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Abstract

The transition metal semiconductor tungsten diselenide (WSe2) films have been pulsed electrodeposited on titanium and SnO2:F coated
glass substrates from an ammoniacal solution of H2WO4 and SeO2 under galvanostatic conditions. The initial layers of the film were of
Se followed by an increasing amount of W in the deposit. Some intermediate layers have a composition equivalent to tungsten diselenide.
An induced co-deposition mechanism for the WSe2 film deposition has been suggested. The growth kinetics of the film was studied and
the deposition parameters such as electrolyte concentration, bath temperature, deposition time, deposition current, pH of the electrolyte
and duty cycle of the current are optimized. X-ray diffraction (XRD) analysis showed the presence of highly textured WSe2 film with
hexagonal structure. EDAX spectrum shows that the films are stoichiometric and SEM pictures show uniform, pinhole free and uniform
granular shaped grains. The optical absorption spectra show that the material has an indirect band gap value of 1.42 eV. The electrical
conductivity measurements were carried out and the semiconductor parameters such as activation energy, trapped energy state and the
barrier height were evaluated.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

In the conversion of solar energy into electrical energy,
semiconducting single crystals and transparent thin films are
used in fabricating high efficiency solar cells, rechargeable
batteries and high temperature solid lubricants[1]. In re-
cent years, lot of interest has been shown on transition metal
dichalcogenide compounds (TMDC) like MX2 (M = W,
Mo; X = S, Se)[2]. The layered semiconductors are of inter-
est in solar energy conversion due to the ingenuous arrange-
ment of structural lattice with cations and anions[3]. Tung-
sten diselenide (WSe2) single crystals and thin films have se-
lective properties like band gap in the range 1–2 eV, high op-
tical absorption, the layered type of arrangement between the
cations, all of which make this material an important one in
the photoelectrochemical (PEC) conversion and photovoltaic
solar energy conversion[4]. These films are layered type
semiconductors in which chalcogenide–metal–chalcogenide
layer is formed and each layer is tied by weak Van der
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Waals force. The strong covalent bond within the layer and
weak Van der Waals force between the layers make this ma-
terial anisotropic[5,6]. Single crystals of transition metal
dichalcogenide materials are mostly used in solid state de-
vices and photoelectrochemical solar cells. The maximum
efficiency of PEC is reported as 17% using n-type WSe2
single crystals[7]. The growth of tungsten diselenide single
crystals using chemical vapour transport was reported by
Sunil and Ittyachen[8]. For cheap, large scale production
WSe2 must be obtained in thin film form. Layered WSe2
films have been prepared by rf sputtering technique on tita-
nium, quartz, quartz coated with a metal film and tungsten
substrates[9] and electrodeposited over transparent conduct-
ing glass and titanium substrates by Jebaraj et al.[10]. Poly-
crystalline WSe2 thin films have been prepared by various
methods, including chemical vapour deposition and reactive
rf sputtering[11] and synthesis from WSe2 powder in evac-
uated quartz ampoule[12]. WSe2 crystals have been grown
via a vapour transport technique, employing SeCl4 as trans-
porter [13,14]. Using chlorine and iodine transport single
crystals of n- and p-type WSe2 were grown by Lewerenz
et al. [14]. Both n- and p-type WSe2 single crystals were
grown by Fan et al.[15] and WSe2 films were electrode-
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posited on transparent conducting glass and titanium sub-
strates by Chandra et al.[16,17].

The present paper reports a simple pulsed electrodepo-
sition technique for depositing tungsten diselenide film ca-
thodically on SnO2:F coated glass and titanium substrates.
These films were characterised by X-ray diffraction (XRD),
EDAX, SEM, optical and their conductivity studies were
carried out at different temperatures.

2. Experimental details

The electrodeposition of WSe2 films is difficult due to
the large difference in the reduction potential of W and Se.
Hence, pulsed electrodeposition has been used to deposit
WSe2 films using aqueous solution of basic pH. The aqueous
deposition mixture consists of tungstic acid (H2WO4) and
selenium dioxide (SeO2) in an alkaline medium. Based on
“induced co-deposition” concept, the following mechanism
for WxSey deposition can be suggested:

H2WO4 + NH4OH ⇔ (NH4)2WO4 + 2H2O

(NH4)2WO4 ⇔ 2(NH4)
+ + WO4

2−

WO4
2− + (6 − n) e− = Wn+ oxide

hydroxide

SeO2 + H2O ⇔ HSeO2
+ + OH−

HSeO2
+ + 2e⇔ Se(s) + O2 + 1

2H2

Se(s) + 2H2O ⇔ HSeO2
+ + 3H+ + 4e−

H+ + e(ySe) ⇔ H(ySe)

xWn+ oxide

hydroxide
+ nH(ySe) = WxSey

wheren is the valence state of W in the intermediate com-
pound (0< n < 6), Ses the elemental selenium (solid) de-
posited on the cathode, H(Se) the atomic hydrogen held on
Se (the solid deposit),x and y are the number of tungsten
and selenium ions deposited on the cathode.

The electrolysis cell consisted of (i) a titanium or SnO2:F
coated glass substrate on which WSe2 film was deposited
and which acts as the cathode, (ii) graphite as the counter
electrode (anode), and (iii) an ammoniacal solution of
H2WO4 + SeO2 as the electrolyte. The electrolyte was pre-
pared by mixing an ammoniacal solution of tungstic acid
and an aqueous solution of SeO2. The final pH of the mix-
ture was 9.2. The electrolysis was carried out at different
bath temperatures such as room temperature, 55, 60, 65,
70 and 75◦C, with a current density of 6 mA cm−2, for
different deposition times like 15, 30, 45, 60 and 75 min
and for different electrolyte concentrations with different
duty cycles using a PC based pulse console developed in-
digenously at Central Electrochemical Research Institute
(CECRI), India. The pulse duty cycle is defined as the ratio

of ON time to ON+ OFF time. ON times were 1, 2, 3,
4 and 5 s with corresponding OFF time fixed as 1, 3, 7,
16 and 45 s. To prepare the stock solution of the aqueous
bath, different concentrations of H2WO4 and SeO2 in triple
distilled water were prepared. The first solution contained
7.0 g of H2WO4 in 100 ml of 1.4N ammoniacal solution and
the second solution contained 11.0 mg of SeO2 in 100 ml of
water. Different volumes of these two precursor solutions
were mixed to give different electrolysis compositions like
H2WO4 solution: SeO2 solution with molar ratios of 0.20,
0.25, 0.30, 0.35 and 0.40. The chemicals used were all GR
grade E-Merck. The distance between the working electrode
and the graphite counter electrode was kept at 1 cm apart.

The deposition parameters were: concentration of the indi-
vidual electrolyte, composition of the electrolysis bath, pH,
temperature, time of deposition, deposition current and duty
cycle. All these parameters were varied and the growth ki-
netics study was carried out. Pulse plated WSe2 films were
well adherent, initially dark brown and finally dark grey, uni-
form and pinhole free. Detailed growth kinetics was studied
by changing the dominant deposition parameters like mo-
larity of the solution and bath temperature.

The optimised pulse deposited films were characterised
using Philips Analytical PW 1710 X-ray diffractometer for
the structural studies. The surface compositional analysis
was carried out using EDAX ZAF Philips EDX spectrome-
ter (XL 30 ESEMTMP). The surface morphology of the film
was studied by taking scanning electron micrographs with
JEOL JSM 6400 after sputtering with a thin gold coating on
the surface. The band gap of the material was evaluated by
taking optical absorption spectrum in the UV-Vis-NIR re-
gion using Hitachi, V3400 UV-Vis-NIR spectrophotometer.
Two probe electrical conductivity study was carried out us-
ing Keithley 2000 electrometer in the temperature range of
303–623 K.

3. Results and discussion

3.1. Growth kinetics study

A detailed growth kinetics study was carried out by chang-
ing composition of bath and bath temperatures as shown
in Fig. 1 and for different duty cycles as shown inFig. 2.
The film thickness was slowly built-up at the initial stages,
then linearly and finally saturated to a maximum of about
5–10�m for about 60–75 min as shown inFig. 1(a)–(c)
keeping the bath temperature as 55, 65 and 75◦C, respec-
tively for different molarity ratios. By keeping the molarity
ratio of the electrolyte solution as 0.35, the temperature of
the bath as 65◦C and the duty cycle was varied as 10, 20,
30, 40 and 50% and the growth kinetics was studied and
the variations are shown inFig. 2. After 75 min, the growth
of thickness of the film attained saturation. This result was
achieved for the solution 0.35 molarity ratio concentration.
For other lower ratios, the thickness was less than that of
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Fig. 1. Growth kinetics of WSe2 film for bath temperatures: (a) 55, (b)
65 and (c) 75◦C (different molarity ratios are marked in the curve itself).

the previous concentration. If the ratio of the solution was
greater than 0.35, the thickness was not sufficiently built on
the substrate, i.e. the material deposited on the substrate was
less.

WSe2 film thickness was built up-to a maximum of about
11�m at 65◦C when the electrolyte concentration was kept
at 0.35 molarity of W/Se and is shown inFig. 1(b). After

Fig. 2. Growth kinetics of WSe2 film for different duty cycles.

Table 1
Optimised parameter for the pulsed deposition of WSe2 film

Parameter Optimised value

Composition of bath molarity ratio 0.35
pH 9.2 ± 0.1
Bath temperature (◦C) 65
Current density (mA/cm2) 6
Duty cycle (%) 20

75 min, the growth of thickness of the film attained satu-
ration. For other lower and higher temperatures, the thick-
ness of the film was less while compared to 65◦C as the
bath temperature. The optimised pulsed deposition parame-
ters are tabulated inTable 1.

3.2. Surface characterisation

X-ray diffraction patterns of the pulsed electrodeposited
WSe2 films with solution moles ratio of 0.40, 0.35, 0.30,
0.25 and 0.20 were shown inFig. 3(a)–(e), respectively. The
observed ‘d’-values are compared with JCPDS[18] values
to determine the crystal structure. The ‘d’-values, obtained
for the WSe2 film are tabulated along with JCPDS data in
Table 2.

The sharp peaks reveal the polycrystalline nature of the as
deposited WSe2 films. The structural features fit into hexag-
onal one with lattice parametersa = b = 3.29 Å andc =
12.97 Å. These values are in good agreement with the earlier
reported values ofa = b = 3.285 Å andc = 12.92 Å [19].

Fig. 3. XRD patterns for the WSe2 films with H2WO4:SeO2, moles ratio
of (a) 0.40, (b) 0.35, (c) 0.30, (d) 0.25 and (e) 0.20.
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Table 2
Comparison of experimentald-values with JCPDF

2θ(◦) d-values (Å) h k l

JCPDS Observed

35.260 2.6043 2.5433 1 0 2
28.430 2.3777 2.3405 1 0 3
41.060 2.1638 2.1965 0 0 6
52.990 1.7222 1.7267 1 0 6
59.295 1.5537 1.5572 1 0 7
70.955 1.3085 1.3272 1 1 6
76.465 1.2475 1.2447 2 0 5

The crystallite size was calculated from the full-width at
half-maximum (FWHM) measurement for prominent X-ray
diffraction peaks of the film and the values are in the range
20–30 Å. By varying the duty cycle of the pulsed electrode-
posited WSe2 films, the structural study was carried out.
Annealing of the film deposited using 20% duty cycle was
done in vacuum at four different temperatures 100, 150, 200
and 250◦C for 60 min and the XRD patterns obtained are
shown inFig. 4(a)–(d), respectively. It reveals that the as
deposited films are well crystallised and heating in vacuum
produces a slight realignment in the crystallite orientation.
But the grain size was unaffected on vacuum annealing as
observed from the FWHM measurements of the prominent
peak.

The ratio of the weight percentage analysed with EDAX
of W and Se is nearly 2, approaching the stoichiometry at
the optimised pulse platting condition. The SEM micrograph
shows well adherent and uniform film surface without cracks
and pinholes.Fig. 5 shows the surface morphology of the
WSe2 thin film, which exhibits granular shaped grains of
uniform size of 0.28�m spread all over the surface.

Fig. 4. XRD pattern of WSe2 films annealed at (a) 100, (b) 150, (c) 200
and (d) 250◦C.

Fig. 5. SEM photograph of pulsed deposited WSe2 film.

3.3. Optical studies

The transition metal dichalcogenides were usually indirect
band gap semiconductors. In the present study, optical ab-
sorption measurements were done near the fundamental edge
with the objective of estimating the band gap of the pulsed
electrodeposited WSe2 films. For optical absorption studies,
the films were deposited on SnO2:F doped tin oxide coated
glass substrates. Absorption spectrum was taken using spec-
trophotometer in the wavelength region of 300–1000 nm.
The fundamental dependence of the absorption coefficient
α at different energies can be expressed by

α = K(E − Eg)
n

E

WhereK is a constant, andn = 1/2, 3/2 and 2, respectively
for direct allowed, direct forbidden and indirect allowed tran-
sitions. The values of ‘n’ also depend on the shape of the
density of states. The absorption coefficient ‘α’ has been
calculated from the transmission spectra of WSe2 films of
different thickness and it is in the order of 104 cm−1.

The optical band gap value of the WSe2 film was deter-
mined by extrapolating the linear portion of the (αhγ )1/2

versushγ graph and is shown inFig. 6. The indirect band
gap value of WSe2 film was 1.42 eV, which is in close agree-
ment with the earlier reported value of 1.435 eV for the elec-
trodeposited film[20,21].

3.4. Electrical properties

The film deposited on titanium substrate was used for the
electrical conductivity measurement. Using two-point probe
technique, the temperature dependence of the electrical re-
sistance was measured between 303 and 623 K for films pre-
pared at different duty cycles of 10, 20, 30, 40 and 50%.
The variation of electrical resistivityρ with 1/T is shown
in Fig. 7. It is obvious fromFig. 7 that the conductivityσ
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Fig. 6. Plot of (αhγ)1/2 vs. hγ for WSe2 thin film.

(which is equal to 1/ρ) increases with the increase of tem-
perature, which is the characteristic feature of impurity con-
duction. The increase in conductivity is due to the decrease
in mobility caused by scattering of charge carriers from the
ionised impurity centres. From this observation, it can be
stated that as the temperature increases the electrical resis-
tivity is found to decrease. By drawing plots of (i) lnσ ver-
sus 1/T; (ii) ln σT−1 versus 1/T; (iii) ln σT1/2 versus 1/T,
the activation energyEa, trapped state energye� and barrier
heightΦB, respectively can be calculated using the follow-

Fig. 7. ρ vs. 1/T plot for the pulsed electrodeposited WSe2 film.

Fig. 8. Plot for the WSe2 films pulsed platted at different duty cycle to
calculate: (a)Ea from lnσ vs. 1/T, (b) trapped state energy from lnσT−1

vs. 1/T and (c) barrier height from lnσT1/2 vs. 1/T.
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Table 3
Electrical parameters of the WSe2 films

Duty cycle
(%)

Activation
energyEa (eV)

Trapped energy
statee� (eV)

Barrier height
ΦB (eV)

10 0.96 0.6502 0.120
20 0.90 0.6542 0.110
30 0.86 0.6622 0.115
40 0.86 0.6524 0.110
50 0.72 0.6405 0.130

ing relations[22]:

σ = σ0 exp

(
−Ea

kT

)

σ α T exp

[
− (Eg/2 + eζ)

kT

]
, whenN∗ > N

σ α T 1/2 exp

(
−ΦB

kT

)
, whenN∗ < N

where N is the acceptor concentration andN∗ exists for
which the grains are only partially depleted (2W < d, d
being the grain size),W the width of the depletion region,k
the Boltzmann constant andT the absolute temperature (in
K).

The Ea, e� andΦB values for the WSe2 films deposited
at different duty cycles are tabulated inTable 3 and the
corresponding plots are shown inFig. 8(a)–(c), respectively.
The activation energy calculated was in agreement with the
earlier reported values of 0.57–1.10 eV and the barrier height
values compare well with the reported value of 0.15 eV[23].

4. Conclusions

Using pulsed electrodeposition technique under galvanos-
tatic conditions, WSe2 films were successfully deposited on
conducting glass and titanium substrates. The X-ray diffrac-
tograms reveal that the films are polycrystalline in nature
and possess hexagonal structure. Annealing treatment of the
film in vacuum shows an improvement in the polycrystalline
nature of the film. Films prepared with a duty cycle of 20%
show very sharp and intense peaks revealing the highly ori-
ented and polycrystalline nature of the pulsed electrode-
posited WSe2 films. EDAX results confirm the presence of
elemental W and Se and which in turn approaches stoi-

chiometry at the optimised condition. The SEM micrograph
shows the device quality nature of the surface without any
pinholes. From optical studies, the indirect band gap value
was found to be 1.42 eV. From electrical conductivity stud-
ies, the electrical constants like the activation energy, trapped
energy state and barrier height were calculated, and it re-
veals that the pulsed electrodeposited WSe2 films prepared
under the optimised conditions can be effectively used for
the fabrication of efficient PEC solar cells.

References

[1] J.C. Bernede, J. Pouzet, Z.K. Alaoui, Appl. Phys. A51 (1990) 155.
[2] A. Aruchamy (Ed.), Photoelectrochemistry and Photovoltaics of

Layered Semiconductors, Kluwer Academic Publishers, Dordrecht,
1992.

[3] J. Lipkowski, P.N. Ross (Eds.), The Electrochemistry of Novel
materials, VCH, Weinheim, 1994.

[4] A. Ennaoui, K. Diesner, S. Fiechter, J.H. Mooser, F. Levy, Thin
Solid Films 311 (1997) 146.

[5] A. Ennaoui, S. Feichter, K. Ellmer, R. Scheer, K. Diesner, Thin Solid
Films 217 (1992) 30.

[6] A. Ennaoui, A. Mathews, S. Fiechter, W. Jaegerman, in: Proceedings
of the 13th European Photovaltaic Solar Energy Conference, Nice,
France, 1995, p. 1650.

[7] G. Prasad, O.N. Srivastava, J. Phys. D 21 (1988)
1028.

[8] K. Sunil, M.A. Ittyachen, Bull. Mater. Sci. 20 (1997) 231.
[9] J. Pouzet, J.C. Bernede, A. Khellil, H. Essaidi, S. Benhida, Thin

Solid Films 208 (1992) 252.
[10] J. Jebaraj Devadasan, C. Sanjeeviraja, M. Jayachandran, Mater.

Chem. Phys. 77 (2002) 397.
[11] D.E. Miller, First Year Progress Report, Lawrence Livermore

National Laboratories, Livermore, CA, USA, 1985 (SERI Contract
9050), Chemical Abstracts 107 (1987) 10372q.

[12] C.R. Cabrera, H.D. Abruna, J. Electrochem. Soc. 135 (1988) 1436.
[13] G. Prasad, O.N. Srivastava, J. Phys. D. Appl. Phys. 21 (1988) 1028.
[14] H.J. Lewerenz, A. Heller, F.J. Disalvo, J. Am. Chem. Soc. 102 (1980)

1877.
[15] F.R.F. Fan, H.S. White, B.L. Wheeler, A.J. Bard, J. Electrochem.

Soc. 127 (1980) 518.
[16] S. Chandra, S.N. Sahu, Phys. Stat. Sol. 89 (1985) 321.
[17] S. Chandra, O.N. Srivastava, S.N. Sahu, Phys. Stat. Sol. 88 (1985)

497.
[18] JCPDF, 84-1398.
[19] G. Salitra, G. Hodes, E. Klein, R. Tenne, Thin Solid Films 245

(1994) 190.
[20] M.P. Deshpande, G.K. Solanki, M.K. Agarwal, Mater. Lett. 43 (2000)

66.
[21] R. Cabrera, D. Abruna, J. Phys. Chem. 89 (1985) 1279.
[22] C.C. Lu, C.Y. Luan, J.D. Meindl, IEEE Trans. ED-28 (1981) 818.
[23] J. Pouzet, J.C. Bernede, A. Ouadah, Phys. Stat. Sol. 139 (1993) 471.


	Pulsed electrodeposition and characterisation of tungsten diselenide thin films
	Introduction
	Experimental details
	Results and discussion
	Growth kinetics study
	Surface characterisation
	Optical studies
	Electrical properties

	Conclusions
	References


