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Abstract 
The work is devoted to the electrochemical deposition of Bi-Se thin films from ethylene 
glycol-based electrolytes. The studies have been carried out by potentiodynamic and 
galvanostatic methods under various conditions, using Pt and Ni electrodes. By recording 
cyclic and linear polarization curves, the potential ranges of deposition of thin Bi-Se films on 
Pt (-0.75 to -1.2 V) and Ni (0.2 to -0.85 V) electrodes were determined. A comparison of the 
polarization curves of two electrodes showed that co-electrodeposition of Bi and Se occurs 
in approximately the same potential range. In order to find the optimal mode and 
composition of the electrolyte, the effect of various factors (concentration of initial 
components, temperature, etc.) on the process of co-electrodeposition of Bi with Se was 
studied. In addition, the samples of Bi-Se thin films obtained on Ni electrodes using the 
galvanostatic method were studied by scanning electron microscope (SEM) and X-ray phase 
analysis. The results of X-ray phase analysis confirmed the formation of thin Bi2Se3 films with 
and without additional heat treatment step. Elemental analysis of obtained films carried 
out by EDS shows that films contained 62.79 wt.% Bi and 37.21 wt.% Se. 
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Introduction 

The use of thin semiconductor films is widespread in the modern world [1-5]. They are applied in 

various fields of technology, microelectronics, and electronics for the production of photoresistors, 

laser materials, optical recording devices, etc., and also in solar cells for energy production and 

storage [6-7]. Therefore, finding new promising and optimal methods and conditions for obtaining 

of semiconducting thin films is quite important task. 
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Bismuth selenide (Bi2Se3) is a layered semiconductor with a straight band gap 0.3-0.4 eV in the 

monocrystalline form and 0.9-2.3 eV in a thin film [8-10]. Bi2Se3 is important member of A2
VB3

VI 

family of compounds and has high absorption coefficient in the visible and near-infrared regions. As 

an important n-type chalcogenide, Bi2Se3 has many important characteristics such as high electrical 

conductivity [11], conspicuous thermoelectric property [12], photosensitivity [13], electrochemical 

property [8], and photoconductivity [14]. Besides, Bi2Se3 is a popular topological insulator [15-17] 

and has unique property of conducting surface states and isolated bulk states. 

Up to now, to synthesize Bi2Se3, numerous methods, such as pulsed magnetron sputtering, 

molecular beam epitaxy, organometallic chemical vapor deposition, hydrothermal deposition, 

sequential ionic layer absorption and reaction, chemical deposition, electrochemical deposition, etc. 

have been used [18-25]. Electrochemical obtaining of semiconductor chalcogenide films is enlarging 

day by day, mostly due to several advantages of the deposition method. These advantages include 

short deposition time periods and reasonable operation temperatures. Moreover, through the 

proper selection of electrolyte composition, various types of the alloy may be obtained, allowing 

also the covering of large and complex substrates. Also, the parameters that affect electrochemical 

deposition process can be easily controlled, carrying out the studied process in the strictly desired 

direction. Application of electrochemical deposition does not require complex instruments, devices 

and procedures, and is therefore considered economically beneficial.  

The present research aims to obtain thin films of semiconductor material Bi2Se3 by the 

electrochemical deposition method. Also, this work would be a certain continuation of our previous 

work about the electrochemical obtaining of chalcogenide compounds [2,4,26-31].  

Experimental 

The recording of potentiodynamic polarization curves was carried out using a potentiostat 

"IVIUMSTAT Electrochemical Interface", equipped with a computer programmed by the IviumSoft-

ware. During potentiodynamic experiments, a three-electrode electrochemical cell with a volume 

of 100 ml was used. As a working electrode, Pt wire with an area of 0.3 cm2 and a Ni-electrode with 

an area of 2 cm2 were taken. A saturated silver/silver chloride (Ag/AgCl/KCl) electrode was used as 

a reference electrode, and a Pt plate with an area of 4 cm2 was used as an auxiliary electrode. 

Experiments were performed at 313-323 K. 

The study of the morphology and determination of the elemental composition (energy dispersive 

spectroscopy, EDS) of the electrodeposited Bi-Se samples were carried out using the scanning 

electron microscope of Carl Zeiss Sigma brand (SEM). 

The phase composition of the obtained thin layers was determined using an X-ray phase D2 Phazer 

analyzer from a Bruker company, Germany (CuKα filter, Ni). The electrolyte used in the experiments 

was composed from 0.1 М Bi(NO3)3·5H2O (supplied by JSC Vekton, Russia) and 0.03 М H2SeO3 (suppli-

ed by LLC Reachim, Russia), dissolved in ethylene glycol (supplied by PJSC Sibur-Neftechim, Russia).  

Since Pt electrodes require periodic cleaning, before the experiments they were cleaned in 

concentrated nitric acid, and then rinsed with bi-distilled water. After each experiment, Pt electrode 

was kept for 30 minutes in the boiling nitric acid that contains a small amount of ferric chloride. 

After that, it was thoroughly washed with tap water, and then with distilled water. At the end, Pt 

electrode surface was rinsed with alcohol or acetone [32]. 

Ni electrodes were firstly polished electrochemically in the concentrated HNO3 acid, and then 

reduced in a solution consisting of H2SO4, H3PO4, and citric acids (T = 293-303K, i = 500 mA/cm2, 

τ = 180 s). At the end, they were thoroughly washed with distilled water [32]. 
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Results and discussion 

Electrodeposition of two components is more complex than deposition of individual com-

ponents, because co-deposition requires stricter control of the electrolyte composition and depo-

sition conditions. Therefore, prior to co-deposition experiments, it would be necessary to study 

deposition of initial components separately.  

Figure 1 shows cyclic polarization curves of Pt electrode in the pure electrolyte (ethylene glycol), 

electroreduction of individual components (Bi and Se), and co-electrodeposition of Bi with Se. In 

comparison with an aqueous electrolyte, reduction processes in non-aqueous media occur at more 

negative potentials and with lower currents [33,34]. This is due to very low electrical conductivity of 

non-aqueous solutions, what prevents rapid arrival of ions to the electrode surface. In pure ethylene 

glycol solution (curve 1), Pt electrode is in almost polarizable state, and ions are accumulated at the 

surface forming electrical double-layer. The reduction of selenite (SeO3
2-) ions to Se2- ions (curve 2) 

occurs in one stage with the observation of a cathodic plateau at potentials of -0.3 to -0.5 V, which 

should be assigned to the reduction of selenite ions. Electrochemical reduction of bismuth (Bi3+) ions 

(curve 3) occurs within the potential interval of -0.05 to -0.75 V. At the potential of -0.05 V, Bi3+ ions 

are reduced to Bi0, and the first trace of bismuth appears on the Pt surface and with increasing 

potential, in a more negative direction the deposition of Bi is accelerated, and Pt surface becomes 

covered with a black layer. 
 

  

  
Figure 1. Cathodic polarization curves (0.02 V s-1) of Pt electrode in: ethylene glycol (C6H8O7) (curve 1),  

0.03 M H2SeO3 +C6H8O7 (curve 2), 0.07 M Bi(NO3)3×5H2O + C6H8O7 (curve 3) and  
 0.07 M Bi(NO3)3×5H2O + 0.03 M H2SeO3 + C6H8O7 (curve 4); T = 298 K. 

Co-electrodeposition of bismuth with selenium (curve 4) from ethylene glycol on Pt electrode 

occurs within the potential range of -0.05 to -1.5 V in two stages. Starting from -0.05 V and down 

to -0.6 V, the electroreduction of Bi3+ ions occurs, while at about -0.6 V, co-deposition of Bi and Se 
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occurs. With further potential decrease down to -1.2 V, electrochemical deposition is accelerated, the 

current consumed for the process is increased, and the electrode becomes completely covered with 

a black layer. In comparison with deposition potentials of individual Bi (-0.05 V) and Se (-0.3 V), their 

co-electrodeposition occurs at more anodic potential of -0.6 V. 

The process of co-electrodeposition of bismuth with selenium has also been studied on a porous 

nickel electrode. From the comparison of cathodic polarization curves of Pt (Figure 1, curve 4) and Ni 

(Figure 2) electrodes in ethylene glycol containing Bi and Se ions, it is clear that co-electrodeposition 

of Bi and Se on Ni electrode occurs by forming the cathode plateau at potentials of -0.4 to -0.85 V. 

After determining the potential range of co-deposition, the effect of various factors on the 

process was studied by the potentiodynamic method to find the optimal electrolysis mode and 

electrolyte composition. As is already known, one of the main factors affecting the electrochemical 

process is temperature. The effect of temperature on the co-deposition process was studied in the 

range of 298-338 K.  
 

 
Figure 2. Cathodic polarization curve (0.02 V s-1) of 

co-deposition of Bi with Se on Ni electrode. 
Electrolyte composition (М):  

0.07 Bi(NO3)3×5H2O + 0.03 H2SeO3 + C6H8O7; Т = 298К. 

 
Figure 3. Cathodic polarization curves (0.02 V s-1) of 

co-deposition of Bi with Se on Pt electrode from 
ethylene glycol solution containing  

(0.07 M Bi(NO3)3×5H2O + 0.03M H2SeO3) at  
T/K = 298 (1), 308 (2), 318 (3), 328 (4), 338 (5). 

Cathodic polarization curves of the experiments shown in Figure 3 demonstrate that with 

increasing of temperature, the beginning of co-electrodeposition of bismuth with selenium is shifted 

positively to 0.0 V, while the current spent on the process increased up to -20 mA. 

The influence of the concentration of initial components was studied separately. The effect of 

the concentration of bismuth ions was investigated in the range of 0.05-0.11 mol/L, keeping the 

concentration of selenium ions constant. The research results are presented in Figure 4, showing 

that with an increase in the concentration of Bi ions, the potential of electrodeposition moved 

towards a positive direction. Also, with an increase in the number of bismuth ions in the electrolyte, 

co-deposition was accelerated, and the current consumed on the process increased. 

A similar situation is seen in Figure 5 showing cathodic polarization curves of co-electrodeposition 

process of Bi and Se for different concentrations of selenite ions at the constant concentration of 

bismuth ions. The influence of the concentration of selenite ions was studied in the range 0.018-0.054 

mol/L. As is seen from Figure 5, with an increase in the concentration of selenite ions, the process of 

co-deposition also accelerates. In this case, however, acceleration affects detrimentally onto 

stoichiometric composition and quality of the obtained thin layers. Hence, it has been determined by 
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experiments that thin films close to the stoichiometric composition are obtained at 0.07 mol/L 

concentration of bismuth ions and 0.03 mol/L concentration of selenite ions.  
 

 
Figure 4. Cathodic polarization curves (0.02 V s-1) of 

co-deposition of Bi with Se on Pt electrode from 
ethylene glycol solution containing 0.03 M H2SeO3 

and different concentrations of Bi(NO3)3×5H2O (M):  
0.05 (1), 0.07 (2), 0.09 (3), 0.11 (4); Т = 298 К. 

 
Figure 5. Cathodic polarization curves (0.02 V s-1) of 

co-deposition of Bi with Se on Pt electrode from ethy-
lene glycol solution containing 0.07 M Bi(NO3)3×5H2O 

and different concentrations of H2SeO3 (M):  
 0.018 (1), 0.03 (2), 0.042 (3), 0.054 (4); Т = 298 К.  

After determining the potential range and studying the influence of some factors on the process 

of co-deposition of thin Bi-Se films, the samples were deposited on Ni electrode in the galvanostatic 

mode at the current density of 9 - 10 mA/cm2.  

Figure 6 shows X-ray diffraction pattern, morphology, and elemental composition of the obtained 

Bi-Se film. 
 

  
Figure 6. (a) X-ray pattern, (b) morphology and (c) EDS spectrum of Bi-Se film formed on Ni electrode by  

co-deposition from ethylene glycol containing 0.07 M Bi(NO3)3×5H2O+0.03 M H2SeO3; Т = 298 К. 
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Using X-ray analysis, it has been established that Bi2Se3 thin films are obtained as a result of these 

experiments. The diffraction peaks observed in Figure 6a at 2 angles close to 18, 29, 38 and 

58, respectively are proper to rhombohedral Bi2Se3. Clear peaks observed at 2 45 and 52 

belong to Ni substrate.  

The size of grains is changed within a fraction of 1 to 5 microns that is shown in Figure 6b. The 

variation in the size of various grains is due to high porosity of Ni substrate that allows them to grow 

freely during deposition. The elemental content presented in Figure 6c indicates that the film mainly 

consists of Bi and Se, what demonstrates its chemical purity. EDS data show that film contains 

62.79 wt.% Bi and 37.21 wt.% Se. The presence of nickel atoms in the spectrum is due to Ni 

substrate. As is commonly seen from Figure 6, the results of freshly deposited film confirm the 

deposition of Bi2Se3 films.  

Figure 7 presents the results for the deposited film thermally treated at 673 K in argon medium 

for 30 minutes. X-ray pattern (Figure 7a), SEM image (Figure 7b) and EDS results (Figure 7c) show 

not much changes compared to Figure 6. It seems, however, that after the thermal treatment, Bi2Se3 

film becomes more crystalline. Therefore, depending on the field of application, thin semiconductor 

films of Bi2Se3 can be obtained by either heat treatment or without it. 
 

  
Figure 7. (a) X-ray pattern, (b) SEM image and (c) EDS spectrum of Bi2Se3 thin film presented in 

Figure 6 after heat treatment at 673 K. 

Conclusion 

Electrochemical co-deposition of bismuth and selenium on Pt and Ni electrodes from ethylene 

glycol was investigated by the potentiodynamic method. Co-deposition of bismuth with selenium 

from ethylene glycol on Pt electrode occurs at the potential -0.6 V. On Ni electrode, co-deposition 

is carried out with a cathode plateau formed in the potential range of -0.4 to -0.85 V. To find the 
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optimal mode and composition of the electrolyte, the influence of various factors (concentration of 

initial components, temperature, etc.) on the co-deposition process was studied. According to the 

experimental results, the electrolyte with the composition of 0.07 Bi (NO3)3×5H2O +  

+ 0.03 H2SeO3 + C6H8O7 and T = 298 K can be used to obtain thin films of Bi2Se3 with a composition 

close to the stoichiometric ratio.  

The deposits were also exposed to thermal treatment at 673 K in argon atmosphere.  For both 

fresh and thermally treated samples, formation of thin Bi2Se3 films was confirmed. Films that 

undergone thermal treatment, however, was found more crystalline. 
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