
A
f

T
D

a

A
R
R
A
A

K
M
T
E
D
M

1

w
i
s
i
e
fi
v
a
b
d
c

s
p
d
p
s
r
g
e

0
h

Electrochimica Acta 81 (2012) 64– 73

Contents lists available at SciVerse ScienceDirect

Electrochimica  Acta

jou rn al h om epa ge: www.elsev ier .com/ locate /e lec tac ta

 study  on  molybdenum  sulphoselenide  (MoSxSe2−x,  0  ≤  x  ≤  2)  thin  films:  Growth
rom  solution  and  its  properties

.  Joseph  Sahaya  Anand ∗, S.  Shariza
epartment of Engineering Materials, Faculty of Manufacturing Engineering, Universiti Teknikal Malaysia Melaka, Durian Tunggal, 76100 Melaka, Malaysia

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 2 March 2012
eceived in revised form 19 July 2012
ccepted 21 July 2012
vailable online xxx

eywords:
olybdenum sulphoselenide

a  b  s  t  r  a  c  t

Thin  films  of  molybdenum  sulphoselenide,  MoSxSe2−x, (0  ≤  x ≤ 2)  have  been  electrosynthesized  on
indium-tin-oxide  (ITO)-coated  glass  and  stainless  steel  substrates.  The  films  were  characterized  for  their
structural,  morphological  and compositional  characteristics.  Their  optical  and  semiconducting  parame-
ters were  also  analysed  in order  to determine  the suitability  of the  thin  films  for  photoelectrochemical
(PEC)/solar  cell  applications.  Structural  analysis  via  X-ray  diffraction  (XRD)  analysis  reveals  that  the  films
are polycrystalline  in  nature.  Scanning  electron  microscope  (SEM)  studies  reveals  the  films  were  adher-
ent to  the  substrate  with  uniform  in  nature  which  also  confirmed  by  Transmission  electron  microscope
hin films
lectrodeposition
irect bandgap
ott–Schottky plots

(TEM).  Compositional  analysis  via  energy  dispersive  X-ray  (EDX)  technique  confirms  the presence  of  Mo,
S and  Se  elements  in  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  plots
indicates  that  the films  obtained  are  of  n-type  material.  For  all films,  the  semiconductor  parameter  values
come  in  the  better  range  of  other transition  metal  chalcogenides  which  has  proven  that  MoSSe  thin  films

ell  m
are  capable  as  solar/PEC  c

. Introduction

Transition metal chalcogenides (TMCs) are semiconductors,
hich can be used as an efficient photovoltaic material. Promis-

ng results have been obtained in the realization of photoelectrical
olid-state device or solar cells by using TMC  crystals [1–3]. Due to
ts significant characteristics by optical and semiconducting prop-
rties, transition metal chalcogenide compounds, especially in thin
lm form were discovered to be the right material in the photo-
oltaic industry for the development of photoelectrochemical (PEC)
nd solar cell panels [4–6]. These advancements have been proven
y the vast number of research publications especially in the last
ecade, on the application of TMC  compounds in the PEC and solar
ell industry [1–6].

For many applications, thin layers of TMC  materials on sub-
trates are required. There are quite a number of methods of
reparing such layers, such as by spray pyrolysis, electrochemical
eposition, sputtering etc. [1,3,5].  One of the attractive methods for
roducing thin films, owing to the possibility of large area depo-
ition at low cost is the electrodeposition method. This method

equires the presence of reagents that act as a source of chalco-
enide and complexion of metal ions of interest whose stability
quilibrium provide a concentration of metal cation small enough

∗ Corresponding author. Tel.: +60 6 331 6489; fax: +60 6 331 6411.
E-mail address: anand@utem.edu.my (T.J.S. Anand).

013-4686/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.electacta.2012.07.077
aterials.
© 2012 Elsevier Ltd. All rights reserved.

to produce the controlled homogenous precipitation of the film on
the solid substrate [7].  Films prepared by this method can be used in
high performance devices due to high purity of deposited material.

Of the many TMCs, transition metal chalcogenides (MX2) where
M = Mo  and X = S and Se having MoS2 and MoSe2 type struc-
ture have been widely used for solar energy conversion in PEC
solar cells [7,8]. The dichalcogenides of Mo  attracted considerable
interest due to their well matched band gap (Eg) with solar spec-
trum as well as due to unique layer lattice structures. Hence, we
propose in this investigation the synthesis, growth mechanism,
optical and semiconducting properties of combinatorial molyb-
denum sulphoselenide MoSxSe2−x (0 ≤ x ≤ 2) thin films. Based on
the optical gap of these materials and that the optical gaps could
be engineered, it is proposed in these investigations to synthe-
size alloyed material in thin film form and to characterize it
through the optical and electrical properties with special reference
to the film composition. The studies include the observations on
growth kinetics, structural, morphological, compositional, optical
and semiconducting parameters of these films.

2. Experimental details

2.1. Preparation of thin films
The precursors molybdic acid (H2MoO4), sodium thiosulphate
pentahydrate (Na2S2O3·5H2O) and selenium dioxide (SeO2) of
analytical grade were used as Mo4+, S2− and Se2− ion sources,

dx.doi.org/10.1016/j.electacta.2012.07.077
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:anand@utem.edu.my
dx.doi.org/10.1016/j.electacta.2012.07.077
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espectively. ITO glass and stainless steel substrates of dimension
5 mm × 25 mm × 1 mm size were cleaned before film deposition.

TO glass were dipped into diluted hydrochloric acid (HCl), rinsed
ith double distilled water then cleaned in hot air while stain-

ess steel substrates were mirror polished and finally cleaned in
n ultrasonic cleaner. This treatment increases the adhesion of the
lectrodeposits to the substrate and allows thicker deposition with-
ut peeling.

To prepare the electrolyte solutions having relative concen-
rations of 0.5 M H2MoO4, 0.5 M SeO2 and 0.5 M Na2S2O3·5H2O,
he following solutions were first prepared: solution A contain-
ng H2MoO4 in ammonia, solution B containing Na2S2O3·5H2O and
olution C containing SeO2 in distilled water. These solutions were
ixed in proportional amounts as the precursor electrolyte. For

he synthesis of MoSe2 (x = 0) and MoS2 (x = 2), the electrolyte
ixture ratio between the precursor solutions of H2MoO4 and
a2S2O3·5H2O or SeO2 (where applicable) was selected to be 1:2

ollowing its stoichiometry. For synthesis of MoSSe (x = 1), the ratio
f precursors H2MoO4:SeO2:Na2S2O3·5H2O was adjusted to 1:1:1
ccordingly. The pH of the reactive mixture is set at ∼pH 10 by
dding drops of NaOH to the mixture. After mixing for 5 min  under
tirring and heating to reach a reaction temperature of 40 ± 1 ◦C,
he mixture is ready for synthesis of the films. A Princeton Applied
esearch Model VersaSTAT 3 Potentiostat was employed for the
lectrodeposition of the films. The deposition potential for the
halcogenide thin film was first derived from cyclic voltamme-
ry (CV) technique followed by synthesis of the chalcogenides by
lectrodeposition technique. In the case for transition metal chalco-
enide compounds, the potential limit range −1.00 V to 1.00 V was
ound to be suitable [9,10] for CV measurements. A three-electrode
ell system was adopted for the CV measurement and electrode-
osition of the film in a manner described in [11]. The films were
eposited at different periods of time ranging from 10 to 30 min
ith 5 min  time interval.

.2. Characterization of electrodeposited thin films

Film thickness of MoSxSe2−x (0 ≤ x ≤ 2) was determined by gravi-
etric weight difference method using a sensitive microbalance

nd assuming film density as the bulk density of the compounds.
-ray diffraction (XRD) and scanning election microscopy (SEM)
nalysis were performed by using PANalytical ZPERT PROMPD PW
040/60 diffractometer (for 2� range from 20 to 80◦ with CuK� radi-
tion) and SEM ZEIZZ EVO 50 scanning microscope, respectively
nd its composition analysis with energy dispersive X-ray (EDX)
nalysis. JEOL 2000-FX TEM operated at 200 kV was used for TEM
nalysis. Optical properties for determination of energy band gap
f the films and semiconductor properties of the films related to its
ossible application in the photoelectrochemical (PEC)/solar cell
ere studied using UV–vis spectrophotometer and Mott–Schottky
lot analysis, respectively.

. Results and discussion

.1. Kinetics and growth mechanism

Thin film formation of MoSxSe2−x (0 ≤ x ≤ 2) occurs as a result of
he various chemical reactions taking place in the deposition bath.
n the present investigation ionic species of molybdenum, sulphide
nd selenide are produced by the following reaction equilibria in
n aqueous alkaline deposition bath.
2MoO4 + 6H+ + 2e− → Mo4+ + 4H2O (1)

eO2 + H2O → H2SeO3
Fig. 1. Variation of thickness with deposition time for the electrodeposited thin
films.

On the substrate surface, H2SeO3 reduces to selenium:

H2SeO3 + 4H+ + 6e− → Se2− + 3H2O (2)

Na2S2O3 ↔ Na2+ + S2O3
2−

S2O3
2− + 6H+ + 6e− ↔ 2S2− + 3H2O (3)

Reaction (1) shows that metal ions are produced by dissocia-
tion 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 concentra-
tion of ionic species Mo4+, S2− and Se2− exceeds in the reaction
bath, nucleation starts which results in growth of molybdenum
sulphoselenide, MoSxSe2−x (0 ≤ x ≤ 2) thin films. The as-reduced
Mo,  Se and S atoms are very active and can easily combine to pro-
duce MoSxSe2−x (0 ≤ x ≤ 2) compound. The kinetics growth of film
can be understood from the following:

If x = 0, MoSe2 formation:

Mo4+ + 2Se2− → MoSe2
molybdenum diselenide

(4)

If x = 1, MoSSe formation:

Mo4+ + Se2− + S2− → MoSSe
molybdenum sulphoselenide

(5)

If x = 2, MoS2 formation:

Mo4+ + 2S2− → MoS2
molybdenum disulphide

(6)

The growth of the films was studied through the film thick-
ness plot in Fig. 1. It shows an initial induction period of about
10 min, where no clearly observable growth occurs. In this period,
a very thin and almost no film formation is observed. Thereafter, the
film begins to form. The presence of initial induction period can be
attributed to the growth mechanism where nucleation occurs first
followed by the combination of ions for the subsequent linear film
growth [12]. This is the evidence of a typical ‘ion-by-ion’ growth
mechanism. The resultant films were homogenous, well adherent
to the substrates and uniform to the naked eye. There is a prominent
increase in thickness of the MoS2 film at time 25 min. This partic-
ular observation leads to the phenomena whereby, at 25 min, the

MoSSe film is thinner than the MoS2 film. This does not fit into the
general trend of the thickness of MoSe2 > MoSSe > MoS2 films. At
this point, the rate of yielding the ternary MoSSe film was  lower
than normal due to the complexity of growth a ternary compound.
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Table 1
Comparison of experimental ‘d’ values with JCPDS data for MoSe2, MoSSe and MoS2 thin films.

Material Angle (2�) (h k l) Standard (Å) Experimental (Å)

‘d’JCPDS 10 min  15 min  20 min 25 min 30 min

MoSe2

31.70 (1 0 1) 2.8206 3.0153 2.8189 2.7241 2.8738 3.0231
39.19  (0 1 5) 2.2971 – – – 2.2634 2.2657
45.62  (1 0 7) 1.9868 2.0323 2.0351 2.0299 2.0340 2.0117
49.31  (0 1 8) 1.8467 1.8003 1.7968 1.8004 1.8009 1.7998

MoSSe
44.49  (1 2 −4) 2.0348 – – 2.0365 2.0339 2.0347
50.62  (1 4 0) 1.8015 1.8097 1.8022 1.8009 1.8007 1.7994
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tion time [19]. Enhancement of grain crystallinity with thickness,
as presented in thickness measurement is due to increase in depo-
sition time and growth mechanism involved in the film formation.
The enhancement of microcrystalline growth that is initiated along
MoS2
44.37 (1 0 4) 2.0400 

50.08  (1 0 5) 1.8200 

.2. Structural characterization

The structural characterization via XRD measurement with a
iffractogram, showing phases present (peak positions), phase con-
entrations (peak heights), amorphous content (background hump)
nd crystallite size/strain (peak widths) [13]. All standard and
xperimental ‘d’ spacing values with reference to JCPDS cards are
ummarized in Table 1. Peaks belonging to MoSe2 are detected
or the films prepared at all the deposition times investigated as
hown in Fig. 2. The peaks are identified as (1 0 1), (0 1 5), (1 0 7)
nd (0 1 8) planes of MoSe2 and (1 1 1) and (2 2 0) planes of the
tainless steel substrate [14]. The structural features fit into the
hombohedral structure of the MoSe2 films with lattice parameter
alues a = b = 0.3292 nm and c = 1.9392 nm which is in good agree-
ent with the standard values [15]. Peaks of MoSe2 at 2� = 29.5◦

nd 45.1◦ become more prominent indicating that the (1 0 1) and
1 0 7) plane films grow with time. Also, at deposition time 25 min
nd 30 min, a MoSe2 film having (0 1 5) plane structure emerges
t 2� = 39.8◦. This shows that the super lattice peak (0 1 5) can be
ound only in thicker films.

Peaks belonging to MoSSe films deposited for a period of
0–30 min  are detected and labelled accordingly in Fig. 3. At 20 min
eposition time, a MoSSe peak at 2� = 44.5◦ start to emerge and
ecome more distinct from the neighbouring peak indicating that
he super lattice peak (1 2 −4) grains can be found only in thicker
lms. The structural features fit into the rhombohedral structure of
he MoSSe films with lattice parameter values a = b = 0.9533 nm and

 = 1.7363 nm which is in good agreement with the standard values
16]. Fig. 4 shows the XRD patterns of MoS2 films and the peaks are
dentified as (1 0 4) and (1 0 5) planes of MoS . The structural fea-
2
ures fit into the hexagonal structure of the MoS2 films with lattice
arameter values a = b = 0.3150 nm and c = 1.2300 nm which is in
ood agreement with the standard values [17]. At 15 min  deposition

ig. 2. XRD pattern for MoSe2 thin films deposited at different deposition times.
 2.0345 2.0331 2.0383 2.0334
.7985 1.8027 1.8017 1.7961 1.8006

time, a MoS2 peak at 2� = 44.4◦ start to emerge and become more
distinct from the neighbouring peak indicating that the (1 0 4) plane
films grow with time. According to the Debye–Scherrer approach
[18], the interplanar distances ‘d’ corresponding to different (h k l)
planes were calculated from the X-ray diffractograms. The crys-
tallite size was  calculated from the measurement of full-width at
half-maximum (FWHM) in different X-ray peaks and values are in
the range of 45–65 nm for MoSe2 films, 44–55 nm for MoSSe films
and 54–90 nm for MoS2 films.

High-intensity peaks of diffractogram in Figs. 2–4 of the films
reveal the completeness of crystallization process. This is due to
the fact that the crystallinity increases with the increase of deposi-
Fig. 3. XRD pattern for MoSSe thin films deposited at different deposition times.

Fig. 4. XRD pattern for MoS2 thin films deposited at different deposition times.
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Fig. 5. SEM planar and cross sectional images of MoSxSe2−x (0 ≤

he substrate planes have resulted in some preferred orientation
rystals to evolve only at longer deposition times. The preferred
rientation is attributed to the enhancement in surface diffusion
f the absorbed species with the increase of thickness resulting
n an improvement in crystallinity of MoSxSe2−x (0 ≤ x ≤ 2) thin
lms. In all films, the enhancement of the planes and the improved
rystallinity with film thickness is remarkable irrespective of the
lectrolyte bath composition.

.3. Morphological characterization
The surface morphology of MoSxSe2−x (0 ≤ x ≤ 2) thin films
eposited on stainless steel substrates of both planar and cross sec-
ional images are shown in Fig. 5 for observation of film thickness
) films deposited at 30 min. (a) MoSe2, (b) MoSSe and (c) MoS2.

deposited at 30 min. Unsymmetrical crystallites forms on ternary
chalcogenide films as observed in MoSSe film is due the separation
and precipitation of sulphide and selenide phases. The separation
of chalcogenide phases is observable in ternary chalcogenide films
as reported [20]. The morphology of the surface is better in films
with selenium content. MoSe2 film was observed to have smoother
surface compared to MoSSe and MoS2 films (whereby Se content
is relatively less) which are also shown in plane-view TEM image
(Fig. 6). This is due to better orientation of crystal in the films upon
addition of selenium [20]. At longer deposition times, the structure

of the films starts to break into grains (flakes) although still adher-
ing to the substrate. The grains of the materials keeps on growing
with time, causing the films to break and forming flake-like struc-
tures upon reaching the maximum grain stress point. The cracking
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Table 2
Compositional study with TEM-EDX.

Thin films
MoSxSe2−x (0 ≤ x ≤ 2)

Elements wt% ratio Formula

x = 0 MoSe2 Mo:Se 31.20:60.49 MoSe1.93
Fig. 6. Plane-view TEM bright field image of MoSe2 film deposited at 30 min.

n thin films is attributed to drying shrinkage in this case of hydrous
lms. It has been reported that films having thickness greater than
.2 mm are prone to cracking [21].

.4. Compositional characterization

Fig. 7 shows the EDX patterns for MoSxSe2−x (0 ≤ x ≤ 2) thin films
eposited at 30 min. Referring to the spectra, strong peaks for Mo,
 and Se were identified. It is confirmed that mixed combinatorial
lms of molybdenum sulphoselenide, MoSxSe2−x (0 ≤ x ≤ 2) have
een formed through the electrodeposition process. The overlap-
ing peaks for Mo  and S elements has been identified as a limitation

Fig. 7. EDX spectrum of electrodeposite
x = 1 MoSSe Mo:S:Se 34.20:29.96:33.60 Mo1.14S1.00Se1.12

x = 2 MoS2 Mo:S 31.88:63.16 MoS1.98

of the EDX technique due to the corresponding X-rays generated
by emission from different energy-level shells (K, L and M).  This
observation can also be seen through the compositional analysis of
TEM-EDX results as shown in Fig. 8. From the results obtained from
TEM-EDX, is it positive that stoichiometric MoSxSe2−x (0 ≤ x ≤ 2)
thin films have been formed through electrodeposition as pre-
sented in Table 2. Although elements C and O do not play any role in
the synthesis of the films, their peaks can be observed in the spec-
trum due to the particular advantage of EDX whereby it possesses
the capability for detection of low atomic number elements such as
carbon and oxygen, which are ubiquitous in our environment. Fur-
thermore, inclusion of oxygen is observed for all the films because
it is found to be unavoidable for chemically deposited films as tes-
tified [22,23].  This is true and accepted for all films synthesized.

3.5. Optical properties of electrodeposited thin films

From the transmittance spectrum obtained, the correspond-
ing bandgap energy of the thin films was studied via analysis of
the Tauc plot of the films. The resulting plot has a distinct linear
regime which denotes the onset of absorption. Thus, extrapolating
this linear region to the abscissa yields the energy of the optical
band gap of the material. The optical transitions in transition metal
chalcogenides films are found to be direct and allowed type [20,24].

Hence, a graph (r = 2 for allowed direct) of (˛h�)2 vs. h� is drawn
and the optical bandgap energy has been estimated by extrapolat-
ing the straight line portion to cut the energy axis. A prominent
feature that can be seen in the (˛h�)2 vs. h� plots is that the linear

d MoSxSe2−x (0 ≤ x ≤ 2) thin films.
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Fig. 8. TEM-EDX spectrum of electrodeposited MoSxSe2−x (0 ≤ x ≤ 2) thin films with
compositional analysis.
Fig. 9. Variation of MoSe2 thin films deposited at different deposition times. (a)
(˛h�)2 vs. h� and (b) bandgap vs. deposition time.

portion of the plot energy is greater than 2 eV. This is an indication
of a direct transition type of material.

Fig. 9(a) shows the (˛h�)2 vs. h� plots of MoSe2 thin films
deposited at different deposition times (see inset graph). The vari-
ation of band gap energy (Eg) with the deposition time shows
non-linear decrease is presented in Fig. 9(b). It is observed that with
the increase of deposition time of the films, the Eg decreased from
1.22 to 1.12 eV, in good Eg range with the reported value [25] for
MoSe2 compound. As for MoSSe thin films, the (˛h�)2 vs. h� plots of
MoSSe thin films deposited at different deposition times (see inset
graph) is presented in Fig. 10(a). Following it, Fig. 10(b) depicts the
variation of band gap energy (Eg) with the deposition time showing
non-linear decrease. It is observed that with the increase of deposi-
tion time of the films, the Eg decreased from 1.66 to 1.44 eV, in good
range with the reported value for molybdenum sulphoselenide thin
films prepared by arrested precipitation technique (APT) [20].

On the other hand, for the MoS2 thin films, the (˛h�)2 vs. h�
plots of the deposited films at different deposition times is shown
in Fig. 11(a) (see inset graph). Fig. 11(b) presents the non-linear
decrease for the variation of band gap energy (Eg) with different
deposition time. The figure shows that the Eg decreased from 1.74
to 1.64 eV with increase of deposition time for the MoS2 thin films,
in good range with the reported value [26] for MoS2 compound. It
is found that the bandgap of MoSSe films are intermediate between
those of MoSe2 and MoS2. This can be understood due to the stoi-
chiometry of the films. It can be concluded that the optical bandgap
energy of all types of films decreases as the deposition time of the
film increases. This result correlates to film thickness, whereby an
increase in deposition time of the films result in greater thickness
[27]. The corresponding values of the bandgap energy of the films

with respect to film thickness are given in Table 3.

When the deposition conditions like substrate temperature of
the film and solution concentration are kept fixed, the value of
the band gap in general changes according to the thickness. The
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Table 3
Bandgap energy values corresponding to film thickness of MoSxSe2−x (0 ≤ x ≤ 2) thin films.

Deposition time (min) MoSe2 MoSSe MoS2

Film thickness (�m) Bandgap (eV) Film thickness (�m) Bandgap (eV) Film thickness (�m) Bandgap (eV)

10 0.8878 1.22 0.8423 1.66 0.8028 1.74
15  0.9449 1.20 0.9142 1.61 0.8624 1.72
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20  1.0273 1.17 0.9
25 1.1070 1.15 1.0
30 1.1623 1.12 1.1

easons for this change can be one of the following: (i) largeness
f the dislocation, (ii) quantum size effect, (iii) changing barrier
eight because of variation in grain size in the polycrystalline film
28]. Only the third effect from these effects can cause an alteration
n the values of the band gap of the deposited films. Contribution
f the first effect can be very little, and the second one cannot be
aken into account because the films are thick enough. The reason
hat we consider the third effect is that a decrease in barrier height
s caused by an increase in grain size which in turn caused by an
ncrease in film thickness. A decrease with an increase in thickness
n direct band gap is also observed by many investigators [28,29].
he decrease in energy band gap after longer periods of deposition
ime is also attributed to improvement in the crystallinity as sup-
orted by the XRD studies. The time dependent parameters that
ffect the band gap are expected due to reorganization of the film
nd self-oxidation of the film. By filling the voids in the film as the
eposition time increases, one expects denser films and smaller
nergy gaps.
.6. Semiconductor parameters of electrodeposited thin films

A tabulation of the potential–capacitance behaviour data of
oSSe thin films for the system n-MoSSe|polyiodide|graphite

ig. 10. Variation of MoSSe thin films deposited at different deposition times. (a)
˛h�)2 vs. h� and (b) bandgap vs. deposition time.
1.54 0.9546 1.70
1.50 1.0927 1.67
1.44 1.1569 1.64

electrode is done by plotting the inverse of the square of the capac-
itance vs. the applied potential to the films. In the Mott–Schottky
graphs of 1/C2 sc vs. VSCE, the voltage axis intercepts give the flat
band potentials VFB.

In terms of experimental voltages, the Mott Schottky equation
is defined as:

1
C2

= 2(V  − VFB − kBT/e)
εε0eN

(7)

where C is the space charge capacitance, kB is the Boltzmann’s
constant (1.38 × 10−23 J/K), T is the temperature of the operation
(300 K), e is the electronic charge (1.603 × 10−19 C), ε is the dielec-
tric constant of the film material, εo is the dielectric constant of free
space (8.854 × 10−12 F/m) and N is the carrier concentration which
is calculated from the slope of the graph.

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

ε = Cd
(8)
Aε0

where C is the capacitance, d is the thickness of the crystal and A is
the area of contact (2.25 × 10−6 m2).

Fig. 11. Variation of MoS2 thin films deposited at different deposition times. (a)
(˛h�)2 vs. h� and (b) bandgap vs. deposition time.
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Fig. 12. Mott–Schottky plot for MoSe2 thin films at different deposition time.

Table 6. It is seen that the values of VFB MoS2 deposited at 30 min
are in good agreement with the values reported by Anand [31]. It
T.J.S. Anand, S. Shariza / Ele

Another important parameter to be deduced is the depletion
ayer width (W) and the band bending (Vb) that can be calculated
rom the relation:

b = VF,redox − VFB

1/2 =
(

2εεoVb

eN

)
(9)

here Vb is the built in voltage or the band bending and VF,redox is
he redox potential of the 2I−/I2 redox couple equal to 0.295VSCE
22]. An expression for the density of states, Nc can be written as:

c = 2
h3

(2�m∗
ekT)3/2 (10)

here h is the Planck’s constant (4.136 × 10−15 eV s), me is the effec-
ive electron mass in the conduction band and taken as ≈0.5me for

olybdenum chalcogenides [28].
The measurement of capacitance as a function of applied voltage

i.e. Mott–Schottky plot) provides useful information such as the
ype of conductivity, flat band potential (VFB) and depletion layer
idth, which could give an idea about the required semiconductor

haracteristics of MoSXSe2-X thin films that would be suitable to
erve as PEC cell materials.

The flat band potential, VFB of semiconductor is an impor-
ant factor in explaining charge transfer process across the
emiconductor–electrolyte junction of PEC cell. Since the band
ending gives maximum possible output photovoltage from the
emiconductor based device, it would be desirable from the stand
oint of efficiency to select redox systems such that VF,redox is close
o Ev for n-type semiconductor photoanode based solar cells.

Theoretically, the conversion efficiency of a material varies with
he material properties. Under light excitation, the maximum effi-
iency is given by [2]:

max = eVb

Eg
(11)

here Vb is band bending and Eg is the energy gap (obtainable via
ott–Schottky plots and optical characterization). From the above

xpression it is evident that maximum efficiency depends upon
he band bending and energy gap. Thus for a PEC cell, the larger the
alue of band bending, the greater will be the photoconversion effi-
iency. Therefore, the increased photoconversion efficiency with
he increase of MoSxSe2−x film thickness is attributed to

(i) decrease in the band gap (Eg);
ii) increase in the band bending, Vb of the material in films

deposited at longer time (i.e. higher thickness).

Since the aim of the present work was to synthesize alloyed
aterial in thin film form and to characterize it through the optical

nd electrical properties with special reference to the effect of the
lm composition and thickness, efforts to improve the efficiencies
f the solar cells were not considered here.

The Mott–Schottky plot for of MoSxSe2−x (0 ≤ x ≤ 2) thin films
s shown in Figs. 12–14 and their corresponding semiconductor
arameters summarized in Tables 4–6,  respectively. Intercepts of
lots on voltage axis determine the flat band potential value of the

unction. Fig. 12 shows the Mott–Schottky plot for MoSe2 thin films
t different deposition time. The values of semiconductor param-
ters obtained for the films are shown in Table 4. The flat band
otential (VFB) value is observed to decrease from −0.17 to −0.28 V
s the deposition time increases. These values of VFB for MoSe2

eposited at 30 min  are in good agreement with the value reported
30].

Fig. 13 shows the Mott–Schottky plot for MoSSe thin films at
ifferent deposition time. The results of the flatband potential
Fig. 13. Mott–Schottky plot for MoSSe thin films at different deposition time.

and semiconductor parameters are shown. From the summary in
Table 5, it is seen that the semiconductor parameter values for
MoSSe is intermediate between MoSe2 and MoS2. This trend is in
agreement with Gujarathi et al. [2] whereby they reported inter-
mediate values for WSxSe2−x from the end members of the series
WSxSe2−x (i.e. WSe2 and WS2). Fig. 14 shows the Mott–Schottky
plot for MoS2 thin films at different deposition time. The values
of semiconductor parameters obtained for the films are shown in
Fig. 14. Mott–Schottky plot for MoS2 thin films at different deposition time.
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Table 4
Summary of the results obtained from the Mott–Schottky plots for MoSe2 films.

Semiconductor parameters MoSe2 thin film

10 min  15 min  20 min 25 min  30 min

Type of semiconductor n n n n n
Flat  band potential (VFB) (V) −0.17 −0.19 −0.22 −0.25 −0.28
Dielectric constant (ε) 44.1 39.0 37.3 34.1 33.5
Doping  density (N) × 1029 (m−3) 1.83 1.40 1.10 0.83 0.72
Depletion layer width (W)  (Å) 2.98 2.47 1.94 1.49 1.24
Density  of states in Conduction Band (Nc) × 1013 (m−3) 4.196 4.196 4.196 4.196 4.196
Band  bending (Vb) (V) 0.465 0.485 0.515 0.545 0.575
Energy  gap (Eg) (eV) 1.22 1.20 1.17 1.15 1.12

Table 5
Summary of the results obtained from the Mott–Schottky plots for MoSSe films.

Semiconductor parameters MoSSe thin film

10 min 15  min 20  min 25 min  30 min

Type of semiconductor n n n n n
Flat  band potential (VFB) (V) −0.29 −0.30 −0.33 −0.36 −0.38
Dielectric constant (ε) 41.0 32.4 30.5 29.5 30.1
Doping  density (N) × 1029 (m−3) 1.65 1.09 0.84 0.68 0.57
Depletion layer width (W)  (Å) 3.96 3.16 2.51 1.95 1.61
Density  of states in Conduction Band (Nc) × 1013 (m−3) 4.196 4.196 4.196 4.196 4.196
Band  bending (Vb) (V) 0.585 0.595 0.625 0.655 0.675
Energy gap (Eg) (eV) 1.66 1.61 1.54 1.50 1.44

Table 6
Summary of the results obtained from the Mott–Schottky plots for MoS2 films.

Semiconductor parameters MoS2 thin film

10 min 15  min  20 min 25 min  30 min

Type of semiconductor n n n n n
Flat  band potential (VFB) (V) −0.39 −0.40 −0.42 −0.45 −0.48
Dielectric constant (ε) 35.8 29.3 28.7 27.7 27.4
Doping  density (N) × 1029 (m−3) 1.39 0.97 0.75 0.57 0.48
Depletion layer width (W)  (Å) 5.23 4.30 3.02 2.32 1.95

13 −3
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Density  of states in Conduction Band (Nc) × 10 (m ) 4.196 

Band  bending (Vb) (V) 0.685
Energy  gap (Eg) (eV) 1.74 

as observed that flat band potential (VFB) value to decrease from
0.39 to −0.48 V as the deposition time increases.

The nature of the Mott–Schottky plots as shown in Figs. 12–14
ndicates that the MoSxSe2−x (0 ≤ x ≤ 2) films obtained are of n-
ype material. The values of different parameters obtained from the

ott–Schottky plots using equations (7) to (10) are summarised
or all films respectively. For all films, the value of VFB was  found
o decrease in thicker films. This is due to increase in crystallinity
f the films in thicker films as proven by XRD results. The decreas-
ng value of VFB in the present investigation is attributed to lower
and gap of the material in the thin film form as reported [32]. The
alue of VFB is very important for solar cell applications because it
etermines the maximum possible cell photovoltage. The decreas-

ng values for the depletion width of the films are in good agreement
ith the energy gap values retrieved from optical studies.

The dielectric constants for the films are also observed to
ecrease in thicker films. Although the dielectric constant for
oSxSe2−x (0 ≤ x ≤ 2) thin films decreases with time, this is a good

rend because a higher dielectric constant is not necessarily desir-
ble. Generally, substances with high dielectric constants break
own more easily when subjected to intense electric fields, than do
aterials with low dielectric constants. Hence, the values obtained

rom the Mott–Schottky plots are accepted with good agreements

ith the reports given. With the compilation of the results on

he semiconductor parameters, a comparison study was  done to
valuate the suitability of the MoSSe thin films as a solar/PEC cell
aterial. All values come in the range of many other transition
4.196 4.196 4.196 4.196
0.695 0.715 0.745 0.775
1.72 1.7 1.67 1.64

metal chalcogenides and this has proven that MoSxSe2−x (0 ≤ x ≤ 2)
thin films is capable as a solar/PEC cell material.

4. Conclusion

Results proved that MoSxSe2−x (0 ≤ x ≤ 2) thin films were
successfully deposited on ITO-coated glass and stainless steel sub-
strates. 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 while EDX pattern
confirmed that mixed combinatorial films of MoSxSe2−x (0 ≤ x ≤ 2)
thin films have been formed through the electrodeposition process.
Electron Microscope analysis confirmed the uniform and smooth
nature of the films. Optical studies show the direct optical bandgap
energy of the film. Results on the semiconductor parameters of the
films revealed it is of n-type material and all semiconductor values
come in the range of many other transition metal chalcogenides
and this has proven that MoSSe thin films is capable as a solar/PEC
cell material.
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