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Electrodeposition of Mo-Se thin films and influence of the main factors on their
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The effects of electrolyte composition and electrolysis regime on the composition of MoSe2 thin semiconductor films
electrodeposited from an aqueous electrolyte containing Na2MoO4, H2SeQs, and tartaric acid were studied. The results
show that with an increase in the concentration of H2SeO3s, the amount of molybdenum in the obtained films decreases.
An increase in the electrolysis time differently affects the composition of the deposited films depending on the current
density. An increase in the electrolyte temperature, current density, concentration of Na2MoOs, and tartaric acid has a
positive effect on the rise of the molybdenum content in the composition of thin films. Using the information gathered,
the optimal electrolyte composition and electrochemical deposition technique were determined in order to produce thin

films of MoSe:2 with stoichiometric composition.
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INTRODUCTION

Molybdenum dichalcogenides are
semiconductors that act as efficient electrodes in
preparing photoelectrochemical solar cells. In them,
ecach layer formed by molybdenum and
dichalcogenide atoms is bound by a covalent bond
and located in a hexagonal lattice which in the
horizontal direction is similar to the structure of
graphene. Furthermore, these substances are
regarded as layered materials with strong covalent
bonding having weak van der Waals interactions
between layers.

Obtaining such semiconductors in the form of
thin films is extremely important since the use of
thin-film  materials reduces the material
consumption of devices for various purposes.

Compared with MoS:2 [1], MoSe:2 has not caught
as much attention, but it also exhibits interesting
properties including a direct band gap (1.55 eV) and
higher optical absorption [2-5]. MoSe: is the only
molybdenum chalcogenide that exhibits solid-state
cell efficiencies greater than 6%. Its properties make
it useful for applications in field-effect transistors
(FET), memory devices, photodetectors [6], solar
cells [7], electrocatalysts for hydrogen evolution
reactions [8], and lithium-ion batteries. The main
advantage of these semiconductors is the prevention
of corrosion, in other words, phototransistors are
associated with the nonbonding d—d orbital of Mo
atoms [9].
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MoSe> is obtained by chemical deposition,
hydrothermal synthesis, chemical vapor deposition
(CVD), electrodeposition, atomic layer deposition
(ALD), molecular-beam epitaxy (MBE), pulsed
electrodeposition (PED) [10-18], etc. Compared to
the above, the electrochemical deposition method is
relatively simple and very economical [19-23]. Its
use does not require expensive equipment (including
vacuum equipment) and high-temperature annealing
operations are excluded. In addition, the method is
very environmentally friendly, has high selectivity,
and allows deposition on electrode substrates with
complex shapes and large sizes. Electrodeposition in
potentiostatic or galvanostatic mode makes it
possible to obtain thin-film structures.

Thus, the goal of this work is to study the kinetics
and mechanism of co-electrodeposition of
molybdenum  with selenium from tartrate
electrolytes, the influence of various factors on the
composition and quality of the obtained Mo-Se thin
films.

EXPERIMENTAL

Cyclic polarization curves were recorded using
an IVIUMSTAT  electrochemical interface
potentiostat to study the kinetics and mechanism of
the process of co-electrodeposition of molybdenum
with selenium. In this case, a glass three-electrode
electrochemical cell with a volume of 100 ml was
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used. A nickel plate with an area of 2 cm” was used
as a working electrode. The reference electrode was
a silver chloride electrode, and the auxiliary
electrode was a platinum plate with an area of 4 cm”.

The salt of tartaric acid was dissolved in
redistilled water for the preparation of the
electrolyte. Then, Na2MoO4x2H20 (chemically pure
grade, Qualikems Fine Chem Pvt. Ltd., India) and
H2SeOs (analytical grade, OOO “Reachem”, Russia)
were separately dissolved in the prepared aqueous
solution of tartaric acid. The electrolyte has the
following composition: (0.15 - 0.27) M Na:MoOs x
2H20 +0.007 M C4HeOes (tartaric acid) and (0.00625
- 0.00125) M H2SeOs3 + 0.007 M CsHeOe.

X-ray diffraction measurement (XRD) of the
obtained thin layers was carried out using a
diffractometer "D2 Phaser" from Bruker (filter
CuKa, Ni). The studies of the morphology, relief,
and determination of the elemental composition of
the electrodeposited Mo-Se samples were carried out
by energy-dispersive X-ray spectroscopy (EDX)
using “Carl Zeiss Sigma” scanning electron
microscope (SEM), as well as by a photocalorimetric
method [24].

Prior to the experiments, the surface of Ni
electrodes was mechanically ground, treated with
dilute

HNOs:; for 30 sec to remove oxide layers,
immersed in alcohol or acetone, and finally washed
with redistilled water. Electrochemical polishing of
the Ni electrodes was carried out in a solution
consisting of 55 ml of H2SO4, 55 ml of H3PO4, and
50 ml of H20 (T = 293-303K, i = 50 A/dm?, =180
s), after which the electrodes were rinsed with
redistilled water [25]. Electrochemical deposition
was carried out in both galvanostatic and
potentiostatic modes.

RESULTS AND DISCUSSION

We have previously studied the mechanism and
kinetics of the process of electroreduction of
molybdate and selenite ions on a Pt electrode [26,
27].

At first, the potentiodynamic polarization curves
of the initial components of the test electrolyte were
recorded to determine the potential range for the co-
deposition of molybdenum with selenium on the Ni
electrode (Figs. 1, 2).

In Fig. 1, starting from a stationary potential of
-0.13 V, a plateau is observed in the potential range
of -0.13-(-0.45) V, where electroreduction of
molybdate ions occurs according to the Mo (VI) —
Mo (IV) - Mo (II) scheme. In the plateau part (1),
electroreduction of Mo (VI) ions to Mo (IV) occurs,
and in (2), electroreduction of Mo (IV) to Mo (II)

takes place. After -0.45 V, reduction of Mo (II) to
Mo (0) occurs. On the reverse direction of the cyclic
polarization curve, Mo (0) is oxidized to Mo (IV)
and Mo (VI) (peaks 3 and 4), respectively.
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Fig. 1. Cyclic polarization curve of electroreduction of
molybdate ions on Ni electrodes. Electrolyte (M): 0.18
Na:Mo0O4x2H20 + 0.007 C4HsOs; T=298K, Ev=0.04 V/c.
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Fig. 2. Cyclic polarization curve of electroreduction of
selenite ions on Ni (a) and Ni/Se (b) electrodes.
Electrolyte (M): 0.005 H2SeOs + 0.007 C4HeOs; T=298K,
Ev=0.04 V/c.

Starting from a stationary potential of 0.24 V, we
studied the electroreduction of selenite ions on the
surface of Ni (Fig. 2a) and Ni/Se (Fig. 2b),
respectively. By studying the mechanism of
electroreduction of selenite ions on the Ni electrode
it was found that reduction to the selenide ion occurs
up to -0.65 V. After -0.65 V, we assume that nickel
selenide is formed. Since the formation of Ni-Se is
not our goal, we have not studied this in more detail.
On the Ni/Se surface (Fig. 2b), the selenite ion is
stepwise electroreduced and, besides the above
steps, a plateau is observed in the potential intervals
-0.05 - (-0.4) V, which indicates the electroreduction
of selenite ions to selenium.
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The polarization curves of the co-
electrodeposition of Mo and Se are shown in Fig. 3.
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Fig. 3. Cyclic polarization curve of electrodeposition
of thin Mo-Se films on Ni electrodes. Electrolyte (M):
0.18 Na2MoO4x2H20 + 0.005 H2SeOs + 0.007 C4HesOs;
T=298K, Ev=0.04 V/c.
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As is seen from the figure, on the surface of the Ni
electrode, co-deposition occurs in one step in the
potential range of 0.03 - (-1.0) V, starting from a
stationary potential. A peak starting from -0.4 V and
extending to -0.65 V appears on the curve
corresponding to Mo-Se co-deposition. Starting
from -0.4 V potential, molybdenum and selenium are
immediately deposited together due to the formation
of Se* ions in the electrolyte.

The small anodic peak appearing in the 0.1 V
zone is related to the reduction of selenite ions. The
investigation of the samples obtained on the Ni
electrodes by the X-ray phase method, potentiostatic
(carried out at -0.58 - (-0.63) V potentials), and
galvanostatic (carried out at a current density of 12.5
mA/cm?) deposition also proves the above (Fig. 4a).
In addition, the results of EDX analysis indicate the
deposition of both components (Fig. 4c).
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Fig. 4. X-ray diffraction pattern (a), morphology (b) and energy dispersive spectrum (elemental composition) (c) of
thin MoSe: films deposited from electrolyte (M): 0.18 Na2MoO4x2H20+0.005 H2SeO3+0.007 C4HsOs; T=298K, time of

electrolysis 26 h.
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Compared to the reference map (PDF 00-029-
0914) of MoSez, all reflections correspond to planes
connected with the 2H-MoSe2 phase, also called
drysdallite [28]. Diffraction peaks (002), (004),
(100), (102), (103), (006), (105), (110), (008), (203),
(116) observed on the X-ray diffraction pattern (Fig.
3a) at 20 angles close to ~ 14 °, ~28 °, ~32 °, ~ 34
°,~38° ~42° ~47° ~53° ~56° ~57°,~66
°,~70°, and ~ 72 °, respectively, are characteristic
of the hexagonal structure of MoSe2. The distinct
peaks observed at 20, 44.5°, and 52° belong to the Ni
substrate. Here, the deposited MoSe2 thin films are
oriented parallel to the substrate [29-31]. This is the
preferred orientation for solar cell applications
because perpendicular orientation to the substrate
causes high resistance.

Fig. 4(b) shows the morphology of the surface
obtained by SEM. The figure demonstrates the
uniform deposition of thin Mo-Se films on the
electrode surface, resembling flowers with
noticeable porosity. In addition, the grain size
changes with time. For example, in 19-h samples,
grains with a size of 40-50 um are observed, and in
25-26-h samples the grain size is up to 100 pm. They
are homogeneous with a small amount of Se [32, 33].

According to the results of the EDX analysis (Fig.
4c), the films mainly consist of Mo and Se. As is
known, the study of the kinetics and mechanism of
an electrochemical process plays an important role
in the further research of the films.

Finding the potential region of the co-deposition
of molybdenum with selenium gives us the
opportunity to study the influence of some main
factors (concentration of the initial components,
temperature, current density, and electrolysis time)
on the composition of the obtained films for
determination of the optimal electrolyte composition
and electrolysis mode. For this purpose, samples of
thin films were obtained on Ni electrodes by
galvanostatic electrodeposition.

Fig. 5 shows the dependence of the molybdenum
content in the obtained thin films on the current
density at different concentrations of the initial
components within the range of 5-15 mA/cm?
current densities.

The results obtained by SEM and
photocalorimetric analysis show that thin films with
a composition close to stoichiometry are formed
from all the above-mentioned electrolytes at
different current densities. However, higher-grade
films are deposited from an electrolyte with the
composition 0.18 Na2MoOas x 2H20 + 0.005 H2SeO3
+0.007 C4HeOs at a current density of 12.5 mA/cm?.
In this case, the amounts of molybdenum and
selenium in the deposits are 35.3 % and 64.7 %,

respectively (stoichiometric composition: 37.8% Mo
and 62.2% Se).

Despite the fact that with an increase in the
current density up to 15 mA/cm?, the content of
molybdenum in the deposits increases to 50%, both
the uniform deposition and the adhesion of the films
to the electrode surface deteriorate, and, as a result,
the obtained deposits are covering the bottom of the

electrochemical cell.
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Fig. 5. Dependence of the molybdenum content in
electrodeposited thin films on the current density. T =
298K, electrolyte (M): 1. 0.15 Na2MoO4x2H20 + 0.00625
H2SeOs+ 0.007 C4HsOes; 2. 0.18 Na2MoO4x2H20 + 0.005
H2SeOs + 0.007 CsHoOs; 3. 0.24 NazMoQOsx2H20 +
0.0025 H2SeOs3 + 0.007 C4HsOes; 4. 0.27 Na2MoOasx2H20
+0.00125 H2SeO3+ 0.007 C4HsOs
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Fig. 6. Dependence of the molybdenum content in
electrodeposited thin films on the concentration
Na:MoOsx2H20 (a), H2SeOs (b) and CsHsOs (c) in
electrolyte (M): Na:MoOs x 2H20+H2SeOs3+ CsHeOes.
Current density (mA/cm?): 1-5.0; 2-7.5; 3— 10.0; 4- 12.5;
5-15.0. T=298K.
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The effect of the concentrations of the main
components (NaxMoQO4x2H20; H2SeOs3; CsHsOs)
constituting the electrolyte was studied separately.
The concentration of Na2MoQO4 x 2H20 was 0.15 -
0.27 M, that of H2SeO3 1.25 x 107 —6.25 x 107 M,
and of CaHeOs 10 — 7 x 10° M (Fig. 6). As is seen
from Figs. 6 (a) and (c), an increase in the
concentration of NazMoOs x 2H20 and CsHsOs in
the electrolyte positively affects the composition and
quality of the obtained deposits, which cannot be
said about H2SeOs3. With an increase in the
concentration of H2SeOs in the electrolyte, the
molybdenum content in the deposits noticeably
decreases: from 46.9 % to 39.6 % at 15 mA/cm?, and
from 24.8 % to 14.8 % at 5 mA/cm®. A composition
close to the stoichiometric is observed at 0.005 M
concentration and at 12.5 mA/cm® current density
(Fig. 6b). With an increase in the concentration of
tartaric acid in the electrolyte from 0.001 to 0.007 M,
the molybdenum content in semiconductor thin films
increases depending on the current density: from
22.5 % to 25.4 % at 5 mA/cm?, and from 32.8 % to
38.5 % at 15 mA/cm?.
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Fig. 7. Dependence of the molybdenum content in thin
films on the temperature of the electrolyte. Electrolyte
(M): 0.18 NaxMoOs x 2H20 + 0.005 H2SeOs + 0.007
C4HsOe. Current density (mA/cm?): 1-5.0; 2- 7.5; 3- 10.0;
4-12.5;5-15.0

The effect of the electrolyte temperature on the
molybdenum content in the obtained thin films was
studied in the range of 298-338 K. With an increase
in the electrolyte temperature, no intensive change in
the proportion of molybdenum in the composition of
the cathode films is observed (Fig. 7). A slight
increase in the molybdenum content from 35.3 to
41.6 % occurs at an optimal current density of 12.5
mA/cm?. The quality, adhesion, and stoichiometry of
the electrodeposited films deteriorate with
increasing temperature. Therefore, to obtain a
uniform, crystalline film with good adhesion, the
optimal temperature was chosen as 298 - 308 K.
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Fig. 8. Dependence of the molybdenum content in thin
films on the time of electrolysis. Electrolyte (M): 0.18
NaxMoOs x 2H20 + 0.005 H2SeO3 + 0.007 C4HsOe.
temperature 298 K; current density (mA/cm?): 1- 7.5; 2-
12.5; 3- 15.0.

The results of studying the effect of the
electrolysis time on the co-electrodeposition of
molybdenum and selenium are shown in Figure 8.
As is seen from the figure, at low current densities,
the amount of molybdenum in the deposited films
sharply increases on increasing the electrolysis time.
This also occurs on increasing the current density.
But after 24-28 h of electrolysis, the amount of
deposited molybdenum in the composition of the
film on the electrode surface decreases (Fig. 8,
curves 2 and 3). This is due to the poor adhesion of
the obtained films to the electrode surface, since, the
electrode surface is unevenly covered in poor
adhesion and films are deposited on the bottom of
the cell.

The study of the effect of the above factors on the
co-electrodeposition of molybdenum with selenium
showed that electrolysis should be carried out with
the following electrolyte composition and
electrolysis mode to obtain a uniform, crystalline
film close to the stoichiometric composition of
MoSe2: electrolyte (M): 0.18 Na:MoOs x 2H20 +
0.005 H2SeOs3 + 0.007 CasHeOs; electrolyte
temperature 298-308 K; current density 12.5
mA/cm? and electrolysis time 24-28 h. In this mode,
the thickness of the deposited thin films is 2-5 pm.

CONCLUSION

The co-deposition process of molybdenum with
selenium from tartaric acid electrolytes was
investigated by an electrochemical method using Ni
electrodes.

It was found that thin films with stoichiometry
close to that of MoSe: are produced with the optimal
electrolyte composition of 0.18 Na2MoO4 x 2H20 +
0.005 H2SeO3+0.007 C4HsOs; T=298-308 K; current
density - 12.5 mA/cm?; electrolysis time 24-28 h.
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