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a b s t r a c t

Bi2Te3−ySey thin films were grown on Au(1 1 1) substrates using an electrochemical co-deposition method
at 25 ◦C. The appropriate co-deposition potentials based on the underpotential deposition (upd) potentials
of Bi, Te and Se have been determined by the cyclic voltammetric studies. The films were grown from an
electrolyte of 2.5 mM Bi(NO3)3, 2 mM TeO2, and 0.3 mM SeO2 in 0.1 M HNO3 at a potential of −0.02 V vs.
Ag|AgCl (3 M NaCl). X-ray diffraction (XRD), scanning electron microscopy (SEM), and energy dispersive
vailable online 9 October 2008

eywords:
ismuth telluroselenide
nderpotential deposition
o-deposition

spectroscopy (EDS) were employed to characterize the thin films. XRD and EDS results revealed that the
films are single phase with approximate composition of Bi2Te2.7Se0.3. SEM studies showed that the films
are homogeneous and have micronsized granular crystallites.

© 2008 Elsevier Ltd. All rights reserved.
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. Introduction

Thermoelectric (TE) materials are special types of semiconduc-
ors that can directly convert heat to electricity [1]. Bismuth-based
emiconductors are commonly used for thermoelectric devices
uch as thermoelectric generators [2] and coolers [3] and for opti-
al storage systems [4]. Bi2Te3 and its derivative compounds are
onsidered to be the best materials used in thermoelectric refrig-
ration at room temperature [5], in particular Bi2Te2.7Se0.3 and
i0.5Sb1.5Te3 for the n-type and p-type, respectively [6]. These are
urrently the most efficient thermoelectric materials at 25 ◦C in
ulk form [7]. The performance of thermoelectric devices depends
n the figure of merit (ZT) of the material. In comparison with bulk
E materials, thin film TE materials offer tremendous scope for ZT
nhancement [8]. In the formation of high quality thermoelectric
evices, a number of thin film formation methodologies are used,

ncluding: molecular beam epitaxy (MBE) [9], chemical vapor depo-
ition (CVD) [10], flash evaporation [11], co-evaporation [12], and

puttering [13]. In general, these methods are performed in vac-
um and are thermal methods, achieving compound formation by
eating the reactants and substrate. However, electrochemical syn-
hesis of thin films is an alternative to vacuum-based methods due

∗ Corresponding author. Tel.: +90 264 295 6063; fax: +90 264 295 5950.
E-mail address: isisman@sakarya.edu.tr (İ. Şişman).
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o their low cost and the ability to work at ambient temperature and
ressure. In addition, the composition of the thermoelectric mate-
ials can be easily controlled through adjusting the concentration
f electrodeposition solution.

Thin films can be formed via surface limited reactions by using
tomic layer epitaxy (ALE). Electrochemical surface limited reac-
ions are generally referred to as underpotential deposition (upd)
14]. Electrochemical atomic layer epitaxy (ECALE), developed by
tickney and co-workers, is the result of combining upd with the
rinciples of ALE to form a deposition cycle [15]. A layer of the com-
ound is deposited by alternating the underpotential deposition of
he metallic element with the underpotential deposition of the non-

etallic element in an ECALE cycle. However, this method is very
ime-consuming and produces a large amount of dilute wastewater
ue to the substrate being rinsed after each deposition. Automated
eposition systems by ECALE were developed to overcome these
roblems [16]. Up to now, this method has been applied exten-
ively to obtain thin films of CdTe [17], CdS [18], ZnSe [19], GaAs
20], PbSe [21], Bi2S3 [22], Bi2Te3 [8], ZnS/CdS [23] and Hg(1−x)CdxTe
24]. Another particularly promising method is to deposit both
pecies simultaneously from the same solution by the induced co-

eposition mechanisms. In this method, the reduction of the more
oble component induced the reduction of the less noble compo-
ent at a constant potential [25]. Recently, Demir and co-workers
ave developed a new electrodeposition method, which based on
he co-deposition of Pb and S precursors at the upd of Pb and S [26].

http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:isisman@sakarya.edu.tr
dx.doi.org/10.1016/j.electacta.2008.09.059
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his method, a new electrochemical co-deposition method, is the
ombination of upd and co-deposition. II–VI compounds such as
nS [27] and CdS [28] have been successfully formed by using the
lectrochemical co-deposition method.

Limited works have been reported on the electrochemical
ynthesis of Bi2Te3−ySey thin films [29–31], nanowires [7] and
anotubes [32]. Furthermore, no work has been reported on the

ormation of Bi2Te3−ySey thin film by both ECALE and electrochemi-
al co-deposition method, where the co-deposition potential based
n the upd of each element. In this paper, we first report the elec-
rochemical co-deposition of thin films of n-type Bi2Te2.7Se0.3 on
u(1 1 1) substrates. This composition is the one that is optimal for
ulk thermoelectric applications of Bi2Te3−ySey [33]. The appropri-
te co-deposition potential was determined by cyclic voltammetry.
-ray diffraction (XRD), scanning electron microscopy (SEM), and
nergy dispersive spectroscopy (EDS) were employed for charac-
erization of the thin films.

. Experimental

Cyclic voltammetry and controlled potential electrolysis
xperiments were performed with a PAR model 2273 poten-
iostat/galvanostat connected to a three electrode cell (K0269A
araday Cage, PAR) at 25 ◦C. The Au(1 1 1) working electrode simi-
ar to a ball-shaped droplet was (1 1 1)-oriented single-crystal gold
Alfa-Johnson Matthey, 99.995%) prepared as previously described
y Hamelin [34]. An Ag|AgCl (3 M NaCl) (Bioanalytical Systems,
nc., West Lafayette, IN) was used as reference electrode and a
latinum wire was used as counter electrode. Solutions were pre-
ared with deionized water (i.e., >18 M�). The electrolyte for the
eposition of Bi2Te2.7Se0.3 thin films contains a mixture of 2.5 mM
i(NO3)3, 2 mM TeO2, 0.3 mM SeO2, and 0.1 M HNO3. The pH value
f the solutions was 1.2 ± 0.1. Prior to each experiment, the elec-
rolyte solutions were purged with purified N2 gas for 15 min. All
xperiments were performed at 25 ◦C. The deposition potential for
i2Te3−ySey was determined from cyclic voltammetry data of Bi, Te,
nd Se. The electrodeposition of Bi2Te3−ySey thin films were per-
ormed at −0.02 V since this potential value is suitable with the upd
f Bi, Te, and Se.

Characterization of the films was carried out with different tech-
iques. The XRD patterns were recorded by an X-ray diffractometer
Rigaku, D-max 2200, Japan) using CuK� radiation (� = 1.54050 Å).
he morphologies of the films were examined by SEM, JEOL, JSM-
060LV. The chemical compositions of the films were determined
y an energy-dispersive X-ray spectrometer (EDS) attached to the
EM.

. Results and discussion

.1. Cyclic voltammetry

The cyclic voltammograms for an Au(1 1 1) substrate in 3 mM
nd 0.3 mM SeO2 solutions, recorded at the upd region, are shown
n Fig. 1. Different responses were observed in each cyclic voltam-

ogram. In the voltammetric behavior of 3 mM SeO2 + 0.1 M HNO3
olution, scanning the electrode potential between 1.05 and 0.25 V
ave rise to peaks C1–C3, which are usually associated with Se upd
35,36]. On the reverse scan, the stripping peak at 0.91 V corre-
ponds to stripping of Se upd. When the electrode was immersed
nto 0.3 mM SeO2 + 0.1 M HNO3 solution, all of the peak currents

ecreased. Most upd involves the formation of a single atomic

ayer, such as Bi [8] and Te [37]. However, Stickney has suggested
hat the total Se deposited in the upd process is two more mono-
ayers [38]. It can be seen that charge involved in the upd peaks
ecrease in the voltammogram of 0.3 mM SeO2, indicating that

o
t
w
o

ig. 1. Cyclic voltammograms of Se from Au(1 1 1) obtained from 3 mM and 0.3 mM
eO2 solution in the upd region. The scanning rate is 100 mV/s.

he Se deposited may be depend on Se species concentration or
inetic of deposition process. In addition, peak C1 overlaps with
eak C2 and cannot be distinguished. If potential of working elec-
rode is scanned more negative potentials through −0.05 V, the
e bulk deposition does not occur. From Fig. 1, it can be noticed
hat decreasing Se ion concentration causes a shift of the deposi-
ion peaks C1 and C3 towards more negative potential, indicating
hat the deposition process is significantly more sluggish with the
e ion concentration decreasing, which should be attributed to
inetic complications due to the lowering of the Se ion concen-
ration. Consequently, voltammetric investigations show that the
harge involved in the upd peaks and the potential of deposition
urves of the upd peaks strongly depend on the Se ion concentra-
ion below approximately 3 mM. Similar characteristics of the upd
ependence on the Se ion concentration have been observed by
lanyalıoğlu et al. [36]. As can be seen in Fig. 2, if the potential

s scanned towards more negative values in the voltammogram of
mM SeO2, the Se bulk deposition occurs at about 0.11 V (peak C4)
nd its corresponding oxidative stripping peak is seen at 0.75 V. On
he contrary, during the positive scan between −0.25 and 1.05 V,
he oxidative stripping of the Se bulk at 0.75 V nearly disappears
n the voltammogram of 0.3 mM SeO2. The voltammetric behavior
f Se bulk deposition is consistent with what has been reported by
iao et al. [39].

Fig. 3 shows the cyclic voltammograms for Bi electrodeposition

n the Au(1 1 1) substrate. When potential of the Au(1 1 1) elec-
rode is scanned between +0.40 V and −0.02 V, reductive peak I,
hich corresponds to the Bi upd is seen (thin curve). If potential

f Au(1 1 1) working electrode is scanned through more negative
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Bi upd. The second anodic peak, labeled 5, occurs at about 0.44 V, is
ig. 2. Cyclic voltammograms of Se from 3 mM and 0.3 mM SeO2 in a 0.1 M HNO3

olution on Au(1 1 1) electrode at a scan rate of 100 mV/s.

otentials than −0.02 V, a second reductive peak II appears at
0.07 V for deposition of Bi bulk (thick curve). Reversing the poten-

ial scan, the oxidation of the Bi bulk occurs giving an anodic current
eak III. When the potential is scanned towards more positive val-
es, an anodic peak IV, which corresponds to the oxidation of Bi
pd, is observed at about 0.23 V. The voltammetric behavior of
i on Au(1 1 1) is in good agreement what has been reported in
he literature [40]. Accordingly to the cyclic voltammograms, if we
eep the potential of the electrode constant at a potential that is
n range from 0.19 to −0.02 V, which is more positive values than
he onset of bulk Bi, an atomic layer of Bi will be deposited at the
lectrode.

The cyclic voltammetric behavior of an Au(1 1 1) electrode in
mM TeO2 and 0.1 M HNO3 electrolyte is shown in Fig. 4a. In the

ange of the electrode potential between 0.90 and −0.02 V, the
oltammogram is characterized by two cathodic features, labeled
1 and C2 as well as two anodic peaks, labeled A2 and A1. The reduc-
ion peaks are associated with the Te upd. The stripping peaks A2
nd A1 correspond to dissolution of Te upd. If potential of working
lectrode is scanned more negative potentials through −0.02 V, the
e bulk deposition does not occur. When the potential is scanned
owards more negative values in the voltammogram, the Te bulk
eposition peak occurs at about −0.09 V, labeled C3, and its corre-
ponding oxidative stripping peak, labeled A3, is at 0.47 V. These
yclic voltammograms are similar to that reported previously by

uthors [37,41,42].

Fig. 4b shows the cyclic voltammograms of the Au(1 1 1) elec-
rode in a solution of 2.5 mM Bi(NO3)3 + 2 mM TeO2 + 0.1 M HNO3.
hese cyclic voltammograms are different from cyclic voltammo-

s
p
o
t

ig. 3. Cyclic voltammograms of 2.5 mM Bi(NO3)3 in a 0.1 M HNO3 solution on
u(1 1 1) electrode. The scanning rate is 100 mV/s.

rams of 2 mM TeO2. Sweeping negatively from an initial potential
f 0.90 V, three reductive peaks (labeled 1–3) are observed. The sub-
equent anodic stripping peaks were observed at 0.23, 0.44, 0.51
nd 0.62 V, labeled as 4, 5, 6 and 7, respectively. Electrochemical
window-opening” experiments, in which the switching potentials
ere varied, indicate that peaks 3/5 are conjugated. In comparison
ith Fig. 4a, peak 1 arises at about 0.28 V, shifts 70 mV to a more
egative potential in comparison with its counterpart peak, labeled
1. Shifting of first Te upd peak in the presence Bi(III) ions is consis-
ent with the results in a Cd–Te system that has been reported by
omez et al. [43]. When the potential is scanned towards more neg-
tive values, a relatively broad cathodic peak, labeled 2, is observed
.13 V and shifted to a more positive potentials compared with sec-
nd Te upd peak, labeled C2, in Fig. 4a. By comparing Fig. 4b with
ig. 3, peak 2 occurs at more negative potentials than Bi upd peak,
abeled I. These observations indicate that the peak 2 is considered
o be result of both Bi upd peak and second Te upd peak. As the
otential swept to lower values, a third reductive peak, labeled 3,
ppears around −0.09 V for both Bi bulk and Te bulk. On the reverse
can, an anodic peak, which corresponds to the oxidation of Bi bulk,
s not observed at about 0.03 V, in comparison with Fig. 3. The scan
roceeded resulted in an oxidative peak (labeled 4), which appears
t the same potential as in Fig. 3 and corresponds to the oxidation of
hifted by about 30 mV to a more negative potential compared with
eak A3 in Fig. 4a. Since the peak, labeled 3, is the co-deposition
f Bi2Te3 bulk, the second anodic peak, labeled 5, may be assigned
o the oxidation of Bi2Te3 bulk. These findings are in agreement
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ig. 4. Cyclic voltammograms of the Au(1 1 1) electrode recorded at 100 mV/s in
olution containing (a) 2 mM TeO2 and 0.1 M HNO3, and (b) 2.5 mM Bi(NO3)3, 2 mM
eO2 and 0.1 M HNO3.

ith the results in a Bi–Te system as reported by previously work-
rs [1,44,45]. The last two anodic peaks, labeled 6 and 7, appear at
he same potentials in comparison with their counterpart peaks,
abeled A2 and A1, in Fig. 4a. If we keep the potential of the elec-
rode constant at −20 mV, which correspond both Bi upd and Te
pd, Bi and Te will be deposited simultaneously at the electrode at
his potential.

Cyclic voltammetry analysis of the Au(1 1 1) electrode in the
eposition solution was carried out to determine the appropriate
lectrodeposition potential based on the upd for Bi2Te3−ySey depo-
ition. Fig. 5 displays the six voltammetric cycles of the Au(1 1 1)
lectrode in a solution of 2.5 mM Bi(NO3)3 + 2 mM TeO2 + 0.3 mM
eO2 + 0.1 M HNO3, each successive lower potential. Sweeping neg-
tively from an initial potential of 1.0 V, three reductive features,
–iii, are observed. When the potential sweep is reversed at −0.15 V
nd scanned positively, six stripping features, iv–ix, are observed.

here are only first reduction peak i (at 0.27 V) and its stripping peak
ii (at 0.62 V) in the voltammogram, when the electrode scanned
egatively to 0.20 V. In comparison with their counterpart peaks
/7, in Fig. 4b, peaks i/vii occur at the same potentials. This suggests
hat i/vii peak pair is associated with Te upd. If potential of working

fi
r
t
S
B

ig. 5. Window opening cyclic voltammetry of the Au(1 1 1) electrode in 2.5 mM
i(NO3)3, 2 mM TeO2, 0.3 mM SeO2 and 0.1 M HNO3 solution. The scanning rate is
00 mV/s.

lectrode scanned more negative potentials through 0.10 V, a rela-
ively broad reduction peak, labeled ii, (at about 0.14 V) and three
xidation peaks, labeled iv, vi and ix, appear. Since the oxidation
eaks, labeled iv and vi, occur at the same potentials in compari-
on with their counterpart peaks (labeled 4 and 6 in Fig. 4b), these
nodic peaks correspond to the oxidation of Bi upd and second Te
pd, respectively. Another oxidation peak, labeled ix, occurs at the
ame potential in comparison with its counterpart peak (at about
.91 V), in Fig. 1. These observations indicate that the peak ii is con-
idered to be result of the second Se upd peak as well as both the
econd Te upd peak and Bi upd peak. When the potential is reversed
rom 0.0 V and scanned positively, oxidation peaks, labeled iv, vi
nd ix, become larger. When the potential is scanned negatively to
0.1 V, two anodic peaks, labeled v and viii, arise at 0.44 and 0.75 V,

espectively. The relatively small oxidation peak, labeled viii, occurs
t the same potential in comparison with the oxidative stripping of
he Se bulk in Fig. 2. Another oxidation peak, labeled v, occurs at the
ame potential in comparison with the dissolution of Bi2Te3 bulk
n Fig. 4b. If the potential is reversed from −0.15 V and scanned
ositively, current density of peak v increases. It can be seen that
eak v is the oxidative stripping peak of Bi2Te3 bulk. However, the
ther anodic peaks (labeled iv, vi, vii and ix), which are the oxida-
ive stripping peaks of Bi upd, Te upd and Se upd, do not change
ith prolonged polarization.

Based on the above results, for electrodeposition potential of
i, Te and Se in upd range can be determined from Fig. 5. If we
eep the potential of the electrode constant at a potential that is in
he middle of the co-deposition region, as shown in Fig. 5, which
tands for a region between the reductive Bi upd, Te upd and Se
pd, theoretically, Bi, Te and Se will be deposited simultaneously at
he electrode at this potential. Because the value of this potential
s not enough for the bulk deposition of Bi, Te and Se, there was
o deposition of Bi(III) on Bi, Te(IV) on Te or Se(IV) on Se. There-

ore, it should promote the atom-by-atom growth of the mixture
f Bi2Te3 and Bi2Se3, or Bi2Te3−ySey at the substrate. Electrochem-
cal measurements indicate that the composition of Bi2Te3−ySey
lms is influenced by the SeO2 concentration in the co-deposition
egion between the reductive Bi upd, Te upd, and Se upd. In order
o obtain the best stoichiometry of Bi2Te2.7Se0.3 compound, various
eO2 concentrations were studied to optimize the stoichiometry of
i, Te and Se elements in the films.



1684 H. Köse et al. / Electrochimica Acta 54 (2009) 1680–1686

F
d
s

3
c

s
p
t
d
0
S
p
T
B
S
fi

F

f
fi
r

a
S
a
p
1
s
I
v
s
a
B
a
t
a

v
i
t
w
l
a
n
t
t
s
s
Fig. 3, there is not a big difference in the upd and bulk deposition
ig. 6. EDS patterns of the Bi2Te3−ySey films deposited at −0.02 V for 2 h from various
eposition solutions: (a) 2.5 mM Bi(NO3)3, 2 mM TeO2, 0.3 mM SeO2 and 0.1 M HNO3

olution and (b) 2.5 mM Bi(NO3)3, 2 mM TeO2, 0.6 mM SeO2 and 0.1 M HNO3 solution.

.2. Compositional, structural and morphological
haracterization of Bi2Te3−ySey films

In order to investigate the effect of SeO2 concentration in the
olution on the composition of the films, Bi2Te3−ySey films were
repared on Au(1 1 1) substrates by changing only SeO2 concentra-
ion. The representative EDS pattern of Bi2Te3−ySey with y ∼0.3
eposited from 2.5 mM Bi(NO3)3, 2 mM TeO2, 0.3 mM SeO2 and
.1 M HNO3 solution is shown in Fig. 6a. When the concentration of
eO2 in the deposition solution was elevated to 0.6 mM, the atomic
ercentage of Se element in the film was increased (see Fig. 6b).

he results indicate that the content of Se in electrodeposited
i2Te3−ySey films is strongly dependent on the concentration of
eO2 in the deposition solution. These results could mean that the
lm is a mixture of Bi2Te3 and Bi2Se3 or that the Te1−xSex alloy is

p
b
u
c

ig. 7. Powder XRD diffractogram of Bi2Te2.7Se0.3 film grown at −0.02 V for 2 h.

ormed instead of elemental Te and one phase has formed. These
ndings are in agreement with the results in a Bi–Te–Se system as
eported by previously workers [7,30].

XRD pattern of the film electrodeposited on Au(1 1 1) electrode
t −0.02 V in a solution of 2.5 mM Bi(NO3)3 + 2 mM TeO2 + 0.3 mM
eO2 + 0.1 M HNO3 is shown in Fig. 7. The diffraction peak observed
t 2� = 38.18 is due to the Au substrate. All the other diffraction
eaks could be indexed to the hexagonal Bi2Te3 compound (JCPDS,
5-863), indicating that a single phase had formed. The peaks are
lightly shifted to smaller d spacings compared to standard Bi2Te3.
n other words, the peaks are slightly shifted to larger 2�/degree
alues compared to standard Bi2Te3. Nevertheless, there is only one
et of peaks for every plane; we can confirm that the formation is of
single phase. In addition, no diffraction peaks from the elemental
i and Te are detected. Consequently, the XRD result suggests that
n electrodeposition carried out at the co-deposition region is able
o induce a single-phase ternary alloy formation can be described
s [7]:

2Bi3+ + (3−y)HTeO2
+ + (y)H2SeO3 + (9 + y)H+ + 18e−

→ Bi2Te3−ySey + (6 + y)H2O (1)

The surface morphologies of the films prepared at −0.02 V for
arious deposition times were investigated with SEM and shown
n Fig. 8. The SEM image in Fig. 8a, recorded for a 1 h deposition
ime, reveals a surface containing smooth granular crystallites
ith an average size of 0.5 �m. These granular crystallites become

arger as the deposition time increases to 2 h and their surfaces
re covered by thorn-like nanostructures (see Fig. 8b). These
anostructures may have potential applications in enhancing the
hermoelectric performance. By increasing the deposition time,
hese crystallites become peach pit-like crystallites with average
ize of 2 �m (see Fig. 8c). However, the films in Fig. 8b and c are
hown 3D growth characteristics. Accordingly above analyses for
otentials and that there would be a tendency for the Bi to deposit
y a 3D nucleation and growth mechanism in parallel with any
pd. Due to the 3D nucleation of Bi, some new Bi2Te3 or Bi2Se3
rystal nuclei will grow dominantly. Consequently, these results
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Fig. 8. SEM images of Bi2Te2.7Se0.3 films deposited at −0.02 V for various deposition
times: (a) 1 h, (b) 2 h, and (c) 3 h.
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how that the morphologies of electrodeposited Bi2Te3−ySey films
re strongly affected by the deposition times.

. Conclusions

Bi2Te3−ySey thin films have been successfully prepared by an
lectrochemical co-deposition method, which based on the upd of
i, Te and Se from a solution of Bi(III), Te(IV) and Se(IV) in 0.1 M
NO3. The cyclic voltammetry and EDS analyses indicated that

he composition of the films can be controlled by using different
oncentrations of SeO2 in the deposition solution. Consequently,
he best stoichiometry of Bi2Te2.7Se0.3 films was obtained by a
o-deposition method. The films are polycrystalline and exhibit a
ingle phase. SEM studies indicate that the surface of the substrates
s covered by granular crystallites with the average size of 2 �m.
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