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Abstract Nanocrystalline tungsten diselenide thin films

have been deposited on non-conducting glass and stainless

steel substrates by chemical methods. Various preparative

conditions were optimized for the formation of thin films.

The X-ray diffraction analysis shows that the film samples

are in layer-hexagonal crystal structure. EDAX analysis

shows that the films are nearly stoichiometries of W:Se.

Optical properties show a direct band gap nature with band

gap energy 1.5 eV. Specific electrical conductivity was

found to be in the order of 10-3 to 10-2 (X cm)-1. The

photoelectrochemical characterization of the films was

carried out by studying current–voltage characteristics,

capacitance–voltage and power output characteristics. The

efficiency of photoelectrode was found to be 1.31 % using

iodine–poly iodide electrolyte.

Keywords Nanostructure � EDAX � Chemical synthesis �
Electrical properties � Efficiency � Fill factor

Introduction

Group VI transition metal dichalcogenides (MX2;

M = Mo, W and X = S, Se and Te) constitute structurally

and chemically well-defined compounds within the family

of materials. It belongs to the family of layer-type structure

compounds (Wisser and Landa 1973; Whittingham and

Levy 1979). Currently, one of the best materials for tai-

loring of band gaps is from the VI group of transition metal

dichalcogenides (Deshpande et al. 2011). Tungsten dis-

elenide belongs to a class of transition metal dichalco-

genides compound with layered structure in which atoms

forming each layer are covalently bound, while adjacent

layers are taken by weak Van der Waals forces. It delivers

several applications for low-cost photovoltaic cells, solid

lubricants, etc. (Abruna et al. 1982; Kautek et al. 1982;

Kline et al. 1980; Voevodin et al. 1999; Beato et al. 2006).

There are a number of methods employed for the synthesis

of WSe2 thin film, such as chemical vapor deposition,

electrodeposition, spray pyrolysis, physical vapor deposi-

tion and chemical method (Gawale et al. 2010; Delphine

et al. 2003; Devadasan et al. 2003; Deshpande et al. 2012;

Yang et al. 2008; Hankare et al. 2009a; Delphine et al.

2011). But chemical bath deposition method is an alter-

native, low-cost method which can operate at low pro-

cessing temperature and provides large-area deposition.

Therefore, it was thought to be of interest to synthesize the

nanocrystalline tungsten diselenide thin film by a chemical
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route at room temperature using citric acid as a complexing

agent. The film was studied for structural, compositional,

optical, electrical and photoelectrochemical performance.

Experimental details

The substrates used for depositing the films were non-

conducting glass slides of the size 75 9 25 9 2 mm (Blue

Star Co., Mumbai) and good quality polished stainless steel

strips. The films deposited on the glass substrates were

used for characterization of the films, whereas the films

deposited on stainless steel were used for photoelectro-

chemical study.

All the chemicals used were of analytical grade. Sodium

tungstate, citric acid, hydrazine hydrate, anhydrous sodium

sulfite and selenium powder were obtained from S.D. Fine

Ltd., India. All the solutions were prepared in double dis-

tilled water. Sodium selenosulfate was prepared by fol-

lowing the method reported earlier (Hankare et al. 2010).

The deposition of tungsten diselenide thin films was

made in a reactive bath. The solution was obtained by

mixing 15 mL (0.25 M) sodium tungstate, 7 mL (1 M)

citric acid, 10 mL (10 %) hydrazine hydrate and 10 mL

ammonia solution in a beaker. To this, 30 ml (0.25 M)

sodium selenosulfate was added and the total volume of the

reaction mixture was made to 100 ml by adding double

distilled water. The temperature of the bath was maintained

at 278 K using an ice bath. Individual solutions were

cooled to 278 K and mixed to avoid precipitation. The

solution was stirred vigorously before dipping stainless

steel as well as glass substrates, which were kept vertically

slightly tilted in the reactive bath. The temperature of the

bath was then allowed to increase up to 298 K very slowly.

After 3 h, the slides were removed and washed several

times with double-distilled water. The deposited substrate

was dried naturally, preserved in dark desiccators over

anhydrous CaCl2 and subjected to various characteriza-

tions. The thickness of tungsten diselenide thin film was

measured by the weight difference method and found to be

0.4 lm.

Results and discussion

Structural characterization

Crystallographic studies of tungsten diselenide thin film

were characterized by using a Phillips PW-1710 X-ray

diffractometer in the 2h range from 10� to 80�. The XRD

pattern of WSe2 thin film is shown in Fig. 1. The XRD

pattern shows a hump between 14� and 36� due to the

amorphous glass substrate. The presence of a large number

of peaks indicates that the films are polycrystalline in na-

ture. The observed ‘d’ values of depositing samples were in

full accord with the standard ‘d’ values taken from JCPDS

diffraction file No. 06-0080. Comparison of observed ‘d’

with standard ‘d’ values confirms that chemically deposited

film shows a single-phase compound with typical lines

belonging to the hexagonal structure in accordance with the

literature-reported data (Gawale et al. 2010; Delphine et al.

2003; Devadasan et al. 2003; Hankare et al. 2009a, 2010;

Gayathri et al. 2012; Sathe et al. 2010).

WSe2 showed prominent peaks due to reflections from

(004), (100), (101), (103) and (108) planes of a hexagonal

WSe2 structure. The lattice parameters of the hexagonal

phase were calculated using the relation:

1

d2
¼ 4

3

ðh2 þ hk þ k2Þ
a2

þ l2

c2
: ð1Þ

The lattice parameters ‘a and c’ of WSe2 film was found

to be a = 3.325 and c = 12.921 Å, respectively. These

values are in good agreement with the earlier reported

value (Hankare et al. 2009a, 2010; Gayathri et al. 2012;

Sathe et al. 2010). The average crystallite size was

calculated using Scherrer formula:

D ¼ Kk
b cos h

; ð2Þ

where D is the crystallite size (Å), k is the X-ray

wavelength (Å), b is the full width at half maximum

(rad), h is the Braggs diffraction angle and k is constant

(0.94) (Patterson 1939; Cuility 1959; West 1987). The

average crystallite size was calculated by resolving the

highest intensity peak, i.e., (004) plane. The average

crystallite size of the tungsten selenide thin film was found

to be 34 nm. The microstrain (e) developed in the films was

calculated using an equation:

e ¼ b cosh=4: ð3Þ

The value was found to be 2.418 9 10-4.

Fig. 1 XRD pattern of tungsten diselenide thin film
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Surface morphology

The surface morphology of tungsten diselenide thin film was

also studied by scanning electron microscopy (SEM). The

SEM micrograph of WSe2 thin film is presented in Fig. 2.

WSe2 thin film is homogenous and well covers the glass

substrate. The spherical grains are seen to be blended with the

adjacent ones. This type of morphology is typical of layered

structure. The average grain size was calculated using Con-

trell’smethod. Thismethod relates the number of intercepts of

grain boundary per unit length ‘PL’ and is given by;

PL ¼ n=2prð ÞM; ð4Þ

where n is the total number of intercepts, r the radius of

curvature andM the magnification used. Using PL, the grain

size ‘L’ was determined by using the following relation;

L ¼ 1= PLð Þ1=2½ �: ð5Þ

The mean grain size as calculated from SEM was found

to be in accord with those obtained from Scherrer’s

formula in XRD.

Compositional studies

Figure 3 shows the EDAX patterns for the typical WSe2
thin film sample. The stoichiometry of the grown crystals

was analyzed by EDAX and it was found that the growth

crystals possess nearly perfect stoichiometry with the

chemical formula WSe2. No impurities were present in the

limit of sensitivity. Wt% of tungsten and selenium was

found to be 55.12 and 44.88, respectively.

Optical characterization

The optical absorption spectrum of the film was recorded

with UV–VIS–NIR Spectrophotometer; Hitachi–330

(Japan). The optical absorption spectrum of tungsten dis-

elenide film was analyzed in the wavelength of

400–1,000 nm. Figure 4 shows the variation of optical

absorption with wavelength. The study demonstrates the

presence of absorption edge of exponential shape It is due

to the homogeneity of films and normal band structure. The

spectra show two regions, one for higher wavelength with

practically lower absorption and the other for lower

wavelength in which absorption increases steeply. Based

on the observed optical absorbance, (ahm)2 is plotted as a

function of photon energy (hm) and shown in Fig. 5. The

simplest form of the equation obeyed near and above the

absorption edge is (Hankare et al. 2009).

ahm ¼ A hm� Eg

� �n
; ð6Þ

where a is the absorption coefficient (cm-1), hm is the

photon energy (eV) and A and n are constants. A is a

complex parameter, which depends on temperature, photon

phonon energies, etc. The n values are 0.5, 1.5, 2 and 3 for

allowed direct, forbidden direct, allowed indirect and for-

bidden indirect transition, respectively. A plot of (ahm)2

versus hm should be a straight line whose intercept to the

Fig. 2 Scanning Electron Micrographs for WSe2 thin film

Fig. 3 EDAX of the WSe2 thin film
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Fig. 4 Absorption spectrum of tungsten diselenide thin film
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x-axis gives the optical band gap. The band gap value of

the tungsten diselenide was found to be 1.5 eV.

Electrical properties

The electrical conductivity measurement was carried out in

the temperature range 300–525 K on a Zintek 502 BC

milliohmmeter using a two-probe method. At room tem-

perature, the specific conductance was found to be in the

order of 10-3 to 10-2 (X cm)-1, which agrees well with

the earlier reported value (Hankare et al. 2009a; Sathe et al.

2010). It is observed that the conductivity of the film in-

creases with increase in temperature. This indicates the

semiconducting behavior of the thin film. The electrical

transport properties play a key part in deciding the char-

acter as well as applications of the semiconductor devices.

These properties are mainly influenced by their structural

characteristics, purity, nature and the concentration of the

impurities (Chopra 1969; Harbeke 1985; Rusu et al. 2003).

A plot of log (conductivity) versus inverse temperature

(1,000/T) is indicated in Fig. 6. There are two distinct

linear regions, suggesting the presence of two-conduction

mechanism, the low-temperature intrinsic and high-tem-

perature extrinsic. In the lower temperature range

(300–375 K) is characterized by a small slope. In the

higher temperature range, the curve is characterized by a

large slope. The activation energy is counted using the

Arrhenius equation. The activation energy obtained from

the linear portion of a graph is found to be 0.032 and

0.438 eV for the low-temperature and high-temperature

region respectively.

Photoelectrochemical performance

A PEC cell with configuration n-WSe2 | NaI (2 M) ? I2
(1 M) | C (graphite) was organized. A schematic diagram

of the photoelectrochemical solar cell is shown in Fig. 7.

Even in the dark, photoelectrochemical cells show dark

voltage and dark current. The polarity of this dark voltage

is negative toward the semiconductor electrode. The sign of

the photovoltage gives the conductivity type of tungsten

diselenide. This suggests that tungsten diselenide is an

n-type semiconductor.

Current–voltage (I–V) characteristics of photoelectro-

chemical cell in the dark have been studied at 303 K and

shown in Fig. 8. The characteristics are non- symmetrical

indicating the formation of the rectifying type of junction

(Deshmukh and Holikatti 1994). The Butler–Volmer rela-

tion can be applied to the tungsten diselenide electrolyte

interface and the observed magnitude of the symmetry

factor shows rectifying Schottky type of junction. The

measurements of capacitance as a function of applied

voltage provided useful information such as the type of

conductivity, depletion layer width and flat band potential.

Flat band potential can be obtained using the Mott–S-

chottky relation by standardizing with saturated calomel

electrode (SCE):

C�2 ¼ ½2=qee0Nd�ðV � Vfb�kT=qÞ; ð7Þ

where symbols have their usual meaning. The variation of

C-2 in voltage for representative samples is shown in

Fig. 9. Intercepts of plots on the voltage axis determine the

flat band potential value of the junction. The flat band

potential value was found to be -0.447 V (SCE) for WSe2
thin film using iodine/iodide redox electrolyte. The non-

linear nature of the graph is an indication of graded

junction formation between tungsten diselenide and

iodine–iodide electrolyte. Non-planar interface, surface

Fig. 5 Plot of (ahv)2 with respect to photon energy
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Fig. 6 The variations of log (conductivity) with inverse temperature
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roughness and ionic adsorption on the photoelectrode

surface may be possible reasons for deviation from

linearity in the C–V plot (Hankare et al. 2008). Figure 10

shows the photovoltaic power output characteristics of a

cell under illumination of 30 mW/cm2. The maximum

power output of the cell is given by the largest rectangle

that can be drawn inside the curve. The open circuit voltage

and short circuit current are found to be 493 mV and

339 lA, respectively. The calculation shows that the fill

factor is 38.19 %. The power conversion efficiency is

found to be 1.31 %. The series resistance and shunt

resistance were calculated from the slope of the power

output characteristics using the relation:

Fig. 7 Schematic diagram of

photoelectrochemical solar

Fig. 8 I-V characteristics of tungsten diselenide photoelectrode

Fig. 9 C–V characteristics of tungsten diselenide photoelectrode

Fig. 10 Power output curves for tungsten diselenide photoelectrode
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dI=dVð ÞI¼0 ¼ 1=Rsð Þ; ð8Þ

dI=dVð Þv¼0 ¼ 1=Rshð Þ: ð9Þ

The values of Rs and Rsh were found to be 828 and

429 X, respectively.

Conclusions

(1) It is possible to deposit tungsten diselenide thin films

on stainless steel as easily as glass substrates at room

temperature.

(2) The deposited tungsten diselenide thin films are

nearly stoichiometries, with crystalline nature, hex-

agonal structure and band gap of 1.5 eV.

(3) The material shows promising photo-response when

tested in iodine–iodide electrolyte.
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