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Abstract: The objectives of this paper is to synthesise the ternary molybdenum sulphoselenide MoSSe thin
films via electrodeposition technique and analyse the effect of film thicknessto its optical and semiconducting
properties. Transition metal molybdenum sulphoselenide, MoSSe thin films have been electrosynthesized on
indium-tin-oxide (ITO)-coated glass and stainless steel substrates. The thin films were characterized for their
structural, surface morphological, compositional characteristics as well as optical properties and
semiconducting parameters. Structural analysis via X-ray diffraction (XRD) reveals that the films are
polycrystalline in nature. Scanning electron microscope (SEM) studies reveal the morphology of the film with
crystallites on the surface. Compositional analysis via energy dispersive X-ray (EDX) analysis confirms the
presence of Mo, S and Se elementsin the films. The optical studies show that the films are of direct bandgap.
Results on the semiconductor parameters analysis of the films showed that the nature of the Mott-Schottky
plotsindicates that the films obtained are of n-type material. For all films, the semiconductor parameter values
come in the potential range of leading chalcogenides as a semiconductor thin film which can be suitable for
photo electrochemical solar cell in the near future.
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INTRODUCTION [1-3]. These potential materials for

light energy

Semiconductor materials are being actively
investigated for direct conversion of light energy into
electrical energy. The best materials for light energy
conversion  applications are narrow  bandgap
semiconductors in bulk or thin film form. Recently there
has been a growing interest in layered semiconducting
compounds consisting of group VIA transition metal
dichalcogenides MX, (M = Mo,Wand X =S, Se& Te)

conversion applications have stimulated interest in its
basic properties. Binary transition metal chalcogenides
thin films have already been elaborated by selenization
[2], sputtered [4-5], solid state mechanism [6], sulfurization
[7] and reduction by electrolytic [8].

These techniques are present special problems for
the preparation of transition metal chalcogenide filmsand
arerelatively cost intensive [9]. However, limited amount
of work has been carried out only on the other properties
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of electrodeposited ternary molybdenum MoSSe thin
films. The cyclic voltammetry (CV) technique was used to
derive the deposition potential of the chalcogenide thin
film. With the utilization of electrodeposition technique,
this research aims to design and predict a safe, non-toxic,
cost-efficient and relatively simple method for synthesis
of ternary transition metal chalcogenide thin films.
The synthesis of ternary molybdenum sulphoselenide
MoSSe thin films via el ectrodeposition technique and the
effect of film thickness to its optical and semiconducting
properties are conducted.

MATERIALSAND METHODS

Sample Preparation: Indium-tin-oxide (ITO)-coated glass
and stainless steel substrates were cut into 15 x 25 mm
sizefor thefilm deposition. ITO glass were dipped for few
seconds into 50% diluted hydrochloric acid, HCI, rinsed
with double distilled water then cleaned in hot air.
Stainless steel substrates were mirror polished by polish
(sand) paper and finally cleaned in an ultrasonic cleaner.
This treatment increases the adhesion of the
electrodeposits to the substrate and allows the thicker
deposition without peeling. The precursors molybdic
acid (H,M00,), sodium thiosulphate pentahydrate
(Na,S,0,.5H,0) and selenium dioxide (SeO,) were used
respectively as Mo*, § and Se* ion sources. To prepare
electrolyte solutions H,M00, NaS,0,5H,0 and SeO,
having concentration of 0.5M, there are three different
solutions were first prepared: solution A containing
H,Mo00, within ammonia, Na,S,0,.5H,0 are included in
solution B and solution C has SeQ, in distilled water.
These solutions in proportional amounts were mixed as
the precursor electrolyte.

Thin Films Synthesis via Electrodeposition: The
Potentiostat by Princeton Applied Research Model
VersaSTAT 3 Potentiostat was employed for the
electrodeposition of transition metal ternary MoSSe thin
films. The cyclic voltammetry (CV) technique was used to
derive the deposition potential of the chalcogenide thin
film continued by synthesis of the chalcogenides by
electrodeposition technique. The CV measurement and
electrodeposition of the film was adopted with a
three - electrode cell system in amanner described by [10].
The setup of the system is shown in Figure 1. In the case
for transition metal chal cogenide compounds the potential
limit range -1.00 Vto 1.00 V was found to be suitable
[11-12] for the CV measurements.
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Fig. 1. Cell setup for electrodeposition of molybdenum
sulphoselenide thin film

Characterization of Electrodeposited Thin Films:
Film thickness of MoSSe was determined by gravimetric
weight difference method using a sensitive microbalance
and assuming film density as the bulk density of the
compounds (6.04 g/cm® for MoSSe) [13] and the area of
the film is . 2.25 cm® X-ray diffraction (XRD) and
scanning electron microscopy (SEM) anaysis were
performed by using PANalytica ZPERT PROMPD PW
3040/60 diffractometer (for 22 range from 20 to 60° with
CuK, radiation) and SEM ZEIZZ EVO 50 scanning
microscope respectively and its composition analysis with
energy dispersive X-ray (EDX) analysis. Optical
properties and semiconductor parameters measurements
of the films were carried out using UV-VIS
spectrophotometer [10] and Mott-Schottky plot analysis
[1] respectively.

RESULTS AND DISCUSSION

Electrochemistry of Mo, S and Se Systems: Thin film
formation of MoSSe occurs as a result of the various
chemical reactions taking place in the deposition bath.
In the present investigation ionic species of
molybdenum, sulphide and selenide are produced by the
following reaction equilibria in an agueous alkaline
deposition bath.

H,M00, + 6H* + 26 6 Mo* + 4H,0
HseO, + H,0 6 H,Se0,

D

On the Substrate Surface, H,Seo, Reducesto Selenium:

H,Se0, + 4H" + 66 6 S& + 3H,O Na,S,0, : N&* + S,0.”
e
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S0, +6H" + 6e 1 25 + 3H,0 ©)]
Reaction (1) shows that metal ions are produced by
dissociation of the metal complex while chalcogenide ions
(Reactions (2) and (3)) are produced by dissociation of
sulphur and selenium precursors in the aqueous alkaline
medium. When the concentration of ionic species Mo*,
$* and S&” exceeds in the reaction bath, nucleation starts
which results in the growth of molybdenum
sulphoselenide, MoSSe thin films. The following chemical
reaction shows the yielding of insoluble molybdenum
sulphoselenide thin film on substrate support:

Mo* + & + S&# 6 M0SSe molybdenum sulphoselenide
4

The cyclic voltammogram of the electrodes in
ammoniacal H,Mo00, + Na,S,0,.5H,0 + SeO, solution is
shown in Figure 2. Cathodic current onset could be seen
arising at -0.58V followed by a steady increase during the
forward scan. This point marks the reduction process of
ionic species to form MoSSe compound. The low current
rise in the cathodic region indicates that hydrogen
evolution occurs a a minimal rate. During the reverse
scan, the dissolution of molybdenum sulphoselenide
compound starts at approximately 0.7 V, confirmed by the
oxidation peak in the anodic region.

Film Growth and Film Thickness: Thegrowth of thefilms
was studied through the film thickness plot as shown in
Figure 3. Very thin film formation is observed for the first
10 minutes due theinitia induction period. Thereafter, the
film growth begins to form more uniformly on the
substrate.

The initial induction period presence can be
attributed to the growth mechanism as the nucleation
occurs first before the combination of ions for the film
growth [14]. The presence of this period is the evidence
of atypical ‘ion-by-ion’ growth mechanism. The average
deposition rate measured at deposition time less than 10
minutes is approximately 85 nm/min higher than that
above 10 minutes, at approximately 20 nm/min. At the
initial stage of the deposition, the average deposition rate
is higher due to the high concentration of ions in the
electrolyte and large substrate space for deposition.
For any type of deposition, the rate of deposition will
decrease then stop. In short, deposition cannot continue
on the substrate anymore due to closely packed structure
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of the film on the substrate and ions deficiency in the
electrolyte. All films obtained were well adherent to the
substrates and uniform to the naked eye. The colour of
MoSSe films were dark grey to black in colour.

Structural, Morphological and Compositional
Characterization: The structural characterization by
X-ray diffraction (XRD) measurement is a diffractogram,
showing phases present (peak positions), phase
concentrations (peak heights), amorphous content
(background hump) and crystallite size / strain (peak
widths) [15]. XRD patterns of MoSSe films deposited on
stainless steel substrates at different deposition times are
shown in Figure 4.

The polycrystalline planes of the crystals, indicated
by sharp peaks are identified as (1 2 -4) and (1 4 0) planes
of MoSSe and (1 1 1) and (2 2 0) planes of the substrate
that used - stainless steel [16]. It is identified as
rhombohedral structure of the MoSSe films and the
structural features fit with lattice parameter valuesa=b =
0.9533 nm and ¢ = 1.7363 nm which isin good agreement
with the standard values [13]. The corresponding
interplanar distances are in good agreement with the
JCPDS data[13, 16] are summarized in Table 1.

There is only one peak identified as MoSSe peak at
22 =50.6° for the films deposited at a shorter period of
time while the peaks for the stainless steel substrate are
more visible. At 20 minutes deposition time, a MoSSe
peak at 22 =44.49° starts to emerge and becomes more
distinct from the neighbouring peak, indicating that the
preferred orientation (1 2 -4) grains can be found only in
thicker films. Observation shows (1 4 0) plane structure of
MoSSe at 22=50.62° and (22 0) plane structure of stainless
steel at 22 =74.70° appear as constant peaks throughout.
According to the Debye-Scherrer approach [17], from the
X-ray diffractograms of the crystals corresponding to
different (h k I) planes the estimated grain size were
calculated and the values are in the range of 44 - 55 nm.

The surface morphology of MoSSe films deposited
on stainless steel substrates at different deposition time
isshown in Figure 5.

At longer deposition times, the structure of the films
starts to break into grains (flakes) while still adhering to
the substrate [18]. The grains of the materials keeps on
growing with time, causing the films to break and forming
flake-like structures upon reaching the maximum grain
stress point. The cracking of the structure is also due to
the drying shrinkage phenomena known to occurin
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Table 1: XRD data Comparison of 'd' values for the ternary MoSSe thin film

Experimental ‘d’ value (A)

Angle (22) (hkl) STD (A) ‘d xeros 10 min 15min 20 min 25 min 30 min
43.582 (111) 2.0750 2.0919 2.0801 2.0744 2.0753 2.0755
44.487 (12-4) 2.0348 - - 2.0365 2.0339 2.0347
50.618 (140 1.8015 1.8097 1.8022 1.8009 1.8007 1.7994
74.704 (220) 1.2697 1.2700 1.2723 1.2712 1.2713 1.2713
0.0010
0.0005 reductioan
z a
E oxidation -0.0005
5
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Fig. 2: Cyclic voltammogram of the electrodes H,M 00, +
Na,S,0,.5H,0 + SeO,in ammoniacal solution. 3um s 300k
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Fig. 3: Variation of thickness with deposition time for 3y 300KX
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Fig. 7: hv vs. (ahv) 2 plots of MoSSe thin films coated at
different deposition times

hydrous films. Unsymmetrical crystallites due the
separation and precipitation of sulphide and selenide
phasesin ternary chalcogenide films are also observed on
the surface of the films[19].

This main advantage of EDX is it possesses the
capability for the detection of low atomic number elements
such as carbon and oxygen, which are ubiquitous in our
environment [20]. Figure 6 shows the EDX patterns for
electrodeposited ternary MoSSe thin film deposited at 30
minutes.

Referring to the spectra, strong peaks for Mo, S and
Se were identified. The overlapping peaks for Mo and S
elements has been identified as a limitation of the EDX
technique due to the corresponding X-rays generated
by the emission from different energy-level shells
(K, L and M). Although elements C and O do not play any
role in the synthesis of the films, their peaks can be
observed in the spectrum. Furthermore, an inclusion of
oxygen is observed for al the films because it is found to

be unavoidable for chemically deposited films as testified
[21-22]. Thisistrue and accepted for dl films synthesized.

Optical Properties of Electrodeposited Thin Films:
From the optical transmittance spectrum obtained, the
corresponding bandgap energy of the thin films was
studied via analysis of the Tauc plot of the films [23].
The nature of the bandgap and its value can be calculated
using this Tauc plot. Figure 7 presents Tauc plot of
MoSSe thin films deposited at different deposition times
(seeinset graph).

The resulting plot has a distinct linear regime which
denotes the onset of absorption and extrapolation. This
linear region to the abscissa yields the energy of the
optical band gap of the material. A prominent feature that
can be seen in the hv vs. (dhv)? plots is that the linear
portion of the plot energy is greater than 2 eV. Thisisan
indication of a direct transition type of material [24].
Hence, a graph of hv vs. (ahv)?is drawn and the optical
bandgap energy has been estimated by extrapolating the
straight line portion to cut the energy axis. It is noticed
that the E, decreased from 1.66 eV to 1.44 eV with the
increase of deposition time of the films, which are in good
range with the reported value for ternary molybdenum
sulphoselenide thin  films prepared by arrested
precipitation technique (APT) [19]. The corresponding
values of the bandgap energy of the films with respect to
film thickness are givenin Table 2.

According to the results on the optical properties of
MoSSe thin films, it can be concluded that the optical
bandgap energy of al type of films decreases as the
deposition time of the film increases. This results
correlates to film thickness, whereby an increase in
deposition time of the films resultsin a greater thickness.
When the deposition conditions like substrate
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Table 2: Bandgap energy values corresponding to film thickness of MoSSe

thin films
Deposition Time (mins) Film Thickness (im) Bandgap (eV)
10 0.8423 1.66
15 0.9142 161
20 0.9923 154
25 1.0673 1.50
30 1.1582 144

temperature of the film and solution concentration are
kept fixed, the value of the band gap in genera changes
according to the thickness. The reason is due to the
changing barrier height because of the variation in grain
size in the polycrystalline film. The reason that we
consider this effect is that a decrease in barrier height is
caused by an increase in grain size which in turn caused
by an increase in film thickness. A decrease with an
increase in thickness in direct band gap is also observed
by Dheepaet al. [25].

Semiconductor Parameters of Electrodeposited Thin
Films. A tabulation of the potential-capacitance
behaviour data of MoSSe thin films for the system
n-MoSSe | polyiodide | graphite electrode is done by
plotting the inverse of the sguare of the capacitance
versus the applied potential to the films. In the
Mott-Schottky graphs of 1/C* sc versus Vg, the
voltage axis intercepts give the flat band potentials
V. The slopes of the straight line portions of the
M ott-Schottky plots can be used to determine the charge
carrier concentration, N.

The tabulation is a Mott-Schottky plot, which is obtained
for MoSSe films. In terms of experimenta voltages, the
Mott Schottky equation is defined as:

1
c?

2(V - Veg - kgT/e)
e eN

©®)

Where C is the space charge capacitance, k; is the
Boltzmann's constant (1.38 x 106*® JK), T is the
temperature of the operation (300 K), e is the electronic
charge (1.603 x 10G* C), , is the dielectric constant of
MoSSe, ,, is the dielectric constant of free space
(8.854 x 10G* F/ m) and N is the carrier concentration
which is calculated from the slope of the graph.

The dielectric constants, , for the films have been
evaluated by using the relation:

Cd

Aegg

(6)
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Where C is the capacitance, d is the thickness of the
crystal and A is the area of contact. Another important
parameter to be deduced is the depletion layer width (W)
and the band bending (V,) that can be calculated from the
relation:

Vp = VEredox - VB

w20 Vb &2 U

QeNg

Where V, is the built in voltage or the band bending and

Ve iox 1S the redox potential of the 21"/ I, redox couple

equal t0 0.295 V¢ (Chandraet al. 1984). An expression for
the density of states, N, can be written as:

2 32

Ng = —3(2p me kT) ®

Where h isthe Planck’ s constant (4.136 x 106™eV s) m,is
the effective electron mass in the conduction band and
taken as . 0.5 m, for molybdenum chalcogenides [26].

The semiconductor parameters of ternary
molybdenum chalcogenide MoSSe thin films by
Mott-Schottky plot for at different deposition time are
shown in Figure 8.

The linear portions of the plots are extrapolated to the
potential axisin order to determine the flatband potential
(Vi) of thefilms. The results of the flatband potential and
semiconductor parameters are shown in Table 3.

It is observed that the semiconductor parameter
values for MoSSe are intermediate between the reported
values for MoSe, and MoS, [9, 10, 27]. This trend isin
agreement with Gujarathi et al. (2006) whereby they
reported intermediate values for WSSe,, from the end
members of the seriesWSSe,, (i.e. WSe, and WS)) [1].

The positive slope of the plot in Figure 8 confirms the
n-type material. The flat band potential (Vi) value was
observed to decrease from -0.29 to -0.38 V as the
deposition time increased. This is due to increase in
crystalinity of the films in thicker films. The decreasing
values for the depletion width of the films are in good
agreement with the energy gap values retrieved from
optical studies. The dielectric constants for the films are
also observed to decrease in thicker films. The dielectric
constant value determined the capability of objects of a
given size, such as sets of metal plates, to hold their
electric charge for long periods of time and/or to hold
large quantities of charge. Although the dielectric
constant for MoSSe thin films decreases with time, thisis
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Table 3: The Mott-Schottky plots for MoSSe films

MoSSe thin film
Semiconductor parameters 10 mins 15 mins 20 mins 25 mins 30 mins
Type of semiconductor n n n n n
Flat band potential (Ves) (V) -0.29 -0.30 -0.33 -0.36 -0.38
Dielectric constant (g) 41 324 30.5 295 30.1
Doping density (N)x 10%° (mG®) 1.65 1.09 0.84 0.68 0.57
Depletion layer width (W) (A) 3.96 3.16 2.51 1.95 1.61
Density of statesin Conduction Band (N¢)x 10" (mG®) 4.196 4.196 4.196 4.196 4.196
Band bending (V) (V) 0.585 0.595 0.625 0.655 0.675
Energy gap (E;) (eV) 1.66 161 154 1.50 1.44
a good trend because a higher dielectric constant is not REFERENCES

necessarily desirable. Generally, substances with high
dielectric constants break down more easily when
subjected to intense electric fields, than do materials with
low dielectric constants. Hence, the values obtained from
the Mott-Schottky plots are accepted with good
agreements with the reports given.

CONCLUSION

Results proved that [TO-coated glass and
stainless  steel substrates were used to deposit the
ternary MoSSe thin films. All films obtained were well
adherent to the substrates with an ‘ion-by-ion’ growth
mechanism. XRD analysis of the films proved
polycrystalline MoSSe thin films with rhombohedral
structure. Their lattice parameters are estimated asa=Db
=0.9533 nm and ¢ = 1.7363 nm. EDX pattern confirmed
that mixed combinatorial films of MoSSe have been
formed through the electrodeposition process. The grain
size in the films was found to be dependent on
thickness and a decrease in the direct optical bandgap
transition energy of the film was observed. Results on the
semiconductor parameters of the films revealed it is of
n-type material and all semiconductor values come in
the range of a semiconductor films which can be
suitable for photo electrochemical solar cells as
tomorrow’ s energy needs are greatly going to utilized with
solar energy.
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