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Electrochemical deposition of Sh,Se; thin films semiconductor from tartaric acid
solution
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The proffered work has been dedicated to the electrochemical deposition of Sh-Se layers from tartaric acid as an
electrolyte. In the course of research, the cyclic voltammetric polarization curves have been diagrammed by the
potentiodynamic method. Sb-Se films have been deposited on different metals by potentiostatic and galvanostatic
methods. The analysis of polarization curves and X-ray analysis of obtained samples indicate that Sh,Ses; was formed as

a result of our research.
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INTRODUCTION

Binary chalcogenide semiconductors have
attracted considerable attention in the past few
years owing to their applications in
photoelectrochemical ~ devices,  optoelectronic
devices, switching devices, thermoelectric coolers,
decorative coatings etc [1-12]. The aim of the
production of these thin layers is to enhance
stability and effectiveness of solar batteries [13].

Antimony Triselenide (Sb.Ses) is a member of
the V-VI semiconductor family [14-23]. It is a
staggered layered compound, direct band gap
semiconductor with orthorhombic crystal structure
[24]. Sb,Se; is also a promising light absorber
material ~ [25-27].  Excellent  optoelectronic
properties such as high absorption coefficient (>105
cm?), low band gap (ranging from 1.1-1.3 eV)
suitable for visible light harvesting and p-type
conductivity makes it an ideal candidate for solar
cell applications. In addition to it, low material cost,
abundant supply and relatively low toxicity
constituents are some of the added advantages
suitable for photovoltaics [28-30].

Currently, photoelectrochemical splitting of
water is an attractive and sustainable way to
generate hydrogen, which can be used to maintain
fuel economy [31-33], and photoelectrodes in PEC
elements play a crucial role in the solar-hydrogen
process (STH) conversion efficiency [34].

Sh,Ses has received a lot of attention in this area
- for thermoelectric, photovoltaic and energy
storage [35-36] applications owing to its earth
abundance, non-toxicity in comparison toxicity to
elemental selenium, single phase (indicating the
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phase and defects of Sh,Se; can be easy to control),
favorable band gap value (1.1~ 1.2 eV) [37-39].

Sh,Sez semiconductive layers are obtained using
various methods: vacuum thermal evaporation [40],
rapid thermal evaporation [41], chemical bath
deposition  [42, 43], spin coating [44],
electrodeposition  [45], arrested precipitation
technique [46], pulsed laser deposition [47],
photoelectrochemical deposition [48] and etc.

Some researchers [17, 18] got thin layers of
Sh,Se; with 200-720 nm in thickness using thermal
evaporation via deposition on the glass substrate.
The effect of the thickness of these amorphous
layers to their structure, morphology and optical
properties has been studied. The optical adsorption
of Sh,Ses layers is related to indirect adsorption
gap, whereas the change of width of the forbidden
band is explained by the existence of structural
defects and irregularity in the chalcogenide
systems. The result of optical adsorption indicated
that the regularity of layer structures increases with
their thickness. Authors second essential goal was a
search of the mechanism of transforming of thin-
layered Sh,Se; into the memory cell.

Thin-layered Sbh,Ses has been obtained with via
electrodeposition on the stainless steel and glass
electrodes in the nonaqueous medium [19]. The
layers of higher quality can be obtained from
0.05M of electrolyte prepared from SbCl; and SeO-
components taken in 1:1 ratio. According to the
result of SEM analysis, the semiconductive Sh,Ses
layers cover the electrode surface totally and the
width of the forbidden band (energy gap) is 1.195
eV. Some researchers have attempted to synthesize
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antimony-selenide of different shapes. They proved
that there were homopolar (Se-Se) and heteropolar
(Sb-Se) bonds in the obtained nanolayered [20],
nanospheric [21] and nanowire layers by mean of
Raman Spectroscopy.

Some investigations showed that [22] the
deposited films of Sh,Ses with different thicknesses
at a rate of 30 A s, and at room temperature were
found to have an amorphous structure. The electric
resistance of these layers on the silver electrodes
increases with the increase of the thickness of the
layer up to 370.8 nm, gets the maximal point, but
after this point, it decreases. The specific resistance
for every thickness decreases with increasing of
temperature. Thin layers of Sbh,Se; were deposited
using electrochemical atomic layer epitaxy (ALE)
[23]. From analyzing literature related to the matter
under investigation it is shown that the most
effective  method to deposit Sb and Se
simultaneously is electrochemical. There are rare
data about the electrochemical synthesis of Sh-Se,
So it needs more information and experiments to
clear the view. Thus, throughout the work, the thin-
layered semiconductive Sh-Se has been obtained by
the electrochemical method.

EXPERIMENTAL

The codeposition of antimony and selenium by
the electrochemical way has been achieved as
follows: tartaric acid was dissolved in distilled
water to prepare under-investigated -electrolyte
solution, then SbOCI salt and selenite acid
(H2SeO3) was dissolved in tartaric acid solution,
separately. The compositions of the obtained
electrolytes consist of 0.05 mol/L SbOCI+ 0.007
mol/L C4HsOs (tartaric acid) and 0.05 mol/L
H,SeO3 + 0.007 mol/L C4HsOs. The polarization
curves have been recorded using IVIUMSTAT
Electrochemical Interface Potentiostat. A three-
electrode electrochemical cell was used. The
working electrodes here were Pt 2 mm? surface area
and Ni with 2 cm? surface area. Silver electrode
(Ag/AgCl) was used as a comparative (reference)
electrode. Pt sheet of 4 cm? surface area was used
as an auxiliary electrode. Throughout the
electrolysis process, the temperature of the
electrolyte solution was regulated by UTU — 4
universal ultra-thermostat. The phase composition
of the obtained thin layers was studied with “D2
Phazer” XRay Phase Analyzer of ‘“Bruker”
company (CuK,; Ni filter). The morphology and
chemical element composition of samples were
analyzed by scanning electron microscopy (SEM)
“Carel Zeiss Sigma”. The adhesion of thin films to
the surface of the electrode is determined by the

method of lattice cuts [49] and bending of the
electrode at an angle of 90°.

on prepared samples using a ruler At least 5
parallel and 5 perpendicular cuts at a distance of 1
or 2 mm from each other are made. In this case, a
lattice of squares of the same size is formed on the
surface. After applying the grating, the coating
surface is cleaned with a brush from exfoliated
pieces of film and adhesion is evaluated on a four-
point scale: 1 point - the edges of the incisions are
smooth, there are no exfoliated pieces of coating; 2
points - peeling of the coating with 5% of the
surface of the lattice;

3 points - peeling of the coating from 35% of the
surface of the grating; 4 points - peeling of the
coating with more than 35% of the surface of the
grating;

Before starting experiment required Pt is
chemically polished in concentrated sulfuric acid
and hydrogen peroxide solution, and then washed
with distilled water. The Ni electrodes, at first,
polished electrochemically in concentrated HNO;
acid, then refurbished in a solution consists of
H2SO4, H3PO4 and citric acids (T = 293-303K, i =
50 A/dm?, T =180 sec.). Finally, Ni electrodes are
washed with distilled water.

RESULTS AND DISCUSSION

It is known that for codeposition of any two
components by the electrochemical method, at first,
kinetics and mechanism of deposition of these
components from the taken electrolyte and various
patterns should be studied separately. The
deposition process of both antimony [50, 51] and
selenium [52] from tartaric acid has been
investigated by our team. The electrochemical
cathodic reduction processes of both components
were studied; the optimal conditions were defined
and investigated of the codeposition process. The
kinetics and mechanisms of the electrochemical
deposition of antimony and selenium from tartaric
acid have been investigated separately. The cyclic
voltammetric polarizations of the codeposition
process of Sb and Se on Pt electrode were achieved
by the potentiodynamic method, as given in Fig. 1.
It seems from this figure, that codeposition process
of Sb and Se layers is mono-stage and occurs
within the potential range of -0.42 — (-0.7) V. The
transforming processes of SeOs> ions into Se’, then
of electroreduced into Se? ions occurred at a
potential starting from -0.42 V to 0.55 V [52].
After that, the obtained adsorbed Se? ions on the
electrode surface joined with Sh® ions in solution
forming Sb-Se thin films. As a result, it can be
noticed that the surface of the electrode is covered
with a black layer. After a potential of -0.7 V the
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hydrogen gas is released, therefore simultaneous
process has been studied up to this point of
potential.
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Fig.1. The cyclic polarization curve of the co-deposition
process of Sh-Se layers on the Pt electrode immersed in
an electrolyte consists of: 0.05 (mol/L) SbOCI + 0.05
(mol/L) H,SeOs + 0.007 (mol/L) C4HeOs, at T = 298 K,
and Ey =0.03 V/s.

The result of X-Ray Phase Analysis of the
electrodeposited Sh-Se layers on Pt electrode shows
that through the co-electrodeposition process, the
Sh,Ses; is obtained at these conditions. It is
observed that the electrodeposited thin layers of
Sh,Se; are black in color, and there is a strong
adhesion (2 point) between the substrate surface
and the obtained compound. Depending on the
condition of the electrochemical process, the
composition and quality of the obtained thin layers
are varied dissimilarly (Table 1).

As seen from Table 1, the quantity of
components in deposited layers increases statutorily
with increasing their concentration that included in
an electrolyte’s contents. Also, it is observed that
the color of layers is changed from golden-red to
dark black.

Table 1. The composition and quality of the obtained Sh-Se thin layers depending on the condition of the
electrochemical process

The composition of The composition of the Thermal
Ne solution, (mol/L) layer, mass % processing, The appearance of the layer
SbOCI  H2SeOs Sb Se T, K
1. 0.01 0.09 15.2 84.8 673 Golden-red, rough, amorphous
2. 0.05 0.05 62.26 37.74 723 Black-red, smooth, crystalline
3. 0.09 0.01 82.6 17.4 703 Dark black, crystalline, smooth
4. 0.01 0.09 23.7 76.3 293 Golden-red, smooth, amorphous
5. 0.05 0.05 48.27 51.73 293 Black-red, low crystalline, smooth
6. 0.09 0.01 70.7 29.3 293 Dark black, crystalline, rough

On the other hand, it can be noticed from Table
1 that the quantity of Sb is more in layers that are
exposed to thermal processing under argon
atmosphere. It looks like thermal evaporation of Se
after 673K temperature. The effect of different
factors  (temperature, the concentration of
components, the rate of potential and etc.) to co-
electrodeposition process of the semiconductive
Sh>Ses compound have been clarified [53].

The essential effective factor — the temperature
has been studied. The cyclic voltammetric
polarization curves via the potentiodynamic method
on the Ni electrode were given in figure 2. The
experiments were carried out within the range of
298-358 K. As is seen from the curves of Fig. 2, it
can be observed that with an increase in the
temperature, the deposition process accelerates. The
temperature increment stimulates obtaining of
crystalline layers. But this process continues up to
about 338-343 K temperature interval. Upwards of
343 K temperatures the quality, adhesion,
smoothness, composition, and crystallinity of
obtaining layers decrease.
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Fig. 2. The effect of temperature to co-deposition
process of Sb-Se layers on the Pt electrode. Electrolyte
composition (mol/L): 0.05 SbOCI + 0.05 H;SeOs; +
0.007 C4HeOs. 1- 298K, 2- 308K, 3- 318K, 4- 328K, 5-
338K, 6- 348K, 7- 358K. Ev = 0.03 V/s.

The effect of the other main factor —
concentration to the co-deposition process has been
studied by both potentiodynamic and galvanostatic
methods. Some of the outcomes were given in
Table 1. Results show that stochiometric
semiconductive layers are attained from 0.05 mol/L
concentration of both components.
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Table 2. The effect of temperature to co-deposition process of Sb-Se by electrochemical method according to the result
of SEM analysis. Electrolyte (mol/L): 0.05 SbOCI + 0.05 H2SeQ3 + 0.007 C4HgOs, Ev = 0.03 V/s.

Ne T, K The composition of The appearance of the layer
the layer, %
Sh Se
1. 308 27.25 72.75 Golden-red, amorphous, rough
2. 318 15.63 84.37 Reddish-black, small crystalline, rough
3. 328 18.57 81.43 Black, crystalline, smooth
4, 338 26.07 73.93 Dark-black, crystalline, smooth
5. 348 12.93 87.07 Dark-black, small crystalline, rough

Therefore, this concentration is optimal to get
Sh,Ses. As seen from Fig. 3, the cyclic polarization
curves of components within 0.025 - 0.09 mol/L
concentration interval were given. It is observed
from polarization curves that with increasing of
concentration of SbOCI in the electrolyte, the co-
deposition potential is displaced from - 0.72 V to -
0.38 V. It means that the co-deposition process is
displaced to the more positive region with
increasing of concentration.
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Fig. 3. The effect of the concentration of the components
on the co-deposition process of Sb-Se via
potentiodynamic method on the Pt electrode. Electrolyte
composition (mol/L): 1- 0.025 SbOCI + 0.075 H,SeOs +
0.007 C4Hg0s; 2- 0.05 SbOCI + 0.05 H,SeOs + 0.007
CsHeOs; 3- 0.075 SbOCI + 0.025 H,SeO3 + 0.007
C4HeOs; 4- 0.09 ShOCI + 0.01 H2SeOs + 0.007 C4HsOs,
at Ev = 0.03 V/s, and T=298K.

The effect of the scan rate of potential to the co-
deposition process has been also studied within
0.005-0.2 V/s interval (Fig. 4).

The experiment was carried out by
potentiodynamic method via recording the cathodic
polarization curves. From polarization curves, it is
obvious that the increase in the scan rate of
potential enables the co-deposition process to occur
in the more cathodic potential region. It is
important supremacy of the electrochemical
process.
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Fig. 4. The effect of the scan rate variation to the co-
deposition process of Sh-Se via potentiodynamic method
on the Pt electrode. Electrolyte composition (mol/L):
0.05 SbOCI + 0.05 H2SeOs + 0.007 C4HeOs; Ev (V/s): 1-
0.005; 2- 0.01; 3- 0.03; 4- 0.05; 5- 0.08; 6- 0.12; 7- 0.2.
T=298K.

Fig. 5. SEM and EDX of the electrodeposited thin-
layered Sh-Se on the Ni electrode. At the electrolyte
composition of 0.05 mol/L SbOCI + 0.05 mol/L H,SeOs
+0.007 mol/L C4HeOg at T= 338K.
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Fig. 6. X-Ray Phase Analysis of Sb-Se thin layers of the co-electrodeposited from electrolyte 0.05 mol/L SbOCI + 0.05
mol/L H2SeOs + 0.007 mol/L C4HeOg on the Ni electrode, at T= 298K.

As a result of the accomplished investigation,
the composition of electrolyte and electrolytic
condition for obtaining of thin layers of the Sb,Ses
compound by electrochemical method were
detected as follow: at the electrolyte composition of
0.05 mol/L SbOCI + 0.05 mol/L H,SeOs + 0.007
mol/L C4He¢Os, Ev = 0.03 V/s, and T= 298K. The
X-Ray Phase and SEM analysis of the obtained
Sh,Se; compound on Ni electrode confirmed that it
is close to stoichiometric composition. The
outcomes of this analysis were given in Figures 5
and 6.

CONCLUSIONS

The electrochemical deposition process of
semiconductive Sb-Se thin layers has been
investigated by  both  galvanostatic  and
potentiodynamic methods. The effects of the
different factors on the co-deposition process of Sb-
Se thin layers have been studied. The composition
of electrolyte and electrolytic condition for
depositing of these layers were typically
determined according to outcomes. The results of
X-ray Phase and SEM analysis indicate that the
electrodeposited compound with stoichiometric
composition (Sh.Ses) can be via the co-deposition
process at our optimal conditions.
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