due to their stronger quantum confinement compared to
that of their bulk materials [3,4]. Therefore, the ZT value can be tai-
lored through controlling the sizes of nanoscale TE materials. Re-
cently, ZT > 2 has been observed in thin film superlattices from
TE nanomaterials [3,5]. These results indicated that a significant in-
crease in ZT could be achieved by moving to a lower dimension due
to the change in the density of states and the quantum mechanical
size effect. Various methods have been used to synthesize nano-
structured thermoelectric materials, including thermal evapora-
tion [6,7], chemical vapor deposition [8,9] and electrodeposition
[10]. Compared to other methods, electrochemical synthesis of
nanostructured materials is an alternative to vacuum-based meth-
ods due to their low cost and the ability to work at ambient tem-
ll rights reserved.

: +90 442 2360948.
perature and pressure. Stickney and coworkers have developed
electrochemical atomic layer epitaxy (ECALE) [11], which is used
to produce a wide variety of semiconductor thin films [12–14].
Sb2Te3 nanofilms have also been synthesized by ECALE [15,16].
In ECALE, surface limited reactions through underpotential deposi-
tion (UPD) are used for synthesizing a compound by the sequential
deposition of each element from their separate solutions. A disad-
vantage of ECALE is the need to rinse the electrode after each depo-
sition cycle, which may result in a waste of time and chemicals.
Another electrochemical approach is to deposit both species from
the same solutions at the same time by the induced co-deposition
mechanisms, which means that the reduction of the more noble
component induced the reduction of the less noble component at
a constant potential.

Recently, we have developed an electrochemical method [17]
based on the co-deposition from the same solution containing
Pb2+, S2� and EDTA2�, a complexing agent, at a constant potential,
which is determined from the UPD potentials of Pb and S. This elec-
trochemical method is the combination of UPD and co-deposition.
We showed that this method could also be used to grow highly
crystalline thin films of PbS [17], ZnS [18], CdS [19], PbTe [20]. In
the present study, we illustrate the detailed growth process of
Sb2Te3 nanofilms on single-crystalline Au (1 1 1) electrodes by
using atomic force microscopy (AFM), X-ray diffraction (XRD), elec-
tron dispersive spectroscopy (EDS), and reflection absorption-FTIR
(RA-FTIR).

http://dx.doi.org/10.1016/j.jelechem.2009.06.010
mailto:udemir@atauni.edu.tr
http://www.sciencedirect.com/science/journal/00220728
http://www.elsevier.com/locate/jelechem
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2. Experimental

2.1. Chemicals

The electrolyte solutions were prepared from reagent grade
chemicals and deionized water (resistivity > 18 M cm). Prior to
each electrochemical experiment, the working solution was deaer-
ated with bubbling N2 for 10 min. Sb2Te3 electrodeposition was
carried out from a 0.001 M TeO2 (Merck) and 0.001 M Sb2O3

(Merck) solutions.
2.2. Electrochemistry

Measurements were carried out in a conventional three-elec-
trode cell system (C3 Cell Stand, BAS) under an N2 atmosphere,
at room temperature with a BAS 100B/W Electrochemical Work-
station. The working electrode was a (1 1 1)-oriented crystal gold
(Johnson Matthey, 99.999%) prepared with a pure gold wire in
hydrogen–oxygen flame. A platinum wire was used as a counter
electrode. All the potentials were referenced to a 3 M Ag/AgCl ref-
erence electrode.

2.3. Characterization of materials

The absorbance spectra of deposited Sb2Te3 nanofilms on Au
Plates were measured using a variable angle reflection rig in con-
junction with a Perkin–Elmer Spectrum One FTIR spectrometer in
the spectral range of 2000–7000 cm�1 at room temperature. The
all measurements were obtained by an average of 100 scans and
a resolution of 2 cm�1.

XRD experiments for nanofilms on Au (1 1 1) were performed in
a Rigaku Advance Powder X-ray Diffractometer instrument using
Cu Ka radiation (k = 1.5405 Å), operating at 30 kV and 30 mA over
a 2h range of 20–60�. The XRD phases present in the deposits were
identified with the help of the Joint Committee on Powder Diffrac-
tion Standards-International Center for Diffraction Data (JCPDS-
ICDD).

The elemental compositions (Sb/Te) of the Sb2Te3 deposits were
determined by EDS with a JEOL-6400 system coupled to the scan-
ning electron microscope. The operating conditions for EDS analy-
sis include an accelerating voltage of 15 kV, a beam current of 5 nA,
a working distance of 15 mm, and a live time of 60 s for each run.

The surface morphologies of the films were inspected by non
contact mode NC-AFM and constant current mode STM (PicoSPM,
Molecular Imaging Inc.). All images were taken in air. The
225 lm length, 7 lm thickness and 38 lm width silicon nitride
cantilevers with a spring constant of 48 N/m and a resonant fre-
quency of 190 kHz for NC-AFM were used. Typical tunneling cur-
rent and applied voltages to obtain good quality images were 0.5
nA and 1–2 V, at scan rates ranging 2 Hz. Tungsten and Pt–Ir tun-
neling probes were employed. AFM/STM images were taken in dif-
ferent zones of the films to check their homogeneity.
Fig. 1. Overlapped cyclic voltammograms of Au (1 1 1) substrate in the acidic
solution (pH:1.5) containing: (a) 0.001 M Sb2O3 and (b) 0.001 M TeO2 at 25 mV/s.
3. Results and discussion

3.1. Electrochemical deposition

The general experimental strategy employed in this study was
the atom-by-atom growth of Sb2Te3 nanostructures using the
UPD of each element. In principle, UPD, the electrochemical depo-
sition of a metal onto a foreign substrate at potentials more posi-
tive than the Nernst potential, is usually restricted to the
formation of one atomic layer of the deposited metal. Therefore,
in order to deposit an atom at a time, very small amounts of dis-
solved Sb3+ and Te4+ species are needed in the solution phase for
electrodeposition at UPD.

It is well known that Te is soluble in the form of HTeOþ2 at
pH < 1.9 (Eq. 1) and precipitates as TeO2 in pH > 1.9 (Eq. 2) in the
concentrations of 0.1 mM and higher [21,22].

Te4þ þ 2H2O$ HTeOþ2 þ 3Hþ ð1Þ

HTeOþ2 $ TeO2 þHþ ð2Þ

Antimony is soluble and stable in the form of SbO+ at pH < 2 (Eq.
3) and Sb could hydrolyze to form Sb(OH)3 at pH > 2 (Eq. 4) in a
concentration of 0.1 mM and higher [23,24]. Therefore, electrode-
position of Sb2Te3 in aqueous solution was carried out in the pH
smaller than 2.

Sb2O3 þ 2Hþ $ 2SbOþ þH2O ð3Þ

SbOþ þ 2H2O$ SbðOHÞ3 þHþ ð4Þ

The cyclic voltamogram for antimony UPD on the Au (1 1 1)
working electrode in the solution containing 1 mM Sb3+ (SbO+) ions
in acidic aqueous solution is shown in Fig. 1a. This voltammogram
contains two redox couples corresponding to the deposition and
stripping of Sb atomic layers. The anodic stripping peaks, labeled
A1� and A2� (around 320 and 260 mV, respectively), are associated
with the cathodic deposition peaks, labeled C1� and C2� (around 5
and 80 mV, respectively). These observations for antimony are very
similar to those obtained in acidic solution [25]. The bulk Sb depo-
sition in the acidic solution (pH:1.5) does not occur until �200 mV.

A cyclic voltammogram of Au (1 1 1) electrode immersed in
1 mM TeO2 in acidic solution at the UPD region of Te is shown in
Fig. 1b. The anodic stripping peaks, labeled A1 and A2 (around
580 and 510 mV, respectively), are associated with the two catho-
dic deposition peaks, labeled C1 and C2 (around 350 and 90 mV,
respectively). That the bulk Te deposition does not occur until
�50 mV in the acidic solution (pH: 1.5) suggests that surface lim-
ited atomic layers of Te might be formed at potentials in the range
of 350 (C1) to �50 mV (bulk inset). These observations are very
similar to those obtained in acidic solution by us [26] and others
[27,28].

Fig. 1 also shows the overlapped cyclic voltammograms of Te
UPD and Sb UPD in acidic solutions. If the potential of the working
electrode is kept constant at a potential between the reductive UPD



Fig. 3. Plots of (ahm)2 versus hm for the Sb2Te3 nanofilms deposited on Au (1 1 1) at
different deposition times.
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wave of SbO+ (Sb3+) and at the beginning of the bulk deposition po-
tential of HTeOþ2 (Te4+) (between the dotted lines), Sb and Te are
supposed to deposit underpotentially at the electrode surface.
These underpotentially deposited Sb and Te atoms react to form
the Sb2Te3 compound semiconductor at the surface. Therefore, it
should promote the electrochemical atom-by-atom growth of
Sb2Te3. The amount of deposited Sb2Te3 will depend on the electro-
deposition time. Thus, depositions of Sb2Te3 nanofilms with vari-
ous thicknesses could be achieved by this method using different
deposition times.

3.2. Electronic properties of Sb2Te3 nanofilms

The absorption spectra of Sb2Te3 obtained in the range of 7000–
2000 cm�1 at different deposition times is shown in Fig. 2. The
absorption edges measured for the 10- and 35-min deposits were
3700 and 2300 cm�1, respectively. The absorption edges were
red-shifted with an increase in the film thickness toward charac-
teristic values of those of the bulk materials.

The band-gap values were determined by linear extrapolation
to the X-axis (hm) from the straight part of the curve. As shown
in Fig. 3, the band gap decreased with an increase of the deposition
time. It has been reported that Sb2Te3 is a compound-semiconduc-
tor with a indirect band gap and therefore, the plots of (ahm)2 ver-
sus hm should be a straight line and intercepts on energy axis
would give the band gap of the film [29]. The band gaps of electro-
deposited Sb2Te3 thin films for 35 and 10 min were found to be
0.29 and 0.46 eV, respectively. The band gap (0.29 eV) of the 35-
min-electrodeposited film resembles the value for the band gap
energy of the bulk Sb2Te3 [15].

The Sb2Te3 nanofilm thickness can be determined using the
charge obtained by coulometric measurements in conjunction with
Faraday’s law, with that assuming:
Fig. 2. RA-FTIRS of Sb2Te3 nanofilms deposited on Au substrates at the potential of
�25 mV for different deposition times. The absorbances of the individual spectra
have been rescaled to enhance comparison.
t ¼ MQ
qnFA

ð5Þ

where t is the film thickness, M is the molecular weight (626.30 g/
mol for Sb2Te3), Q is the charge passed, q is the density (6.5 g/cm3

for Sb2Te3), F is Faraday’s number (96,485 C/equivalent), n is the
charge number (18), and A is the surface area of electrode (1
cm2). The thickness results calculated from Eq. (5) have been con-
firmed with the mass results obtained by using the bulk density
for Sb2Te3 (6.5 g/cm3). A representation of the reactions occurring
at the working electrode is shown below.

2SbOþ þ 3HTeOþ2 þ 13Hþ þ 18e� $ Sb2Te3 þ 8H2O ð6Þ

In Eq. (6), 18 equivalents of charge must be passed in order to
produce 1 mol of Sb2Te3 for electrosorption valency values are
unity for Sb and Te UPD deposition. The band gap dependency of
Sb2Te3 films as a function of the deposition time, the number of
coulombs passed during the electrodeposition, and the film thick-
ness are summarized in Table 1. It should be noted that the electro-
chemical thickness corresponds to an average thickness, which will
be equal to the overall thickness only in the case of a perfectly
homogeneous layer. Table 1 also shows that the band gap de-
creases while the deposition time, the charge and the thickness in-
crease. The expected increase in the band gap is observed as the
film thickness decreases. These results clearly demonstrate that
the band gap of the materials is directly related to the film thick-
ness [30]. The evident blue shift in the absorption spectrum of
our films comes from a quantum confinement of the electron–hole
pair caused by the small particle size or ultra thin film thickness
(see Fig. 4).
Table 1
Dependency of band gap on the deposition time, the thickness and the number of
coulombs passed.

Deposition time (min) Charge (mC/cm2) Band gap (eV) Thickness (nm)

10 7.41 0.46 4.1
15 21.31 0.43 11.8
20 36.88 0.4 20.5
25 61.46 0.38 34.1
30 86.84 0.34 48.2
35 110.40 0.29 61.2



Fig. 4. Dependence of the band gap of Sb2Te3 nanofilms on the thickness.

Fig. 5. STM images of Sb2Te3 formed on the Au (1 1 1) electrode after potential
controlled deposition at �20 mV: (a) 5 and (b) 10 min. For each figure, the lower
panel represents the line scan profiles along the arrow in the image.
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3.3. Morphological, structural and compositional characterization of
Sb2Te3 nanofilms

Fig. 5a shows the STM image of the initial stages of the nucle-
ation and growth of Sb2Te3 electrodeposited at �20 mV for 5
min. Evenly distributed nano-seeds of approximately the same size
are observed on the surface of the Au (1 1 1) electrode. The height
profile across a grain is indicated by an arrow in the lower panel of
Fig. 5. Most of the nanoparticles have a uniform width and thick-
ness in the ranges of �20 nm and �4 Å, respectively. As the time
for deposition increases to 10 min, the diameter and thickness of
the nanoparticles increase and the new ones form at the surface
(Fig. 5b). The subsequent growth is governed by the 3D growth. Fi-
nally, one can observe a complete growth of the film that seems to
be almost fully closed at 10 min. These results clearly shows that
the Sb2Te3 nanoparticles form on the Au (1 1 1) surface from
well-separated crystal nuclei rather than from a saturated chemi-
sorbed monolayer. Probably, at these electrodeposition conditions,
the formation of a critical nucleus of a Sb2Te3 crystallite proceed at
higher rates as compared with the ordered monolayer of Sb2Te3

since both species are present in co-deposition conditions
[17,18,31].

Fig. 6 shows two AFM images obtained after electrodeposition
of Sb2Te3 for 20 and 35 min. The crystallite average sizes of Sb2Te3

films observed for 20 and 35 min were about 75 and 100 nm in
diameter, with the standard deviation of 11.8 and 13.7 nm,
respectively.

Fig. 7 shows the XRD patterns of the electrodeposited films on
Au (1 1 1) substrate prepared at different deposition times. The
standards card pertaining to Sb2Te3 and Au are JCPDS-ICDD 15-
0874 and 04-0784, respectively. The XRD diffractogram of Sb2Te3

electrodeposited for 20 min consists of a strong diffraction peak
at 28.2 (2h scale) arising from (0 1 5) reflections from Sb2Te3 and
a strong peak at 38.2� arising from the (1 1 1) reflections of Au,
which belongs to a single crystalline substrate in this study. The
weaker diffraction at 42.4 corresponds to (1 1 0) reflection of
Sb2Te3. As the deposition time increases to 35 min (Fig. 7b), the
intensity of the Au (1 1 1) reflections decreases and the intensity
of Sb2Te3 (0 1 5) increases, while diffraction along (1 1 0) becomes
almost invisible. This indicates that the crystallites in the film have
a preferred growth in this direction.
The (0 1 5) reflections of Sb2Te3 for 20 and 35 min gave full
width at half-maximum values of 0.1� and 0.08�, respectively.
These results indicate that highly crystalline deposits of Sb2Te3

can be grown at a kinetically preferred orientation on Au (1 1 1)
due to controlled growth processes associated with low deposition
rate [17]. The observations suggest that the single crystals of



Fig. 6. AFM images and line scan profiles of Sb2Te3 formed on the Au (1 1 1)
electrode after potential controlled deposition at �20 mV: (a) 20 and (b) 35 min.

Fig. 7. The XRD patterns of the Sb2Te3 sample electrodeposited onto single crystal
Au (1 1 1) for: (a) 20 and (b) 35 min.

Fig. 8. The EDS spectrum of Sb2Te3 nanofilm grown on Au (1 1 1).
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Sb2Te3 with a preferred orientation form when a low deposition
potential and low concentration of precursors are used, which
leads to longer deposition times. The average crystallite sizes of
the Sb2Te3 nanoparticles were determined from the width of the
reflection according to the Debye–Scherrer equation [32]. By
applying this equation to the line broadening of the (0 1 5) peaks
in Fig. 7a and b, the crystalline sizes were estimated as 81 and
103 nm for 20 and 35 min, respectively. However, the average par-
ticle size analysis of AFM images (Fig. 6a and b) recorded for the
same time gives mean diameters of �75 and �100 nm, which are
similar to the particle sizes obtained in XRD measurements.

The elemental compositions (Sb/Te) of electrodeposited Sb2Te3

nanofilms were determined by the EDS technique. We observed
two weak X-ray emissions corresponding to Sb and Te. The spec-
trums also showed the Au signal which corresponded to the Au
(1 1 1) substrate at the bottom of the films. The absence of any
other peaks indicates that the Sb2Te3 films are homogeneous in
composition and formed from Sb and Te. EDS analyses of different
regions of the electrodeposited Sb2Te3 samples on Au substrate
gave the same results. For the deposit Sb2Te3 films, the quantitative
atomic ratio of Sb and Te are approximately 40% versus 60%, a ratio
which is close to 2:3 stoichiometry (see Fig. 8).

4. Conclusions

We have shown that the Sb2Te3 nanofilms can be prepared by
the electrochemical co-deposition method at room temperature
from the same solution containing SbO+, and HTeOþ2 on a single
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crystal gold substrate at a constant potential. The results obtained
in this study suggest that the thickness and the band gap of the
Sb2Te3 nanofilms can be controlled by the deposition time. Mor-
phology and structure analyses confirm that high-quality TE films
could be prepared by this UPD-based electrochemical technique.
EDS analyses indicate that the antimony to telluride ratio in the
films is close to 2:3. XRD analyses demonstrate that Sb2Te3 on
Au (1 1 1) is of a single crystal structure with a dominant (0 1 5)
orientation. The morphological investigation of Sb2Te3 films re-
vealed that the film growth follows a 3D nucleation and growth
mechanism. A strong quantum confinement effect was observed
for Sb2Te3 deposits. Decreasing the time for the electrodeposition
of Sb2Te3 leads to a great decrease in the absorption wavelength,
which causes a high blue shift in the band-gap of the semiconduct-
ing material.
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