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Zinc sulphide thin films have been synthesized by the electrodeposition
method onto stainless steel substrate followed by dipping in acetone solution
of chlorophyll in different time intervals to form photosensitised thin films.
The photoelectrochemical parameters of the films have been studied using the
photoelectrochemical cell having the cell configuration as follows
photoelectrode=NaOH 1 Mð Þ þ S 1 Mð Þ þ Na2S 1 Mð Þ=C graphiteð Þ. The photo-
electrochemical characterization of the semiconductor film and dye-sensitised
films has been carried out by measuring current–voltage (I–V) in the dark,
power output and photoresponse. The study proves that the conductivity of
both ZnS film and dye-sensitised ZnS films are n-type. The power output
curves illustrate that open circuit voltage (Voc) and short circuit current (Isc)
increase from 0.210 V to 0.312 V and from 0.297 mA to 0.533 mA, respec-
tively. The fill factor initially decreases from 0.299 to 0.213 and then increases
to 0.297 irregularly whereas efficiency increases from 0.047% to 0.123%. The
UV–Vis absorbance spectrum of chlorophyll in acetone shows the presence of
chlorophyll. The structural morphology of the ZnS thin films has also been
analysed by using x-ray diffraction technique (XRD) and a scanning electron
microscope (SEM). The XRD pattern shows the formation of nanocrystalline
ZnS thin films of size 65 nm and the SEM images confirm the formation of
fibrous film of ZnS. The energy diffraction analysis of x-ray confirms the for-
mation of ZnS thin films.
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INTRODUCTION

Rapid population growth and industrialisation
with the unavoidable shrinking of fossil fuels are
leading to serious energy problems for future gen-
erations.1 So, renewable energy sources are becom-
ing the only alternative to face the energy crisis.2 In
this contest, wind, solar, hydropower, geothermal,
biomass and biofuel energies are widely explored all
over the world.3 However, solar energy is believed to
be the capable renewable energy source to solve the

future demand.4 The harnessing of solar energy has
become easy after the development of solar tech-
nologies. The solar technologies developed to date
are broadly classified into three generations such as
a first generation based on single crystalline semi-
conductors, a second generation based on inorganic
thin films and a third generation being photovoltaic
solar cells.4 Out of these three, the dye-sensitised
solar cell (DSSC) is the promising area of the third
generation devices, which may satisfy the energy
demand of today.1 So energy research on DSSC has
been the main centre of attention of researchers for
a few decades.5 The eco-friendly, easy fabrication
and low cost of production, attract researchers to
focus their attention in the proposed field.6
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Conversion of photons to electricity in DSSC starts
when the dye molecules catch photons of incident
light and use their energy to excite electrons. The
dye injects these electrons (e�) into the bulk of the
semiconductor. The redox reaction of the elec-
trolytes causes the electron to move from the
counter electrode to the dye molecules. Electrical
energy is thus generated which is harvested in dye-
sensitised photovoltaic cells.7 The schematic repre-
sentation of components and basic working princi-
ple of the DSSC is as follows (Fig. 1):

The redox system plays an important role in the
photoelectrochemical cell. So selection of redox
couples is important. Although ranges of redox
systems are being used, the sulphide/polysulphide
is the main choice of researchers as sulphide (S2�)

ions easily form complexes and generate polysul-

phide ions (S2�
n ).8 The elementary reactions of the

DSSC are as follows:

ZnS/Ch þ hm ! ZnS/Ch�; ðIÞ

ZnS/Ch� ! ZnS/Chþ þ ecb; ðIIÞ

ð2n� 4ÞhþðZnS/ChÞ þ nS2� ! ZnS/Ch þ 2S2�
n ;

ðIIIÞ

2S2�
n þ ð2n� 4Þe� ! nS2�: ðIVÞ

Generally the photoanodes, which absorb photons of
DSSC, are made up of wide band gap semiconduc-
tors and coated with dye molecules.9 The semicon-
ductor and dye molecules fabricate a heterojunction,
and the potential difference of the two semiconduct-
ing materials generates an electric field which gives
rise to the photoelectric effect and pushes the
photogenerated electrons and holes in the reverse
direction, for which, optical and electrical properties

of DSSC change.10 At present, substrates like SnO2

coated glass, ITO glass, FTO glass, steel, etc., are
being used as substrate to deposit semiconducting
materials for fabrication of a thin film semiconduc-
tor photoelectrode.11–13 So far as fabrication is
concerned, various methods have been proposed
for fabrications of thin films like the SILAR (selec-
tive ionic layer adsorption and reaction) method,14

chemical bath deposition (CBD) and dip coating
techniques,15 ultrasonic spraying,16 the electrode-
position method,17 hydrothermal synthesis,18 chem-
ical vapour deposition (CVD) and the sputtering
method.19,20 The thin films semiconductors can be
sensitised by coating with dyes. Attempts have been
made for a long time to explore the possibility of dye
sensitisation with chlorophyll extracted from the
bryophyte Hyophila involuta, spinach, pPorphyrin
and N 719 dye, a natural dye in PEC solar cells.21–25

Thimol blue has also been used as a sensitizer on
PEC solar cell.26 Herein, zinc sulfide (ZnS) is
selected as the photoelectrode as it is an important
II–VI semiconducting material. It is a nontoxic low
cost chemical and has better chemical stability as
compared to other chalcogenides.27 The ZnS facili-
tates the incident photons of high energy to arrive
at the window-absorber junction, improving the
blue response of the photovoltaic cells, which pro-
vides better performance of the PEC cell.28 Zinc
sulphide thin film coatings have broad application
in the optical and microelectronic industries due to
a high refractive index, high effective dielectric
constant and wide wavelength pass bands.20,29 The
optoelectronic properties of ZnS are suitable for the
use in light-emitting diodes, electroluminescence,
and phosphorescence devices.30 The electrodeposi-
tion method has been employed to fabricate the non-
toxic thin film of ZnS on steel substrate. Then the
semiconductor has been sensitised using chloro-
phyll. The photoelectrochemical performance has
been studied and deposition time has been
optimised.

EXPERIMENTAL DETAILS

Materials

All chemicals such as zinc sulphate heptahydrate,
sodium sulphide, acetone, sodium hydroxide, sul-
phur, and hydrochloric acid employed for the depo-
sition of thin film are of analytical grade. Double
distilled water has been used in all experiments for
the preparation of solutions.

Electrolyte Preparation

The sulphide/polysulphide S2�=S2�
n

� �
redox elec-

trolytes have been used in the photoelectrochemical
cell, which were prepared by mixing 1 M NaOH,
1 M Na2S and 1 M S. The mixture solution was then
stirred by magnetic stirrer for 1 h to get a homoge-
nous solution.

Fig. 1. Schematic representation of components and basic working
principle of the DSSC.
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Sensitizer Preparation

The chlorophyll is collected from the leaves of the
marigold (Tagetes patula) plant. The sample was
cleaned three times in double distilled water to
remove unwanted materials and then dried at 60�C
in an oven for 24 h. The dry sample was then
ground using mortar and pestle and dissolved in
acetone. The solution was then centrifuged to get
the required chlorophyll. It was kept at 4�C for
further use.

Electrode Preparation

First, 50 ml (0.1 M) of zinc sulphate heptahy-
drate solution was placed in a 100 ml beaker.
Then the steel substrate (2 cm 9 2 cm) and a zinc
plate (0.5 cm 9 0.5 cm) were dipped separating at
a distance of 2 cm. Electric current of 2 mA was
then passed through a steel substrate (cathode)
and a zinc plate (anode) for 2 h to deposit zinc on
the substrate. The deposited zinc on steel sub-
strate was then anodised by dipping it in 50 ml of
0.1 m Na2S by passing current of 2 mA for 2 h
using platinum wire as the cathode to obtain the
desired ZnS thin film. The thin film semiconductor
deposited on steel substrate was then sensitised
by dipping in 10 ml chlorophyll solution in ace-
tone. The ZnS thin films were dipped in chloro-
phyll dye for different durations of time such as
2 h, 4 h, 6 h and 8 h, and; thus, the dipping time
was optimised for use of the sensitized thin film
for PEC cells.

Fabrication of Solar Cells

The chlorophyll-sensitized solar cells constructed
was as

steel/ZnS/sensitizer/ electrolyte S2�=S2�
n

� �
=

counter electrode graphiteð Þ:

UV–Vis Spectroscopy

The UV–Vis spectrum of the chlorophyll-acetone
solution was obtained using the double beam UV–
Vis spectrophotometer-2202 (systronics) in the
range of 350–1000 nm to study the absorbance of
chlorophyll.

Structural and Morphological Study

The x-ray diffraction measurements (XRD) were
performed on a Siemens (Cheshire, UK) D5000 x-
ray diffractometer equipped with CuKa radiation
source (k = 1.5406 Å) at 40 kV and 30 mA with a
standard monochromator equipped with a Ni filter,
in the range of 10�–80�, using the step size 0:013�
and time step 13.6 s. SEM analyses were performed
by using a Hitachi S-3000N scanning electron
microscope operated at 10 kV.

Characterizations of Liquid Junction Solar
Cells

The dark I–V characteristics of DSSCs were studied
using two multimeters, and the ideality factors were
calculated from the following equations1,2:

I ¼ I0 e
eV

ndkT � 1
� �

; ð1Þ

Voc ¼
nlkT

q
ln

Isc

Io
: ð2Þ

I–V characteristics of the DSSCs under 40 mW/
cm�2 illuminations were studied with a 100 W
tungsten bulb using a Lux meter and a multimeter.
The short circuit current, open circuit voltage, fill
factor (ff), and energy conversion efficiency were
calculated using the following equations:

ff ¼ Im � Vm

Voc � Isc
; ð3Þ

g ¼ Im � Vm

Pinput
: ð4Þ

The shunt resistance and series resistance were
measured from the equations given below:

@I

@V

� �

V¼0

ffi 1

Rsh
; ð5Þ

@I

@V

� �

I¼0

ffi 1

Rs
: ð6Þ

Here, the Voc = open circuit voltage, Isc = short
circuit current density, g = energy conversion effi-
ciency Pinput = total incident power density Rsh =
shunt resistance, Rs = series resistance, nd = Ideal-

ity factor in dark and nl = Ideality factor in light.

RESULTS AND DISCUSSION

Absorption Spectroscopy

Figure 2 shows the absorption spectrum of chloro-
phyll solution in acetone in the wavelength range of
350–1000 nm. The spectrum shows two distinct
peaks at 440 nm and 660 nm. The spectrum is
attributed to chlorophyll, and the absorption results
are in reasonable agreement with that of Amao and
Komori.31 Thus, chlorophyll dye is useful for sensi-
tisation in DSSC. It can be seen that there are two
maxima in the absorbance spectrum of chlorophyll.
The absorption observed at 440 nm represents
p fi p transition and 660 nm represents the
n fi n transition.21

X-ray Diffraction Spectroscopy

The electrodeposited ZnS thin film has been
characterized with x-ray diffraction (XRD). Figure 3
shows four peaks at 36.45�, 39.17�, 43.38� and
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54.43� (According to JCPDS FILE NO. 39-1363).32

The peak at 43.43� is prominent, which indicates
the most crystalline nature of the thin film with
polycrystalline hexagonal wurtzite mixed structure,
however the WZ 8H phase is predominant. The
hexagonal structure is preferable for solar cell
applications.33 The crystal size of the thin film has
been calculated using Debye Sherrer’s formula
(Eq. 7)34:

D ¼ kk
b cos h

; ð7Þ

where D is the crystal size, k is 0.94, k is the x-ray
wavelength (1.54060 Å), b is the full width at half
maximum in radians, and h is Bragg’s angle.

The lattice parameters have also been calculated
using the relation (8) and found to be a = 8.77 = b
and c = 24.65. Similar results have been reported by
Lokhande and the group.32 Besides this, other

physical parameters of the nanocrystalline thin film
have been calculated using the following relation (8,
9 and 10) and are reported in Table I.

1

d2
¼

4 l2 þ hlþ k2
� �

3a2
þ l2

c2
ð8Þ

Estr ¼
b cot

4
ð9Þ

d ¼ 1

D2
ð10Þ

Morphology

A scanning electron microscope has been used to
study morphology of the surface film.32 Figure 4
shows SEM images of the semiconductor films in the
magnification range of 6000 and 50,000. The image
establishes the formation of nanometer-scale-sized
fibres. The sizes of the observed fibres are dissim-
ilar. The average length and diameter of the fibres
have been measured and found to be of about 0.4–
0.8 lm length and of about 80–90 nm diameter. The
morphology provides a path for easier electron
transport than percolation through the random
spherical nanoparticles. This may be accredited to
increased electron diffusion length with better
photochemistry.32

Composition Analysis

The typical EDAX spectrum of electro-deposited
thin films is shown in Fig. 5. The elemental analysis
shows the presence of Zinc (Zn) and sulphur (S)
along with some other elements. In the spectra a
carbon peak is observed due to the substrate holder
and an oxygen peak might be due to the partial
oxidation of film. The relative average atomic
percentage ratio of Zn:S is about 1:1 for the films,
indicating the formation of film with stoichiometric
composition.

Thickness Measurement

The average thickness of the deposited semicon-
ductor thin film has been measured gravimetri-
cally.35 The thickness of the ZnS films has been
found to be 80 lm.

Conductivity and I–V Characteristics

The dark I–V curve is one of the basic parameters
for solar cells characterisation. The results have
importance for the understanding about the devices.
The dark I–V curve is influenced by mostly signif-
icant series resistance and front contact-specific
resistance. Figure 6 shows the dark I–V curves of
the fabricated cell under forward and reverse bias of
ZnS and chlorophyll dye sensitized ZnS thin
films semiconductors at room temperature. The

Fig. 2. Absorption spectrum of chlorophyll extract in acetone solu-
tion.

Fig. 3. XRD pattern of ZnS thin film prepared by the electrodeposi-
tion method.
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nonsymmetrical nature of the graph indicates the
rectifying behaviour of the photoelectrochemical
(PEC) cells and formation of a p–n junction in the
cells.36 Here, the photodiode may involve the cre-
ation of electron–hole [e–h] pairs by the absorption
of incident light having energy greater than the
band gap of the semiconductor, splitting and trans-
port of the e–h pairs by the internal electric field,
and the interaction of current with the external
circuit to generate an output signal. The I–V
characteristics of a photodiode in a dark environ-
ment are similar to those of a normal rectifying
diode. If the p–n junction does not form, the
generated e–h pairs will exhibit an ohmic character
in the I–V curve and change the resistance.14,37

The behaviour of a semiconductor/electrolyte
interface has been studied using the current–
voltage relations under illumination of photoelec-
trode. The current–voltage plot (Fig. 7) shows

Table I. Structural pParameters of ZnS thin film deposited on steel substrate by the electrodeposition
method

2h h (hkl) planes FWHM d-spacing Crystal size (nm) Strain Dislocation density (d = 1/D2)

36.456 18.228 (0010) 0.134 2.465 65.310 1.8 9 10�3 2.34 9 10�4

39.175 19.588 (102WZ2H) 0.134 2.300 65.840 1.6 9 10�3 2.3 9 10�4

43.385 21.692 (1110) 0.167 2.086 53.520 1.8 9 10�3 2.49 9 10�4

54.409 27.205 (118) 0.134 1.895 69.790 1.1 9 10�3 2.05 9 10�4

Fig. 4. Top view of scanning electron microscope image (SEM) of a ZnS thin film prepared by the electrodeposition method on steel substrate in
the magnification range of (a) 6000 (b) 30,000 (c) 43,000, and (d) 50,000.

Fig. 5. EDAX spectrum of a ZnS thin film prepared by the elec-
trodeposition method.
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that, under illumination, the I–V curves are
shifted anticlockwise, which indicates that light
can be converted to electricity in the cell.37 The
sweep in current after light illumination is
attributed to the generation of free electron–hole
pairs in the conduction and valence band by the
incident photons. The photon energy breaks a few
covalent bonds, enhancing charge carrier concen-
tration both in the valence band and conduction
band by generating free holes and electrons,
respectively.38

The variation of short circuit current and open
circuit voltage against light intensity has been
studied to understand the photoresponse of the
photoelectrochemical cells using synthesised elec-
trodes and chlorophyll sensitised electrodes towards
light. Figure 8 shows the variation of short circuit
current against light intensity. The almost straight
line variation of short circuit current against light

intensity indicates that the (ZnS) photoelectrode–

S2�=S2�
n

� �
electrolyte interface may be the represen-

tation of a Schottky barrier solar cell.39 But satura-
tion of open circuit voltage (Voc) is observed in the
curve of open circuit voltage against light intensity
(Fig. 9) which illustrates the saturation of the elec-
trode–electrolyte interface, charge transfer and non-
equilibrium dispersion of electrons and holes in the
space charge area of the photoelectrode.27

Power Output Studies

Figure 10 shows the photovoltaic power output of
the dye-sensitised solar cell under light illumination
of 40 mW/cm2 over the electrode area of 1.5 cm2,
from which maximum power generated can be
measured from the biggest rectangle formed inside
the curves. The parameters calculated using the

Fig. 6. Dark I–V curve of (a) ZnS thin film and chlorophyll sensitized
ZnS thin films photoanodes for (b) 2 h, (c) 4 h, (d) 6 h, and (e) 8 h.

Fig. 7. Light I–V curve of (a) ZnS thin film and chlorophyll sensitized
ZnS thin films photoanodes for (b) 2 h, (c) 4 h, (d) 6 h, and (e) 8 h.

Fig. 8. Variation of ISC versus light intensity curve of (a) ZnS thin film
and chlorophyll sensitized ZnS thin films photoanodes for (b) 2 h, (c)
4 h, (d) 6 h, and (e) 8 h.

Fig. 9. Variation of Voc versus light intensity curve of (a) ZnS thin film
and chlorophyll sensitized ZnS thin films photoanodes for (b) 2 h, (c)
4 h, (d) 6 h, and (e) 8 h.
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relation (3, 4, 5, and 6) is given in Table II. The
results show that the Jsc, Voc and efficiency are
continuously increasing with the increase of depo-
sition time. The increase of Jsc and Voc might be due
to the increase of electron transport, electron den-
sity and electron life time. The increase of efficien-
cies might be due to the increase of Jsc.

40 The data
show that the conversion efficiency of solar energy
to electricity in DSSC is 0.12%. The efficiency
reported by Hankare27 was 0.53%. It might be the
cause of higher illumination area. Another param-
eter for solar cell characterisation is fill factor (FF).
In solar cells the Pmax is related to fill factor. The fill
factor for DSSC is low due to parasitic resistance
(Rs, Rsh) and the charge recombination at semicon-
ductor/electrolyte interface. The series resistance
reduces the fill factor and, hence, the efficiency of
the solar cell. The series resistance developed in the
circuit of solar cells might be from the migration of
electrons in the semiconductor and the dispersion of
ions in the electrolyte, the resistance at the inter-
face between the semiconductor and the

transparent conductive film, and the resistance of
the metal contacts. The shunt resistance developed
may be due to the crystal defects, which provide an
alternate pathway for electrons causing power loss.
Thus, broadly it can be stated that, a small series
resistance and a large Rsh resistance are considered
to be helpful to realize a high fill factor.

The low fill factor in our ZnS solar cells likely
implies the severe charge recombination at the
semiconductor surface and/or at the semiconductor
and electrolyte interface. The low fill factor has also
been reported by Otsuka et al.41 The fill factors in
all cases do not change appreciably. Similar trends
have also been reported by a number of work-
ers.1,24,40 However, variation of fill factors might be
the reason for the variation of series resistance and
shunt resistance. It is a low-resistance connection
between two points in an electric circuit that form
an alternative path for a portion of the current.
Shunt resistance (Rsh) provides an alternative way
for light generated photocurrent which is responsi-
ble for power loss in dye-sensitised solar cells. Such

Fig. 10. Power output characteristics curve of (a) ZnS thin film and
chlorophyll-sensitized ZnS thin films photoanodes for (b) 2 h, (c) 4 h,
(d) 6 h, and (e) 8 h.

Table II. Electrical parameters for the electrodeposited (a) ZnS and chlorophyll sensitized electrodes by
dipping in chlorophyll solution in acetone for (b) 2 h (c) 4 h (d) 6 h, and (e) 8 h prepared on steel substrates
based on PEC cells with IM (Na2S, S, NaOH) redox electrolyte at a light intensity of 40 mW/cm2 shown in
Fig. 10

Electrode
Jsc

(mA/cm2)
Voc

(V) FF
Efficiency

(%)
Ideality factor

in dark (Id)
Ideality factor

in light (Il)
Rs

(X cm2)
Rsh

(X cm2)

ZnS 0.297 0.210 0.299 0.047 1.750 3.800 291.262 962.620
2 h 0.400 0.227 0.213 0.048 5.400 9.400 688.073 401.665
4 h 0.463 0.290 0.283 0.095 2.420 6.400 900.000 718.579
6 h 0.520 0.275 0.241 0.086 2.320 6.100 1285.714 489.573
8 h 0.533 0.312 0.297 0.123 1.080 4.300 229.008 862.500

Fig. 11. Determination of junction ideality factor in the dark of (a)
ZnS thin film and chlorophyll-sensitized ZnS thin films photoanodes
for (b) 2 h, (c) 4 h, (d) 6 h, and (e) 8 h.
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a diversion reduces the amount of current following
through the solar cell and thereby reduces the
voltage from the cell. Series resistance can drasti-
cally reduce the output power as a Rs value of only
5 X can reduce the power output by 30%. The higher
Rsh and low Rs might be the cause of high fill factor
(0.299) in ZnS thin films. After sensitisation in 2 h,
4 h and 8 h, the fill factor is increasing (0.213,
0.241, and 0.297). It might be the reason for the
increase of Rsh. In 6 h sensitisation the fill factor
decreases due to low Rsh.

The ideality factor of a diode junction is an
important parameter in order to study the ideality
of a diode (how closely the diode follows the ideal
diode equation). This is a fundamental parameter to
describe the diode junction and electrical behaviour
of solar cells.42 The efficiency of a solar cell is very
much influenced by the generation-recombination of
e–h pairs on the electrode–electrolyte, tunneling,
etc., that can be predicted by the ideality factor
values which depend on temperature and the
applied voltage.43 In particulars the ideality factor
plays an important role in voltage across the device.
The ideality factor approaches to one at high
voltage, when the surfaces and the bulk regions
dominate the recombination in the device. But at
lower voltages, in reverse cases the ideality factor is
more. Recombination is improved by defects. The
higher the defects, the higher are the space charge
recombinations. The deviation of ideality factor
from one attributes the occurrence of unusual
recombination mechanisms.44 The higher value of
light ideality factor (nl) is suggestive of the effect of
series resistance and the carrier recombination at
the semiconductor–electrolyte interface.45 The high
ideality factor may also be the cause of inhomo-
geneities of film thickness, non-uniformity of the
interfacial charges and the effect of the series

resistance (Rs).
46 In the present study, the ideality

factors in dark and light have been measured from
the plot of log Id vs applied voltage and log Isc vs Voc

(Figs. 11 and 12) using Eqs. 1 and 2 (Table II). The
results show that initially the dark and light
ideality factors are increasing due to increase of Rs

however the values are decreasing due to decrease
of Rs.

38

CONCLUSION

ZnS wide gap semiconductor has been prepared
successfully by the electrodeposition method and
sensitised using chlorophyll dye extracted from
Tagetes patula by dipping at different time inter-
vals. The absorption spectrum of chlorophyll dye
shows two prominent peaks at 440 nm, and 660 nm
that confirm the extraction. The XRD pattern
confirms the formation of nanocrystalline ZnS thin
film. The results show that chlorophyll sensitizer
produced a high power conversion efficiency of
tenfold as compared to a simple electrode. This
implies that wide band gap semiconductors can be
sensitised using chlorophyll dye for the use in
DSSCs.
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