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Abstract. A number of studies have shown that tellurides are optimal semiconductor materials
for use in thermoelectrics and in the fabrication of memory devices. In this study, antimony telluride,
a widely used tellurium compound, was synthesized via electrochemical deposition from a citric acid-
based electrolyte. Antimony telluride co-deposition was performed electrochemically, yielding thin
films. The kinetics and formation mechanism of thin and nanostructured antimony telluride layers
were studied using an IVIUMSTAT Electrochemical Interface potentiostat. The polarization pattern
was analyzed, and it was established that the process occurs under concentration polarization
conditions. The polarization pattern was examined using linear and cyclic polarization curves.
Electrolytic solutions of varying concentrations were used, and it was found that homogeneous films
with a stoichiometric composition and a smooth surface are formed from a solution with a 1:1
component ratio. The effect of electrolyte temperature on the reduction process was also studied. It
was shown that as the electrolyte temperature increases, the reduction rate increases and films with
different surface morphologies are formed. The most effective films were obtained at a temperature
of 350 K. At higher temperatures, deterioration in adhesion and the formation of films with uneven
surfaces are observed. The composition of the films obtained at the selected optimal electrolyte
concentration was confirmed by X-ray phase analysis. It was found that the atomic ratio of elements
in the composition of the obtained films is close to stoichiometric and corresponds to the compound
Sb.Tes. Images of the film surface structure were obtained using a scanning electron microscope
(SEM), confirming the nanostructured nature of the particles forming the film.
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Annomayus. Tlo pesynpraraMm psiia UCCIIEAOBAaHUH YCTAHOBJICHO, YTO TEJLTYPHIIbI SIBIISIOTCS
ONTUMAJIBHBIMU  TIOJIYIIPOBOJAHUKOBBIMM ~ MaTe€pHajaMH Ui HCIOJIIb30BaHHS B KaueCTBE
TEPMOIJIEKTPUUECKUX MATEpUaAIOB U TPU H3TOTOBJICHHHM YCTPOWCTB NaMATH. B mpeacraBieHHON
paboTe CHHTE3 TeN JypHla CypbMbI- OJHOTO M3 IIMPOKO NPUMEHSEMBIX COCIAWHEHHH TeJuTypa
OCYIIECTBIEH METOJOM 3JICKTPOXMMUYCCKOTO OCAXKICHUS U3 DJICKTPOJIUTA HAa OCHOBE JIMMOHHOM
KHUCIOTHI. [Ipoliecc COBMECTHOTO OCaXIEHUS TEUTypH/Ia CypPbMbI IIPOBOAMIICS SIIEKTPOXUMHUECKUM
METOJIOM, B pe3yibTare ObUTH MOJY4YeHbl TOHKWE IUIEHKHM. KuHeTHKa M MexaHu3M 00pa3oBaHUs
TOHKHX M HAaHOCTPYKTYPUPOBAaHHBIX CIIOEB TEJUTYpPHJIa CYpPbMbI HCCIICJOBAHBI C WCIIOJIb30BAaHHEM
noteHimoctata IVIUMSTAT Electrochemical Interface. M3yden xapakrep mnonspuzanuu u
YCTaHOBJICHO, YTO MPOILECC MPOTEKAET B YCIOBHSX KOHIICHTPALIMOHHOM MOJSApPU3ALUU. XapakTep
MOJISIPU3ALUHI aHATM3UPOBAJICS C TIOMOUIBIO IMHEHHBIX M IUKINYECKUX MOJIIPU3AIIMOHHBIX KPUBBIX.
Vcronb30Baiuch IEKTPOTUTHYECKUE PACTBOPHI Pa3IMYHON KOHIICHTPAIIUU, H YCTaHOBIICHO, YTO U3
pacTBopa C COOTHOIICHHEM KOMIIOHEHTOB 1:1 dopMupyroTcs OJHOPOAHBIE TUIEHKH CO
CTEXHOMETPHUYECKAM COCTAaBOM M IJIAJIKOW MOBEPXHOCTHIO. TakKe WCCIIEOBAaHO BIIMSHUE
TEeMIepaTypel AIEKTPOJIMTAa Ha TNpolecc BoccTaHOBIeHHsS. [loka3aHo, 4YTO ¢ yBEIHMYCHHEM
TEeMIIepaTypbl 3JICKTPOJIUTA CKOPOCTh IpOIlecca BOCCTAHOBICHHS BO3pacTacT M (HOPMUPYHOTCS
MIEHKH C pa3auyHord Mopdosorueii moBepxHocTtu. Hawmbonee sddekTuBHbIC TUIEHKH ObLIH
nosryuensl pu Temneparype 350 K. [Ipu Gonee BbICOKMX Temrieparypax HaOI0faeTcsl yXy/IleHne
aare3ur U oOpazoBaHME TUIEHOK C HEPOBHOW MOBEpPXHOCTHIO. COCTaB IMJIEHOK, MONyYEHHBIX MpPU
BBIOPAHHOM ONTHMAIBHON KOHIICHTPALIUHU JICKTPOIUTA, MOATBEPKIEH METOJOM PEeHTIeHO(])a30BOr0
aHayin3a. YCTAHOBIIEHO, YTO aTOMHOE COOTHOIICHHE 3JIEMEHTOB B COCTaBE IMOJIYYEHHBIX IIEHOK
OMM3KO K CTEXHOMETPUYECKOMY M COOTBETCTBYET coequHEHHI0 Sb.Tes. M300paxeHus CTpyKTypshI
MOBEPXHOCTH IJIEHOK OBUIM TOJyYeHBI C MOMOIIBI0 CKAaHHPYIOIIEr0 3JIEKTPOHHOTO MHKPOCKOIIA
(SEM), uTo moATBEpAMUIIO HAHOCTPYKTYPHBINA XapakTep YacTull, GOPMUPYIOIINX MIEHKY.

Knrouesvie cnosa: SJICKTPOXUMHUYCCKOC BOCCTAHOBJICHUC, OJICKTPOJIUT, MOJApU3alMs,
IMMOJIYIIPOBOJAHHK, TOHKAA IJICHKA.

Keywords: electrochemical reduction, electrolyte, polarization, semiconductor, thin film.

In recent years, global demand for sustainable and environmentally friendly energy sources has
significantly increased. Considerable attention has been directed toward thermoelectric devices
capable of generating electrical energy from municipal waste and biomass sources. The fabrication
of thermoelectric systems based on thin and nanoscale films is of great importance; reducing film
thickness enhances the manipulation of constituent components and improves conversion efficiency.
Compared with conventional thermoelectric materials, thin-film-based devices exhibit reduced
thermal losses and greater flexibility in fabrication [1].

Compared to bulk materials, thin-film structures exhibit more pronounced temperature
gradients under identical thermal conditions, making them particularly attractive for high-efficiency
thermoelectric devices. By reducing film thickness and controlling surface distribution, properties
such as thermal conductivity, the Seebeck coefficient, and electrical conductivity can be effectively
tuned [2].

Sb.Tes is a narrow bandgap semiconductor with potential applications in thermoelectric energy
conversion devices, memory devices, optical data storage media, and as an ohmic contact in
CdS/CdTe thin-film solar cells [1-10].
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Due to its excellent thermoelectric properties at room temperature, various studies have been
conducted on the application of Sb.Tes thin films in thermoelectric devices such as thermal sensors
and micro-coolers [1-5].

It is known from the literature that, depending on the synthesis conditions and method, Sb.Te:s
thin films may exist in different phase states, either crystalline or amorphous. Crystalline phases have
been synthesized by laser epitaxy at room temperature [7], by electrochemical reduction deposition
at room temperature [11], by electrochemical deposition at 100°C [10, 12], and by metal—organic
chemical vapor deposition at 450°C [3].

The amorphous state is obtained at room temperature by evaporation or electrochemical
reduction [5, 12].

The thermoelectric properties of Sb2Tes films, such as the Seebeck coefficient and electrical
resistance, vary depending on their phase state [5].

With a higher Seebeck coefficient than the crystalline state [5], the amorphous state of SboTes
films is considered useful for certain applications, such as thin-film sensor devices. Since amorphous
SboTes films transform into the crystalline phase at high temperatures [6-8], it is advisable to increase
their thermal stability to prevent thin-film crystallization during sensor processing.

GexSbaTes thin films are the most widely used materials for phase-change memory, rewritable
compact discs, and digital versatile discs. Despite their low crystalline resistance and high melting
temperature, they have the drawback of requiring a high reset current [6, 7].

SboTes films have a low melting temperature and a high crystallization rate. However,
amorphous Sb>Tes has poor thermal stability; therefore, to ensure data retention for phase-change
memory applications, it is important to increase its crystallization temperature [6, 7].

For this purpose, the development of new synthesis methods is required. Various studies have
been carried out to increase the crystallization temperature of Sb,Tes films synthesized by different
chemical methods [6-8].

However, little work has been done to improve the thermal stability of Sb,Tes films synthesized
electrochemically in electrolyte media. Although various processing methods are used for the
preparation of Sb2Tes thin films, the electrochemical method is more attractive because it is a fast and
inexpensive process [11, 12].

In this study, a new electrolyte was selected to obtain Sb,Tes thin films by electrochemical
reduction, and the characteristics of the resulting films were investigated.

Methodology and Experimental part

In the present study, the effects of solution concentration and electrolyte temperature on the
synthesis process during the electrochemical synthesis of antimony telluride (Sb>Tes3) as the active
material were investigated. For the electrochemical reduction of antimony ions, a citric acid solution
of antimony oxychloride was used as the electrolyte. First, citric acid (C¢HsO7) crystals were
dissolved in the required amount of distilled water. For the reduction of tellurite ions, a solution of
tellurium dioxide in sodium hydroxide was prepared. The citric acid solution containing antimony
ions and the alkaline solution containing tellurite ions were mixed. Sulfuric acid was added to the
solution to limit the hydrolysis of antimony ions in the alkaline medium. Hydrazine hydrate was
added to accelerate the reduction of tellurite ions. The electrochemical reduction process was carried
out at constant potential and constant current. Solutions of different concentrations were prepared for
the reduction of each ion, and each solution was electrolyzed at different temperatures. During the
reduction process, polarization curves were recorded using a computer-controlled IVIUMSTAT
Electrochemical Interface potentiostat, and the kinetics of reduction depending on concentration and
temperature were studied. The reduction process was carried out on copper and nickel electrodes. A
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silver/silver chloride (Ag/AgCl) electrode was used as the reference electrode. Since citric acid is a
tricarboxylic acid (Cs¢HgO7), the hydrolysis of antimony ions is sufficiently limited. During
electrolysis, the temperature of the electrolyte solution was controlled by a UTU-4 universal
ultrathermostat. The electrolyte solutions were prepared with the composition 0.05 mol/L. SbOCl + 3
mol/L C¢HgO7 + TeO2 + 0.05 mol/L NaOH, and the concentrations of the main components in the
electrolyte were varied.

Results and discussion

During the research, it was found that when two or more different ions are co-precipitated, they
form compounds with different compositions. Depending on the selected conditions, these can be
chemical compounds, solid solutions, or simply a mechanical mixture of the components. It is well
known from the literature that the concentration and temperature of the electrolyte solution
significantly affect the electrochemical co-precipitation of the components. This was one of the points
that drew our attention in our research. During the electrochemical deposition of antimony telluride
thin and homogeneous films, the effect of the concentration and the temperature of the electrolyte
solution was studied.

First, let’s examine the effect of the electrolyte solution concentration on the reduction process.
The reduction of antimony ions was carried out in several electrolyte solutions. To study the kinetics
of the electrochemical processes, linear polarization curves were obtained using a potentiostat with
the Iviumsoft program (Figure 1). From these polarization curves, it is evident that although changing
the concentration does not cause a sharp difference in polarization, there are certain changes in the
structure of the deposited films that correspond to these curves. As shown by the polarization curves,
the concentration intervals of the components were modified in various proportions, and the surface
morphologies of the films corresponding to these curves also differed.
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Figure 1. The effect of component concentrations on the co-deposition process of Sb-Te layers obtained
by potentiodynamic method. Electrolyte (mol/l): 1 - 0.025 SbOCI +0.075 TeO,+3 C¢HsO7+0.05NaOH; 2 -
0.075 SbOCI + 0.05 TeO; + 3 C¢HsO7+0.05NaOH; 3 - 0.075 SbOCI + 0.025 TeO; + 3 CsHsO7 + 0.05 NaOH;
4 - 0.05 SbOCI + 0.05 TeO, + 3 C¢HsO7 + 0.05 NaOH

The films obtained from solutions with lower concentrations of antimony ions and relatively
higher concentrations of tellurite ions were observed to have a non-smooth surface. However, the
films corresponding to the fourth curve shown in the figure were evenly distributed on the surface
and were homogeneous. In these curves, the concentrations of antimony and tellurite ions are equal.
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This can be explained by the fact that the reduction of antimony ions on the surface is not stable.
It is known from the literature that the reduction of tellurite ions proceeds in a stepwise manner, in
two or three stages. This process can be assumed to follow the equations below:

Tet+4+2e=Te+2
Tet+2 + 2e =Te0

This process occurs at a relatively low electrode potential, E° = +0.55 V. Since the reduction
potential of the deposited Te® is E° = +0.42 V, which is slightly lower than the reduction potential of
tellurium, but not significantly different, we can conclude that a co-reduction process is taking place.
After the reduction processes occurring on the electrode surface, the formation of redox pairs,
meaning the oxidation and reduction processes between antimony (Sb) and tellurium (Te), can be
assumed. At the same time, a citric acid solution can be considered an optimal medium for the co-
reduction of antimony and tellurite ions. During co-precipitation, thin and homogeneous films with a
smooth surface morphology were obtained from an electrolyte solution containing 0.05 mol/L SbOCI,
0.05 mol/L TeO, 3 mol/L C¢HgO7, and 0.05 mol/L NaOH.

The surface morphology of the obtained films was studied, and it was found that the distribution
and homogeneity of the films' surfaces varied. The dependence of the quantity ratio of the components
in the electrochemically synthesized antimony telluride thin films on concentration was examined
and is shown in the table. According to the table, the films obtained from a 0.05:0.05 ion concentration
ratio were closer to the stoichiometric composition and met the Sb,Tes stoichiometric formula. To
improve the semiconductor properties of the obtained films, crystallization was required. For this
purpose, the films were crystallized in a quartz furnace under an argon atmosphere.

Table
THE COMPOSITION AND QUALITY OF THE OBTAINED Sb-Te
THIN FILMS DEPENDING ON THE ELECTROCHEMICAL DEPOSITION CONDITIONS

Solution Composition Film Composition Thermal Film Appearance
(mol/l) (mass %) Treatment, T (K)

SbOC1 0.025, TeO, 0.075 Sb 15.2, Te 84.8 673 Silver-like, non-smooth,
amorphous

SbOC1 0.075, TeO, 0.050 Sb 62.26, Te 37.74 723 Black, relatively smooth,
crystalline

SbOC10.075, TeO, 0.025 Sb 82.6, Te 17.4 703 Dark black, crystalline, non-
smooth

SbOCI1 0.050, TeO, 0.050 Sb 38.76, Te 61.24 293 Gray metallic shine, smooth,
crystalline

The surface morphology of the films was studied using scanning electron microscopy (SEM),
and it was determined that the films were nanostructured (Figure 2). It was found that the films
obtained with a 0.05:0.05 ion concentration ratio were evenly distributed over the electrode surface.
To improve the films' adhesion, a small amount of gelatin was added to the electrolyte solution.

The effect of the electrolyte solution temperature on the reduction process for obtaining
antimony telluride films was also studied. The effect of temperature was investigated at 0.05:0.05 ion
concentrations of antimony and tellurium. The electrolyte solution temperature was varied within the
range of 298-358 K. To study the kinetics of the reduction process, polarization curves were
constructed (Figure 3).
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Figure 2. SEM image of the layers obtained on the Ni electrode. The composition of the electrolyte is
0.05 mol/L SbOCI + 0.05 mol/L TeO2 + 3 mol/L CsHsO7 + 0.05 mol/L NaOH

100

-100

Current

-200

-300

400_|_{

-0.87 :-,,,,,;)1” —= = 2
0 O 6
-0.4 . Gl

0.2 2

Potential* Y index

Figure 3. Polarization curves showing the effect of temperature on the co-deposition of Sb-Te layers on
a Ni electrode. Electrolyte (mol/L): 0.05 SbOCI + 0.05 TeO- + 3 C¢HsO7 + 0.05 NaOH. Scan rate = 0.02 V/s.
1-298K,2-308K,3-318K,4-328K,5-338K,6-348K,7-358K
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As shown in the figure, at 298 K, the co-precipitation of Sb-Te films occurs at a potential of -
0.6 V, while at 358 K, it occurs at -0.36 V. This indicates that increasing the temperature promotes the
co-precipitation process, making it easier. The color of the obtained samples changes from silver-gray
to black. Higher quality coatings are obtained in the temperature range of 338-348 K. At temperatures
above 348 K, the quality of the films deteriorates and they begin to peel off the electrode surface.
Experimental results have shown that the films obtained from an electrolyte solution at 348 K are
more stable and homogeneous. The composition and homogeneity of the films were confirmed by X-
ray structural analysis (Figure 4).
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Figure 4. Surface morphology of electrochemically synthesized Sb.Tes thin films: (a) low-magnification
surface morphology, (b) high-resolution surface morphology, and (c¢) X-ray analysis of the elemental
composition of the synthesized Sb.Tes nanoparticles. Electrolyte composition: 0.05 mol/L SbOCI + 0.05 mol/L
TeO: + 3 mol/L CsHsO- + 0.05 mol/L NaOH; electrolyte solution temperature: 348 K

It was concluded that the antimony telluride semiconductor thin films obtained from an
electrolyte containing 0.05 SbOCI, 0.05 TeO, 3 CsHsO7, and 0.05 NaOH at a solution temperature
of 308 K are closer to the stoichiometric composition and consist of nano-sized particles. This
electrolyte solution can be considered the optimal condition for obtaining Sb>Te; nanostructures.
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