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Abstract
Tin telluride (SnTe) ultrathin films were deposited electrochemically on polycrystalline and
monocrystalline gold substrates using the electrochemical atomic layer epitaxy (ECALE)
method. The electrochemical behaviors of Sn and Te were studied systematically by means
of cyclic voltammetry. Cyclic voltammetry curves for Sn displayed a broad peak in the region
between -0.15 V and -0.35 V, which was related to the under-potential deposition (UPD),
while the curves for Te displayed a peak at 0.3 V for Te UPD. X-ray photoelectron
spectroscopy (XPS), X-ray diffraction (XRD), Raman spectroscopy, and scanning electron
microscopy (SEM) were employed for the characterization of the ultrathin SnTe films. XRD
and Raman spectroscopy confirmed the deposition of a single SnTe phase, while SEM
revealed that the deposits were composed of nanocrystallites.
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1. Introduction
The importance of tin telluride (SnTe) films has been increasing over the years, owing to its
unique transport properties which enable the study of new physical phenomena. For instance,
SnTe films are topological insulators, that is, they behave as insulators when in bulk although with
protected conducting surface states [1, 2]. In addition, semiconductors such as SnTe are among
the most popular areas of study in the field of optoelectronic science. Among the different
possible applications of SnTe, including microeletronics, batteries, and photovoltaics, SnTe also
serves as a thermoelectric material to be used in thermoelectrical devices such as thermoelectric
generators which have been applied successfully in aerospace, military, and automotive industry
[3, 4].
In general, SnTe films are produced by means of spark plasma sintering, magnetron sputtering,
pulsed laser deposition, molecular-beam epitaxy (MBE), etc. [5-8]. All these methods rely on the
availability of precursors, vacuum requisitions, and stability at high temperatures, imposing
restrictions on these methods and rendering them expensive to apply. On the other hand,
electrodeposition, an old although well-established technique, is relatively simple, inexpensive,
and is often performed at room temperature. This technique has been used extensively to deposit
a large variety of compound semiconductors and metals with good quality and performance.
In 2011, Sisman and Ö z first reported the production of SnTe thin films using over potential
deposition (OPD) [9]. OPD occurs at more negative potentials rather than at the Nernst potential
(equilibrium potential). This technique is dependent on the electrode potential (overpotential), on
the concentration of the electroactive species, and on the deposit-substrate and deposit-deposit
interactions. In contrast, under potential deposition (UPD) occurs at more positive potentials
rather than at Nernst potential, and is referred to as a surface-limited phenomenon in which the
electrode surface is partially or completely covered by a deposit. Gregory and Stickney [10]
developed a method for the electrochemical deposition of compound semiconductors, which was
referred to as the “electrochemical atomic layer epitaxy” (ECALE) method. ECALE is a variation of
UPD, in which contrary to the standard electrochemical deposition, a compound layer is formed by
depositing an atomically thin layer of one element at a time.
The ECALE method has been employed to deposit a variety of semiconductors, such as CdTe,
Bi2Se3, CdSe, CdS, GexSbyTez, etc. [6, 11-16]. According to our knowledge, deposition of SnTe thin
films using the ECALE method has not been reported so far. In the present work, deposition of
SnTe thin films using the ECALE method was studied systematically by means of cyclic
voltammetry, and the obtained films were characterized using X-ray photoelectron spectroscopy
(XPS), X-ray diffraction, Raman spectroscopy, and scanning electron microscopy (SEM).
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2. Materials and Methods
The substrates used in the present study were polycrystalline gold deposited on silicon with a 5
nm chromium interlayer, and monocrystalline gold (111) deposited on quartz. Prior to each
electrochemical experiment, cycles of oxidation and reduction -were performed (between −0.35 V
and 1.5 V) in 1 M H2SO4 solution in order to clean the gold surface. At least eight cycles were
performed prior to each experiment.
The electrochemical experiments were performed in a thin-layer electrochemical cell having a
volume of 93.6 µL. The employed counter electrode consisted of a platinum mesh, and an Ag/AgCl
electrode (eDAQ) was employed as the reference electrode.
Sn solutions were prepared using 0.5 mM SnCl2 and 0.1 M HClO4, and the pH of the solution
was maintained at 1.38. Te solutions were prepared using 0.5 mM TeO 2 and 0.1 M HClO4, and the
pH of the solution was maintained at 1.44. The supporting electrolyte was prepared using 1 M
NaClO4, at pH = 2.7. The solutions of SnCl2, HClO4, TeO2, and NaClO4 (Sigma-Aldrich; purity > 99.99%)
were prepared in ultrapure water (18 M.cm), and purged with N2 prior to each electrochemical
experiment. The Sn solutions were freshly prepared prior to each experiment in order to avoid
solution oxidation. The electrode was always rinsed with the supporting electrolyte prior to Te or
Sn deposition, in order to clean the gold surface and the electrochemical cell to avoid codeposition.
Cyclic voltammetry (CV) of Sn and Te on gold electrode was performed at a scan rate of 10
mV/s in order to obtain the UPD peak for both the elements. The deposition of the SnTe films was
accomplished by depositing alternating Te and Sn monolayers. After each electrodeposition step,
the obtained material was rinsed with the supporting electrolyte to remove the deposition ions
from the solution. All the experiments were performed at least in triplicate to ensure
reproducibility and repeatability with errors smaller than 10%. XPS of the deposits was analyzed
using a Phi 5400 ESCA electron spectrometer equipped with an Mg K X-ray source. The XRD
patterns were obtained on a Bruker D8-Discover X-ray diffractometer, which was equipped with a
GADDS area detector and was operated at 40 kV and 20 mA at the wavelength of Cu Kα 1.5406 Å.
The Raman spectra were recorded on Horiba Jobin Yvon LabRAM ARAMIS automated scanning
confocal Raman microscope using laser excitation at 532 nm. SEM was employed to display the
morphology of the deposits.
3. Results and Discussion
3.1 Cyclic Voltammetry
Cyclic voltammetry experiments were performed using gold polycrystalline as a substrate.
Cyclic voltammograms for the Au electrode in the solutions composed of SnCl 2 and HClO4 are
depicted in Figure 1(a) and 1 (b). When the potential was scanned from 0.4 V to -0.4 V, as depicted
in Figure 1 (a), a broad cathodic peak C1 appeared between -0.15 V and -0.35 V, which was
assigned to the UPD of Sn on Au [9, 17]. In the reverse scan, a broad anodic peak (A1) appeared
between 0 V and 0.2 V, which corresponded to the stripping of the monolayer deposited at UPD
[9]. It is important to mention that UPD process is highly influenced by the surface state of the
substrate, which plays a critical role in the initial stages of metal deposition, causing the
reduction/oxidation potential to differ from the equilibrium potential of the involved species [18].
Scanning further to -0.47 V, as depicted in Figure 1 (b), revealed two new cathodic peaks, namely,
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C2 and C3. C2, located at -0.44 V, corresponded to the multi-atomic deposition of Sn layers [9, 19],
while C3, located at -0.47 V, corresponded to the deposition of the Sn bulk in the overpotential
deposition (OPD) region [9]. The anodic peaks A2 and A3 corresponded to the dissolution of the
multilayered Sn and the Sn bulk, respectively [9]. Two minor peaks were observed at
approximately -0.4 V and -0.33 V in the anodic scan, which were also presented in the cyclic
voltammograms reported by Sisman and Ö Z for the same element [9]. The authors [9] did not
mention the origin of these peaks, although it is believed that the presence of these two peaks
could have been due to Sn bulk material that was not dissolved by the A3 process (i.e., Sn bulk
dissolution). This implied that the residual bulk-like material in contact with the multilayered Sn
could have higher biding energy than that of the bulk, requiring higher potentials to be dissolved.
The cyclic voltammograms for the Au electrode in a mix of TeO2 and HClO4 are depicted in
Figure 2 (a) and 2 (b). Figure 2(a) depicts a cathodic peak C1 at 0.3 V, which corresponded to the
UPD of Te monolayer on Au. The broad cathodic peak C2 observed between -0.15 V and -0.3 V was
assigned to the deposition of Te bulk. In the reverse scan, the peak A2 was assigned to the
stripping of Te bulk, and the peak A1 was associated with the UPD stripping of Te. A similar curve
for Te on Au was reported by Gregory and Stickney [10]. Figure 2(b) illustrates that the hydrogen
evolution and reduction of Te to H2Te reached the maximum value among the current values. The
excess conversion of H+ to H2Te and H2 at potentials higher than -0.8 V is an uncontrolled process
that is responsible for the observed noise in the CV.
It is worth mentioning that besides the conventional UPD deposition, there is another way to
deposit Te UPD on Au [10]. In this method, a complete TeO2 aliquot is deposited at -0.3 V, with a
subsequent reduction of the excess Te (Te bulk) to H2Te at -0.85 V, followed by the rinsing away of
H2Te with pure electrolyte. The Te bulk would be dissolved at -0.85 V, leaving a monolayer of Te
atoms.
The initial deposition of one element on a substrate (in this case, gold) is different from the
subsequent deposition as the latter does not occur on the initial substrate anymore [20]. However,
the cyclic voltammograms for the Te-covered Au electrode in SnCl2 (Figure 3) exhibited similarities
to the CVs of bare Au electrode in SnCl2 and in TeO2 solutions (Figure 1 and 2, respectively). It is
clearly visible that the UPD feature (C1) occurred at the same potential in both Figure 1 and Figure
2. Moreover, the reverse scan depicted in Figure 3 illustrates the stripping of Sn (A1 peak) and Te
(A2 peak) monolayers, which are also present in Figure 1 and Figure 2, respectively. Such
similarities indicated that the subsequent deposition of Sn on the Te-covered Au electrode
occurred preferentially on the remnant open gold sites rather than on the Te-covered sites, a
phenomenon reported in previous studies as well [11, 20].
The cyclic voltammetry experiments were also performed using single-crystalline gold as
substrate. It was observed that there were changes in the position of the reduction peak relative
to the depositions on the polycrystalline Au substrate, which was in agreement with the findings
reported by Mendoza-Huizar et al. [21].
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Figure 1 Cyclic voltammograms for Au polycrystalline electrode in SnCl2 and HClO4
solution (a) Scanning range window: from 0.4 V to -0.4 V (b) Scanning range window:
from 0.4 V to -0.47 V. The scanning rate is 10 mV/s.

Figure 2 Cyclic voltammograms for Au polycrystalline electrode in TeO2 and HClO4
solution (a) Scanning range window: from 0.8 V to -0.3 V (b) Scanning range window:
from 0.8 V to -1.0 V. The scanning rate is 10 mV/s.

Figure 3 Cyclic voltammograms for Te-covered Au polycrystalline electrode in SnCl2
and HClO4 solution at a scanning rate of 10 mV/s.
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3.2 Alternating Sn-Te Multilayer Deposition
ECALE involves sequential electrochemical deposition of elements to form nanofilms of a
composite material. In the present study, deposition of Sn was performed using UPD, by applying
a potential of -0.3 V for 5 sec. The deposition of Te could not be performed at 0.3 V because the
stripping peak of Sn was observed between 0 V and 0.2 V. The only way of depositing a monolayer
of Te was to deposit a bulk amount of Te at -0.3 V for 60 sec, followed by a subsequent reduction
of excess Te at -0.85 V for 5 sec. The Te reduction was performed in a supporting electrolyte (1 M
NaClO4) and in this process, the excess Te was reduced to soluble telluride species (H2Te) and was
rinsed away [12, 21].
In order to obtain alternating Sn and Te layers, the process described above was repeated
several times. At each cycle, first a Te layer was deposited, followed by a layer of Sn, resulting in
the following sequence: Au> Te> Sn> Te> Sn>.... Amperometric i vs. t curves for the alternating Sn
and Te layers deposition are depicted in Figure 4. Panel (a) depicts the current densities during the
UPD of Sn layers at the 1st, 10th, and 20th cycles. A decrease in the current densities with an
increasing number of cycles was observed, which has been reported previously by other authors
as well [22, 23]. This decrease reflected the fact that the physico-chemical characteristics of the
substrate changed as the number of the deposited Sn-Te layers increased, that is, at each cycle,
the effects exerted by the polycrystalline gold present below the Sn-Te layers on the Sn deposition
diminish [22, 23]. In case of Te deposition process, depicted in Figure 4 (b), bulk was deposited at
each cycle; therefore, the substrate may be strongly affecting the current densities only at the
beginning of the deposition process. Nevertheless, it is visible in Figure 4 (b) that there was a
persistent increase in the current densities with increasing number of cycles. Such an increase in
the current densities at over potential deposition (OPD) might be due to the increasing surface
area of the deposition nuclei [24].

Figure 4 Amperometric i vs. t curves for Sn (a) and Te (b) at 1st, 10th and 20th cycles.
Applied potentials for Sn and Te are -0.3 V vs Ag/AgCl. Each cycle corresponds to
sequential deposition of Te and Sn deposits.
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3.3 SnTe Characterization
Figure 5 depicts the XPS spectra of the prepared twenty layers of Sn-Te compound. All the
peaks identified in the spectra were attributed to Sn, Te, C, and O. The presence of oxygen was
attributed to the oxidation of the deposit, while the presence of carbon was attributed to
atmospheric exposure. An XPS spectrum covering the Sn3d core-level energy-range is depicted in
Figure 5 (b). The peaks at 487 eV and 495.5 eV corresponded to the binding energies of Sn3d 5/2
and Sn3d3/2, respectively, which were close to the values reported previously in the literature [25].
An XPS spectrum covering the Te3d core-level has been depicted in Figure 5 (c). The peaks at 573
eV and 583.7 eV corresponded to the binding energies of Te3d5/2 and Te3d3/2, respectively, for
elemental tellurium [9]. The peaks at 576 eV and 587.3 eV could be assigned to Te3d 5/2 and Ted3/2,
for TeO2 [26].
Figure 6 (a) and 6 (b) depict the Raman spectra of thirty-layer SnTe films deposited on
polycrystalline Au and bulk SnTe composite, respectively. The spectrum for the SnTe thin film
exhibited the typical peaks of crystalline SnTe [27]. A shift in the Raman peaks could be observed
for the SnTe thin film in comparison to the bulk SnTe composite, which might have occurred due
to nanoscale size effects [28, 29].
The XRD pattern obtained for the sample containing thirty layers of SnTe film deposited on
polycrystalline Au has been depicted in Figure 7. The XRD pattern of the sample was indexed as a
pure cubic phase, which was quite close to the values reported previously in the literature (JSPDS
No 46-1210). Five diffraction peaks related to the SnTe phase were observed, and were identified
as (200), (220), (222), (400), and (420). The diffraction peaks observed at 38.15° (111) and 44.35°
(200) were due to the growth on the Au polycrystalline substrate. Subsequently, the deposited
films were crystallized in the preferential directions along the (200) and (222) planes, which
suggested an epitaxial growth, as expected with the use of the ECALE technique. Epitaxial growth
is highly influenced by the UPD deposition as the UPD process is a surface limited process that
allows the monolayer that is being deposited to copy the crystalline structure of the substrate [10,
30]. Despite the XPS results in its favor, no peaks for elemental Te or Sn were observed in the XRD
pattern, suggesting that the amounts of these elements were below the detection threshold. In
addition, no oxide was detected, probably because the oxide layer deposited over the surface was
quite thin.
Figure 8 displays the SEM image of ten layers of SnTe film deposited on monocrystalline Au. It is
possible to view the border between the covered gold substrate and the bare substrate. The
morphology of the films revealed that the surface was covered by small SnTe particles (light gray
in color), with a grain size of approximately 20-30 nm, possibly implying a certain 3D growth [13,
31]. The presence of nuclei may be due to the Te OPD deposition process, which according to the
Scharifker and Hills model [32] results in the formation of 3D nuclei [31]. The Te nuclei were
subsequently dissolved to form monolayers.
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Figure 5 The XPS core level spectra of the as-prepared twenty layers of Sn-Te compound.
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Figure 6 Raman spectra of SnTe (a) thin films and (b) bulk SnTe composite.

Figure 7 X-ray diffraction pattern of as-deposited SnTe thin films.

Figure 8 SEM image of ten layers SnTe thin films prepared by ECALE on
monocrystalline gold substrate. Light gray color indicates the SnTe islands while dark
gray color refers to the gold substrate.
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4. Conclusions
SnTe films were successfully deposited on the gold electrode using the ECALE method.
Electrochemical aspects of the Te and Sn depositions were characterized by means of cyclic
voltammetry and chronoamperometry. The Raman measurement of the deposited films exhibited
two main peaks which were characteristic of SnTe compound. The XRD analysis revealed that the
deposit was single phase SnTe, with no evidence of elemental Sn or Te. The SEM images appeared
to depict that the SnTe deposit was comprised of nanocrystalline particles.
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