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ABSTRACT: This paper highlights into the synthesis of semiconductor
materials, specifically transition metal chalcogenide thin films and the
characterization of the films to evaluate the suitability for application as a
photoelectrochemical (PEC) / solar cell. Electrodeposition technique is used
that aims to design a safe, cost-efficient and relatively simple method for
synthesis of the transition metal chalcogenide thin film for potential
applications as PEC / solar cell manufacturing industry. Transition Metal
chalcogenide (MoXz) thin films were successfully electrodeposited on
conductive glass substrates and metal substrates in which the deposition time
for the thin films were set up to 30 minutes with an interval time of 5 minutes.
The thin films were characterized for their compositional and morphological
characteristics by energy dispersive X-ray (EDX) analysis and scanning
electron microscope (SEM) respectively. Addition of selenium element
increases the orientation of crystals in the films are formed. The suitability of
the thin films for photoelectrochemical (PEC) / solar cell applications, optical
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and semiconducting parameters were analyzed. Films revealed it is of n-type
nature with the Energy gap lying between 1.12 — 1.22 eV for the deposited
films.

KEYWORDS:  Transition ~ Metal ~ Chalcogenides;  Electrodeposition;
Photoelectrochemical Cell

1.0 INTRODUCTION

The current global energy crisis makes the researchers to focus their
research on developing new renewable energy sources. Among
various types of renewable energy sources, solar energy is promising
owing to its environmental benignity, universality, high capacity and
inexhaustibility [1]. With the depletion and cost escalation of
conventional energy sources, much focus of research in this area has
shifted to non-conventional energy sources.

Capturing solar energy through photovoltaic panels, in order to
produce electricity is considered one of the most promising markets in
the field of renewable energy [2]. The harnessing of one of the most
abundant inexhaustible source of energy [3], namely solar energy for
electrical energy conversion, still leaves much to be achieved. New
materials are identified and efforts have been made by utilizing them
for solar energy conversion. The main factor in fabricating these
materials is the competitiveness of production cost and this particular
factor can be greatly accomplished by producing the materials in thin
film form [4].

Among the transition metal chalcogenide (TMC) materials of great
interest are those in thin film form. TMC thin films such as CdZnS[5],
BiSe [6], WSSe [7], NiSe [8], and CuSe [9] have been looked into by
researchers for solar cell and photoelectrochemical (PEC) applications.
Reports on the characterization of these materials have published that
they have the ability to perform well as a PEC and solar cell materials.

Due to the factors above, the motivation to synthesis and study the
transition metal chalcogenide thin films synthesized via
electrodeposition technique for photoelectrochemical (PEC) / solar cell
applications have been triggered in this research. However, far too little
attention has been paid to electrodeposited ternary transition metal
chalcogenides. This paper investigates ternary molybdenum
chalcogenide thin films and its characterization.

2 eISSN: 2289-8107 Special Issue AdManTi 2019



Effect of Deposition Time and Microstructure on Transition Metal Molybdenum
Chalcogenides for Photovoltaic Applications

2.0 EXPERIMENTAL METHODS

2.1 Cyclic Voltammetry Measurements

Prior to the deposition process, an electrochemical technique known as
cyclic voltammetry (CV) was carried out to understand the reduction
and growth of MoS:Sezx (0 < x < 2) thin films. In the mechanistic study
of redox systems, CV studies is perhaps the most efficient and
adaptable electroanalytical technique [10]. The potential limit for
transition metal chalcogenide compounds was found to be suitable in
the range of -1.05 V to 1.05 V throughout the CV measurements done.
It is in this potential range, the reduction and oxidation of the
electrochemical active ion species take place for film formation.

The cyclic voltammogram of the electrodes in ammoniacal H:MoOs+
Naz25:05.5H20 + SeO2 (AR Grade with 99.5 % of chemicals) solution for
deposition of MoSSe films (x=1) is shown in Figure 1. During the
forward scan, the cathodic current onset was observed to rise at -0.450V
and increased steadily thereafter. This phenomenon denotes the
reduction of the cations in the electrolyte to form a stable MoSSe
compound. However, in this case, hydrogen evolution is identified to
occur at minimal rate due to the low current rise in the cathodic region.
During the reverse scan, oxidation in the anodic region confirmed the
dissolution of molybdenum sulphoselenide compound starting at
approximately 0.70V.
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Figure 1: Cyclic voltammogram of the electrodes using glass substrates in
ammoniacal H2MoOs +Na25:03.5H20 + SeOz solution

The deposition of M0SxSez-» (0 < x < 2) thin films were carried out at the

specific potential -1.05V vs. Ag/AgCl; on stainless steel substrates and
ITO-coated glass substrates. Although theoretically the reduction of
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the ions to form the films can occur at aless negative potential, the films
were found to deposit on the substrates better at -1.0V. This was also
observed for CV measurements using stainless steel substrates. The
deposition time was set at 10 to 30 minutes with interval time 5 minutes
while deposition temperature was controlled at 40 + 1 °C for MoS:Sez2
(x=0, 1 and 2) thin films.

2.2 Electrodeposition of MoSxSezx (0 < x < 2) Thin Films

The CV analysis and electrodeposition of the film followed a system
setup with three-electrodes. The setup and the schematic diagram of
the system are shown in Figure 2. The electrolysis cell consisted of (i)
reference electrode (RE): Ag/AgCl saturated calomel electrode (SCE)
(i) working electrode (WE): ITO-coated glass slide prepared as
substrate or stainless steel foil as substrate; and (iii) counter electrode
(CE): graphite. The two types of substrates (Metal and ITO glass slides)
used to get stoichiometry results and nature of characterization studies.
XRD prefers to be metal substrate to obtain crystalline results whereas
optical studies prefer transparent glass slide as substrates.

Potentiostat

Reference

electrode Counter
electrode

Data collector

Working
electrode

Electrolyte —
Substrate

Magnetic Stirrer ——

Figure 2: Schematic diagram of three-electrode cell system

The potential of the working electrode is measured by the SCE. To
ensure the exact deposition potential is used the surface of the solution
orifice will be monitored, it is placed very closely to the working
electrode. Careful placement of the electrodes also ensures minimum
effect of the internal resistance of the cell. Also, as a precaution method,
the counter and working electrodes are adjusted to be barely 1 cm to
each other. Simultaneously, to make certain that the cations will be
attracted and deposited to the substrate surface; the two surfaces facing
each other were kept parallel. The electrodes spacing should be
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cautiously maintained to obtain the stoichiometric results. The thin
films were characterized for their compositional and morphological
characteristics by energy dispersive X-ray (EDX) analysis and scanning
electron microscope (SEM) respectively. The suitability of the thin films
for photoelectrochemical (PEC) / solar cell applications, optical and
semiconducting parameters were analyzed.

3.0 RESULTS AND DISCUSSION

3.1 Surface Morphology Studies of Thin Films

The microstructural studies of the MoS:Sez2-+ (0 < x < 2) thin films on
stainless steel substrates were carried out by scanning electron
microscope (SEM). SEM micrograph of the films at 30 minutes’
deposition time are summarized in Fig 4 for both binary and ternary
films at different magnification. Initially, the growth of the films was
observed to be homogeneous and uniform. However, this is observed
only in films of shorter deposition time (such as deposition time of 15
minutes).

The cracking of the films into segments (flakes); although still adhering
to the substrate was observed at longer deposition times. Similar
observation has been reported in films of thickness above 0.2 mm as
they are prone to cracking [11]. Hydrous films are well known to be at
risk of drying shrinkage [12]. The grains of the materials keeps on
growing with time; and upon reaching the maximum grain stress
point, the films break and form flake-like structures. The highly
conductive substrate continues to act as a growth plane for the films,
which only comes to a saturated level at 30 minutes deposition time.

Apart from that, in ternary compound MoSSe thin films, the structure
of the films seems to be inhomogeneous. Unsymmetrical crystallites are
observed on the structure. The precipitation and separation of sulphide
and selenide phases in ternary compounds causes unsymmetrical
crystallites to form. This separation of phases in a ternary transition
metal chalcogenide compound is also observed in the report by [13].
Another observation made is that films with higher selenium content
have better surface morphology. As seen in Table 1, films of MoSe:2
have smoother surface. While in MoSSe and MoS: films, there are
presences of crystallites observed especially in thicker films. Upon
addition of selenium, better orientation of crystals in the films are
formed.
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Table 1: SEM micrographs of Molybdenum chalcogenide thin films
deposited at 30 minutes

Deposition

time 30 Magnification 1000x Magnification 3000x Magnification 5000x
minutes

Forx=0,
MoSe2 thin
film

Forx=1,
MoSSe thin
film

Forx=2,
MoS: thin
film

3.2 Compositional Analysis of M0oSxSezx (0 < x <2) Thin Films

The quantitative analysis of these films deposited on metal (SS)
substrates were carried out by using the EDX technique in nitrogen
atmosphere to study the presence of molybdenum, sulphur and
selenium elements in the stoichiometry of the films. Figure 3 shows the
typical EDX patterns for these films deposited at 30 minutes.
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Figure 3: Typical EDX patterns for (a) MoSez, (b) MoSSe and (c) MoS: thin
films deposited at 30 minutes

It is noticed that all spectra for the EDX of MoS:Sez (0 < x < 2) thin films
contained C and O elements. The EDX instrument is well known for
detection of elements with low atomic number that are ubiquitous in
our environment; such as oxygen and carbon [14]. Furthermore, in
chemically deposited films, inclusion of oxygen is found to be
unavoidable due to the aqueous nature of the electrolyte.

3.3 Optical Properties of Mo0S:Sez« (0 < x < 2) Films

The UV-Visible ray transmittance spectrum is capable of providing
bandgap energy of these films though analysis of the Tauc plot. A
distinct linear region in the plot denotes the onset of absorption of the
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MoSe2, MoSSe and Mo$S: thin films and is shown in Figure 4. Hence,
extrapolating this linear region to the x-axis stipulates the energy band
gap of the material.

From the analysis, the bandgap of ternary MoSSe films are found to be
transitional between those of binary MoS: and MoSez. This can be
implicit due to the stoichiometric nature of the films, where the amount
of sulphur and selenide composition in MoSSe is in between the other
two types of films. As observed, as the deposition time of the film
increases, reciprocal to that the optical bandgap energy of all these
films decreases. This correlates to film thickness, whereby a longer
deposition time produces films with greater thickness. This trend is in
agreement with Dheepa et al. [15] in a report on a transition metal
sulphide compound. Tabulation of the film results for the bandgap
energy with respect to its film thickness is presented in Table 2.

Table 2: Thickness of the films vs Bandgap energy values of
MoS:Sez-x (0 < x < 2) thin films

Deposition MoSe: MoSSe MoS:

Time Film Energy Film Energy Film Energy
(mins) Thickness | Bandgap | Thickness | Bandgap | Thickness | Bandgap

(um) (eV) (um) (eV) (um) (eV)

30 1.162 1.12 1.158 1.44 1.157 1.64

25 1.107 1.15 1.067 1.50 1.093 1.67

20 1.027 1.17 0.992 1.54 0.955 1.70

15 0.945 1.20 0914 1.61 0.862 1.72

10 0.888 1.22 0.842 1.66 0.803 1.74

When the deposition conditions such as solution concentration and
temperature of the film are constant, the value of the band gap was
observed to change with increasing film thickness. The possible
reasons for this trend can be due to any of the following: (i) quantum
size effect, (ii) changing barrier height because of variation in grain size
in the polycrystalline film, or (iii) largeness of the dislocation [16]. The
time-dependent parameters that affect the band gap are most likely due
to self-oxidation of the film and reorganization of its crystal
microstructure. It is hypothesized that as the deposition time increases,
the voids of the films are filled, thus, denser films with smaller energy
gaps are obtained [17].
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Figure 4: Variation of binary and ternary MoS:Sezx (0 < x < 2) with (a) (ahv)?
vs. hv and (b) bandgap (Eg) vs. deposition time of the MoSez, MoSSe and
MoS: thin films, respectively

3.4 Semiconductor Parameters of MoSe: Films

The applied potential — capacitance behaviour data of MoSe: thin films
for the system MoSez | 0.1 M (KI + > + H2504) | graphite electrode is
carried out by plotting the applied potential versus inverse of the
square of the capacitance to the films. Polyiodide electrolyte was used
owing to unsuitability of polysulfide electrolyte for transition metal
chalcogenide thin films. The Mott-Schottky plot for these films are
shown in Figure 5. The intercept value on the voltage axis determines
the flat band potential (Vi) value of the films. The obtained values of
semiconductor parameters for the films are summarized in Table 3.
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Figure 5: Mott-Schottky plot for MoSe: thin films at various deposition time

In order to conclude, the positive slope of the Mott-Schottky plots
indicates that the MoS:Sez-» (0 < x < 2) films are of n-type semiconductor.
For all films, the value of Vi was found to reciprocal of thickness and
decrease in thicker films. The value of Vi is vital information as it
establishes the limit of the cell photovoltage for solar cells [18]. The
hypothesis that a narrow depletion width results in a smaller energy
gap is fulfilled and proven in these results.

Table 3: Summary of the results obtained from the Mott-Schottky plots

for MoSe: films
MoSez: thin film
Semiconductor
30 25 20 15 10
parameters . . . . .
minutes minutes minutes | minutes minutes
Semiconductor type n-type
Band bending (Vv) (V) 0.58 0.55 0.52 0.49 047
Energy gap (Eg) (eV) 1.12 1.15 1.17 1.20 1.22
Flat band potential (Vi)
-0.28 -0.25 -0.22 -0.19 -0.17
V)
Dielectric constant (g) 33.5 34.1 37.3 39.0 44.1
Doping density (N)x 102
ping density (N) 0.72 0.83 1.10 1.40 1.83
(m?)
Depletion layer width (W)
o 1.24 1.49 1.94 2.47 2.98
(A)
Density of states in
Conduction Band (Nc)x 4.20 4.20 4.20 4.20 4.20
1013 (m3)
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As the films become thicker, the dielectric constants are observed to
decrease. The dielectric values determine the ability of materials to
hold electrical charge for certain periods of time, and/or to keep great
magnitudes of electric charge. Generally, when exposed to strong
electric fields, materials with high dielectric constants fail more easily
than those with low dielectric constants counterpart. Therefore, a
decrease in the dielectric constant as the films become thicker is a
desired property [18].

With the results of MoSe: films semiconductor parameters, an
evaluation was done to assess the suitability of the MoS:Sez-» (0 < x < 2)
thin films as a photovoltaic cell material. All values measured proved
that this molybdenum based binary and ternary thin films are
competent as a PEC cell material [19].

4.0 CONCLUSION

Molybdenum chalcogenide, MoS:Sez2» (0 < x < 2) stoichiometric thin
films were uniformly deposited via the electrodeposition technique.
Generally, MoSSe (x=1) thin films showed properties intermediate of
the properties of MoSe: (x=0) and MoS: (x=2) thin films. The
intermediate properties of the films are understood due to the
stoichiometry and composition of the film for MoS:Sez2« from the end
members of the series MoS:Sez2-«(MoSe2 and MoSz). The best film for all
types was deposited at deposition potential of -1.0 Vsce and electrolyte
temperature 40 + 1 °C. At deposition time 30 minutes, the thickness of
the films becomes almost constant. An “ion-by-ion” growth mechanism
is evident due to the presence of induction period during film
deposition. The surface morphology of the films determined via SEM
showed that initially the growth of the films was observed to be
uniform and well covered. EDX studies confirmed that mixed
combinatorial films of molybdenum sulphoselenide, MoS:Se2« (0 < x <
2) have been formed. According to the results on the optical properties
of the films, is can be concluded that the direct optical energy bandgap
of all types of films fit into the range of a PEC / solar cell materials.
Mott-Schottky analysis of MoS:Sezx 0 < x < 2) films revealed it is of n-
type material. Semiconductor values measured to be in agreement with
transition metal chalcogenides and prove that MoS:Sez» (0 < x < 2) thin
films is competent as a PEC cell material.
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