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Abstract Thin-layer electrochemical studies of the under-
potential deposition (UPD) of Bi and Te on cold rolled silver
substrate have been performed. The voltammetric analysis
of underpotential shift demonstrates that the initial Te UPD
on Bi-covered Ag and Bi UPD on Te-covered Ag fitted
UPD dynamics mechanism. A thin film of bismuth telluride
was formed by alternately depositing Te and Bi via an auto-
mated flow deposition system. X-ray diffraction indicated the
deposits of Bi,Te;. Energy Dispersive X-ray Detector quan-
titative analysis gave a 2: 3 stoichiometric ratio of Bi to Te,
which was consistent with X-ray Diffraction results. Electron
probe microanalysis of the deposits showed a network struc-
ture that results from the surface defects of the cold rolled
Ag substrate and the lattice mismatch between substrate and
deposit.

Keywords electrochemical atomic layer epitaxy, under-
potential, bismuth telluride, thermoelectric thin film

1 Introduction

Bismuth telluride belongs to the class of VA-VIA binary
chalcogenide compound semiconductors with a narrow
optical energy band gap of 0.13 ¢V and a very high figure of
merit [1]. These materials are widely used for thermoelectric
and optoelectronic devices, for example in solid-state refrig-
eration, heat pumps, subminiature electronic devices, infrared
sensors, and high efficiency photovoltaic solar cells. Thin
films of bismuth telluride and related compounds have
already been elaborated by flash evaporation [2], co-
evaporation [3], molecular beam epitaxy [4], and metal-
organic chemical vapor deposition [5]. These methods are
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thermal and generally performed in a vacuum. Moreover, it
needs expensive precursors, complicated apparatus, and pro-
duces even some toxic byproducts. Electrochemical atomic
layer epitaxy (ECALE) is a technique that can be done at
low-temperature and it is less costly. The methodology is the
electrochemical analog of ALE; therefore, it inherits the
advantages of both the electrochemical deposition and atomic
layer epitaxy. ECALE involves the alternated electrochemi-
cal deposition of elements to form a compound. Epitaxial
deposition is achieved by using underpotential deposition
(UPD) as the means to achieve surface chemistry-limited
growth. The phenomenon of UPD involves the deposition of
an atomic layer of one element on a second, at a potential
prior to (under) that needed to form deposits of the element on
itself, namely, at the potential prior to the bulk deposition.
The driving force is generally thermodynamic, involving the
Gibbs energy of formation of a surface compound. ECALE
cycles, involve switching deposition solutions and potentials
to form each component atomic layer, it starts with exposure
of the deposit to a precursor solution of the first element at its
underpotential. The cell was then rinsed, a precursor solution
for the second element was introduced at its underpotential,
and the cell was rinsed with blank again. This process was
intended to form a monolayer of the desired compound.
IIB-VIA compounds such as CdTe [8,9], CdS [10], and
ZnSe [11] have been successfully formed by using ECALE,
as well as IIIA-VA compound InAs [12], IIA-VIA com-
pound In,Se; [13], IVA—VIA compound PbSe [14]. However,
no work has been reported on the formation of bismuth
telluride VA—VIA compound thin films by ECALE. In the
present investigation, an automated computer-controlled
thin-layer electrochemical flow cell system is developed in
this group in order to alternate the deposition solutions to
form the atomic layer of every element. Preliminary study
of the ECALE process of bismuth telluride thin film and the
electrochemical aspects are reported in this paper.

2 Experimental

Solutions were prepared with high purity reagents and twice-
distilled water. All bismuth solutions consisted of 0.1 mmol/L



Bi(NO;),'5H,0, and using 0.1 mol/L HCIO, as a supporting
electrolyte, pH 1.5. Tellurium solutions were all 0.1 mmol/L
in TeO,, and also used 0.1 mol/L HCIO, as a supporting
electrolyte. The pH 8.5 of the Te solution was adjusted with
ammonia. Various blank rinse solutions were also utilized,
with a pH analogous to its respective deposition solution. All
solutions were deaerated by blowing purified N, gas through
and over the solution for 30 min. All experiments were per-
formed at room temperature. The working electrodes were
cold rolled silver (99.99%) substrates. The substrates were
mirror-like polished mechanically and then annealed in a
muffle furnace under a vacuum for 30 min at 650°C. Before
depositions, the electrode was polished chemically for 5s
in a silver etch solution, which consisted of a mixture of
0.1 mol/L CrO;+0.1 mol/L HCI. After polishing, the elec-
trode was soaked first in concentrated ammonia for about
5 min, and then in concentrated sulfuric acid for about 20 min.
Finally, it was rinsed thoroughly with water.

An automated deposition apparatus, consisting of peristal-
tic pumps, valves, programmable logistic computer (PLC),
electrochemical flow cell, and potentiostat, was used under
the control of a computer (Fig. 1). The electrolytic cavity
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Fig. 1 The schematic drawing of an automated electrochemical
thin-layer flow deposition reactor
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was delimited by the working electrode and the auxiliary
electrode, a plate of Pt. These electrodes were held apart by a
5-mm-thick gasket, which defined a 0.7 cm x 3 cm rectangu-
lar opening. The reference electrode, saturated calomel elec-
trode (SCE), was positioned at the cavity outlet. At the cavity
inlet, the subminiature single-directional valve bank avoided
problems with mixture of solution each other via siphonal
phenomena. The plexiglass was transparent, allowing the
deposition process to be followed visually.

The deposit is annealed in Ar to convert precursor layers
of the elements into the compounds in 200°C. Deposit stoi-
chiometric ratio was measured using Oxford Inca energy dis-
persive X-ray spectrophotometer (EDX). The XRD pattern
was obtained with a Philips-PW 1710 X-ray diffractometer
using CoKa radiation. Electron probe microanalysis studies
were performed using a Joel JCXA-733 super probe.

3 Results and discussion

3.1 The UPD of bismuth on cold rolled Ag surface

The voltammetric profile in Fig. 2 represents the UPD of
bismuth on a cold rolled silver surface. The potential in this
experiment was initially scanned in the negative direction
starting from a potential of 0.04 V. This potential was chosen,
because it is necessary to start the deposition process with
as little bismuth on the surface as possible. The quantity of
precedent bismuth deposits is very little and insufficient than
a single atomic layer. This deposition of a little bismuth was
to prevent silver from surface oxidation, and it appeared that
at least initially, the oxidation of silver was suppressed. The
scan proceeded in the negative direction and resulted in a
reduction peak at —0.03 V, labeled C1. The subsequent anodic
stripping peaks were observed at —0.024 V and 0.08V,
labeled A2 and A1, respectively (Fig. 2(a)). Fig. 2(b) showed
the corresponding increase in the cathodic electrode polari-
zation limit. When the potential is scanned towards more
negative value (=0.4 V), peak A2 increased and A1 remained
unchanged. At this low concentration, there are no discernible
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Fig. 2 Cyclic voltammogram of Bi on cold rolled silver surface starting from 0.04 V: (a) the scanning scope was from 0.25 to —0.25 V; (b) the

scanning scope was from 0.25 to —-0.4 V
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peaks related to the bulk deposition of Bi on silver surface.
In fact, increasing Bi** concentration beyond 0.4 mmol/L
just causes a reduction peak at —0.4 V, so we labeled C2 at the
position. Concentration dependent growth examination also
showed that peak C1 and Al were independent on Bi ion
concentration, whereas peak C2 and A2 was considerably
dependent on concentration. Because UPD has the character-
istic of independent on ion concentration [15], this suggested
that peak C1 and Al were corresponding to UPD Bi deposi-
tion and stripping respectively while peak C2 and A2 were
corresponding to bulk Bi deposition and striping.

Figure 3 shows that in the silver surface, oxidation and
reduction occurred during potential cycling of Bi on the
naked silver surface without the precedent Bi coverage. As
shown in Fig. 3, both the silver oxidation peak and the reduc-
tion peak appear at the more positive potential as compared
with the Bi UPD oxidation-reduction peaks. The resulting
voltammogram (Fig. 3) is noticeably different from the
voltammetry at the electrode surface without silver oxide
film. Briefly, this is a negative shift (by approximately 70 mV)
in Bi deposition potential (labeled C1) as compared with C1
in Fig. 2(a). Anodic stripping peak A1 is broader and shifted
to a more negative potential, resulting in the overlapping
of the bulk and UPD stripping peak. It is believed that the
presence of the oxide layer inhibits the deposition of Bi, thus
leading to the observed potential shift. In such a case, the
deposition of Bi is precluded until the onset of silver oxide
reduction at 0.07 V, yielding bare silver surface sites on which
Bi deposition may occur.
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Fig.3 Cyclic voltammogram of Bi on silver surface with silver oxide

film
3.2 The UPD of tellurium on cold rolled Ag surface

The cyclic voltammogram of Te on cold rolled silver was
shown in Fig. 4. The scan proceeded from —0.1 to —0.7 V and
resulted in a reduction peak at —0.37 V, labeled C1, which
is only observed during the first potential scan. The UPD
nature of peak Cl1 is also supported by the fact that it dis-
appears in the successive scannings, in which only bulk TeO,
reduction is observed. This is in agreement with the result in
the Cd—Te system on Ag (111) reported by Foresti work group
[15]. Our research shows that the kinetics for Te deposition is

slowed even more as solutions become more basic. In early
studies, this problem was circumvented by using what is
referred to here as “oxidative UPD”. Oxidative UPD of Te
was first put forward by Flowers et al. on the formation of a
CdTe compound via the route of ECALE [8].
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Fig. 4 Cyclic voltammograms of 0.1 mmol/L TeO, in an ammonia
buffer solution of pH 8.5 on cold rolled Ag surfaces

In that program a little bulk Te and UPD Te were first
deposited on the substrate. The HTeO2" solution was then
exchanged for a blank electrolyte solution, and a potential
sufficiently negative to reduce Te (bulk), but not negative
enough to reduce Te (UPD), and Te (UPD) is left. The results
show that the potential of the bulk Te reduced to HTe™ was
—1.4V, and the polarized time is 5 s.

3.3 The UPD of bismuth on Te-covered Ag surface

The cyclic voltammogram of Bi at the Te-covered Ag surface
is quite different from the voltammetry at the bare Ag surface.
Briefly, an initial peak, labeled C1 in Fig. 5, occurs at about
—0.1, is shifted by about 70 mV to a less positive potential
compared with bare Ag. Anodic stripping peaks Al and A2
have a shift of 20 mV and 30 mV to a more positive potential
respectively compared with the voltammogram of Bi on
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Fig. 5 Cyclic voltammogram of Bi on Te-covered cold rolled silver
surface



bare Ag (Fig. 2). The underpotential shift, AE,, the difference
between the UPD potential and bulk deposition potential, is
smaller for C1 on Te-covered Ag than on bare Ag. The under-
potential shift A E,, is related to the difference, A ¢, between
the work function of the depositing metal and that of the sub-
strate. Therefore, interactions of Bi with the substrate weaker
than that with the adsorbed Te atoms could shift the UPD
towards more negative potential. For the same reason, the
shift of anodic stripping peaks towards more positive poten-
tials must be caused by the interaction of Bi atoms with the
adsorbed Te atoms, which is obviously stronger than that with
the substrate atoms and makes the Bi deposit more stable.

3.4 The UPD of tellurium on Bi-covered Ag surface

The cyclic voltammogram of Te at the Bi-covered Ag surface
is shown in Fig. 6. In comparison with Fig. 4, the Te UPD
peak has not been observed. However, the Te bulk deposition
peak C2 is obviously stronger than that on bare Ag substrate.
This means that the presence of bismuth somehow hinders
Te deposition. In other words, the interactions of Te with the
substrate, which are responsible for the underpotential depo-
sition, become weaker in the presence of Bi, so that Te UPD
might shift towards more negative potentials. However, we
can reasonably assume that bulk depositions are not signi-
ficantly affected by the substrate. Hence this UPD peak is
very close to the bulk reduction peak, which overlaps with
bulk reduction peak and results in the increase of C2.
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Fig. 6 Cyclic voltammogram of Te on Bi-covered cold rolled silver
surface. The numeral indicates consecutive scans

3.5 Further alternate UPD of bismuth and tellurium

The alternate growth of further UPD of bismuth and tellurium
was obtained by keeping the electrode at —0.6 V for 20 s in a
Te solution, washing the cell with blank solution, shifting the
potential to —1.4 V for 5s. The Bi blank solution was then
introduced. After the Bi blank solution, the Bi solution was
pumped in and held quiescent at —0.15 V for 20 s, while Bi
UPD layer was deposited, washing the cell and repeating this
cycle as many times as desired. EDX quantitative analysis
of the 50 cycles sample, obtained by this procedure, gave
the 2: 3 stoichiometric ratio of Bi to Te, as expected for the
formation of the Bi,Te; compound (Fig. 7). Fig. 8 is an X-ray
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Fig. 7 EDX spectrum of stoichiometric Bi,Te; electrodeposited thin
film on cold rolled silver surface
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Fig. 8 X-ray pattern of Bi,Te; electrodeposited thin film on Ag

diffraction pattern for a 50-cycle deposit. In the present case,
Bi,Te; is a rhombohedral structure compound and the three
strong peaks generally occurred at [015], [1010] and [110]
plane with the [015] reflection most prominent. As shown in
Fig. 8, [015] and [110] reflections are evident, but the [1010]
reflection has not been found. Because the X-ray pattern of
Bi,Te; [1010] plane is overlapped with the silver [111] plane,
so it is reasonable to assume that the Bi,Te; [1010] peak might
be covered by the silver [111] peak. It also can be seen that
the deposit consists of single phase Bi,Te; compound. There
were no indication of elemental Bi and Te; however, peaks
of the rhombohedral structure Bi,Te; and Ag substrate were
in the in XRD pattern (Fig. 8). In fact, on account of Bi,Te;
compound have a larger negative formation enthalpy, and fur-
thermore, larger interface energy exists in the compound that
consisted of the single atomic layers owing to the alternate
deposition, it will promote the formation of Bi,Te; compound
form thermodynamic significance. In addition, there is a
direct blend form atomic dimension between Bi and Te
atomic layers of alternate deposition, and there is no need for
a longer distance diffusion, so that it is also kinetic favorable
to form the Bi,Te; compound. As a consequence, forming the
Bi,Te; compound spontaneously via the route of alternate
deposition of single atomic layer is very favorable in both
thermodynamic and kinetic aspect. Further, the obtained
deposit has been annealed in short time from Ar flow in
200°C, insured the formation of Bi,Te; compound thin film.
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Figure (a) shows back-scattering electron image; Figures (b)—(d) are the map patterns of sample, showing the distribution

of silver, tellurium and bismuth respectively.

Fig. 9 EPMA images of the 50 cycles sample

An electron probe microanalyzer (EPMA) attachment was
used for Bi and Te elemental analysis. Electron probe micro-
analysis images of the 50 cycles sample showed a clear two-
dimensional worm-like network structure (Fig. 9). Fig. 9(a)
shows the back-scattering electron image of the sample.
Figs. 9(b), (¢), and (d) were the map patterns of sample, show-
ing the distribution of silver, tellurium and bismuth respec-
tively. In Fig. 9(b) the dark areas correspond to Bi,Te;
compounds while the bright areas correspond to the silver
substrate. In Figs. 9(c) and (d) the bright arecas represent
Te and Bi elements, respectively. One explanation for the
morphology is that it results from the sequential preferential
deposition of monolayers of Bi,Te; on nucleation sites, on the
surface. Defect sites such as steps and kinks have been found
to possess a significant energy of adsorption that may, in some
instances, favor the preferential nucleation [16]. In addition,
the lattice mismatch of Ag with Bi,Te; is close to 7%, which
might result in the formation of an array of dislocations,
within the first few deposited Bi,Te; monolayers. Conse-
quently, the preferential nucleation sites might mainly origi-
nate from the surface defects of the cold rolled silver substrate
and the lattice mismatch of Ag with Bi,Te;,.
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