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Abstract Cadmium sulphide (CdS) thin films were

deposited for the first time using the brush plating

technique from the precursors on titanium and con-

ducting glass substrates. The films were polycrystalline

possessing single-phase hexagonal structure. Surface

morphological studies indicated increase of grain size

with increase of post deposition temperature. Optical

band gap of 2.39 eV was obtained. XPS studies

indicated the formation of CdS. Photo electrochemical

cell studies indicated higher current and voltages

compared to earlier reports on thin film electrodes.

Mott–Schottky studies exhibited n-type behaviour with

a carrier density of 1018 cm–3. Spectral response mea-

surements indicated a quantum efficiency of 0.35.

1 Introduction

Extensive research has been done on the deposition

and characterization of cadmium sulphide (CdS)

semiconducting thin films due to their potential

application in the area of electronic and optoelectronic

device [1, 2]. Polycrystalline CdS thin films are gener-

ally used in CuInSe2 (CIS) and CdTe solar cells, as a

window material for transmitting the light absorbed by

CIS or CdTe and also as the n-type material for p–n

junction of the solar cells [3]. This material has been

prepared by several methods including evaporation [4],

sputtering [5], electrodeposition [6] and spray [7],

Chemical bath deposition [8]. In this investigation

CdS films have been deposited for the first time using

the brush plating technique.

2 Experimental methods

CdS films were prepared on conducting glass and

titanium substrates using selective plating technique.

The precursors used for the deposition of CdS were

0.5 M CdSO4, 0.1 M sodium thiosulphate (Both pre-

cursors were of AR grade and E. Merck (Germany)

make) and triply distilled water to make up the

solution to 10 ml. The cotton wrapped graphite anode

was dipped in the precursor mixture and brushed on

the stainless steel substrates. The films were deposited

at a current density of 80 mA cm–2 at 90 �C. The

deposition current density was fixed based on our

earlier experience with brush-plated films [9]. It took

20 min to deposit a film of thickness 5.0 lm (thickness

estimated from gravimetry). These layers were heat

treated at different temperatures in the range 450–

550 �C in argon atmosphere for 20 min. The films were

characterized by X-ray diffraction, using Phillips X-ray

diffraction unit. Optical absorption measurements

were made on the films deposited on conducting

glass substrates using a U3400 Hitachi UV-VIS-NIR
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spectrophotometer. Surface morphology of the films

were studied by JOEL 35CF SEM. Photo electro-

chemical Measurements were made using an ORIEL

250W Tungsten Halogen lamp.

3 Results and discussion

X-ray diffraction (XRD) patterns of cadmium sulphide

films post-heat treated at different temperatures in the

range 450–550�C are shown in Fig. 1. Peaks corre-

sponding to the hexagonal phase were observed. As

the heat treatment temperature increases, the crystal-

linity of the films also increased as evidenced by the

sharpness of the XRD peaks. Peaks corresponding to

(100), (002), (101), (102), (110), (103) and (112)

reflections were observed. The lattice parameters were

calculated from the XRD data and are found to

bea = 4.145�A, c = 6.752�A, which are found to be in

close agreement with the ASTM data. The crystallite

size calculated using the Debye Scherrer equation is

indicated in Table 1.

EDAX studies indicated the composition of the

films to be Cd(64.1%) and S(35.9%), after heating at

550 �C, the concentration varied slightly as Cd(65.3%)

and S(34.7%).

Fig. 2 shows the binding energies of the Cd(3d5/2

and 3d3/2) and S(3d5/2 and 3d3/2) levels of the CdS films

annealed at different temperatures. There is no pref-

erential removal of Cd on annealing, but a small

amount of S is lost by evaporation. This is also

evidenced from the EDAX results. As shown in the

Fig. 3, the peak energy levels associated with the

Cd(3d5/2 and 3d3/2) appeared at 405 and 411.7 eV

respectively, these values are in close agreement with

the literature values. The figure also shows the binding

energies of S(3d5/2 and 3d3/2) levels at 168.0 eV and

173.0 eV respectively. The Sulphur binding energies

are found to shift to lower energy values after

annealing due to a small loss of S by evaporation.

There is no evidence of shifting of the energy levels to

higher binding energies corresponding to the oxidation

of sulphur or cadmium after annealing. Atomic con-

centration measurements made on the annealed sam-

ples yielded an apparent Cd/S ratio of 1.62, this

calculation is based on the consideration of the area

sensitivity factors for Cd and S and agrees very well

with the composition estimated by EDAX measure-

ments. Depth profile study wascarried out at a sputter

rate of 10 nm/min, which indicated a uniform distribu-

tion of Cd and S throughout the entire thickness.

Optical absorption measurements were made on the

CdS films deposited on conducting glass substrates.

Substrate absorption, if any was corrected by placing

an uncoated conducting glass substrate in the reference

beam. Fig. 3 shows the (ahm)2 versus hm plot of the CdS

films annealed at 550 �C. The energy gap obtained

from the wavelength at which onset of maximum

absorption is obtained corresponds to 2.39 eV. This

value is similar to the value obtained on thin film CdS

[10].

The conduction mechanism in semiconductors can

be understood by analyzing the current–voltage plots.

For single carrier injection at low voltages, the plot is

Table 1 Crystallite size of the films

Annealing temperature (�C) Crystallite size (nm)

450 120
475 170
525 270
550 650

Fig. 1 XRD patterns of CdS films annealed in argon atmosphere
at different temperatures (a) 450 �C (b) 500 �C (c) 525 �C (d)
550 �C
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generally a straight line showing the validity of Ohm’s

law. However, at higher voltages, some deviation is

expected. The I-V characteristics of the films are shown

in Fig. 4. From the figure, it is understood that the plots

follow a relation of the form I � Vn. The films exhibit

linear characteristics up to the applied bias of 240 V.

Beyond this particular voltage, the current increases

sharply. This explained by noting that the current

transport in the semiconductor is controlled by space

charge and the current is said to be space charge

limited.

The linear behaviour observed up to 240 V is

attributed to the filling up of a discrete set of traps

lying below or at the Fermi level. Further it is observed

that for a small increase in voltage after the critical

voltage (VTFL) voltage at trap filled level is 240 V, the

current shoots up. This could be explained by arguing

that the traps are directly filled by the charge carriers

upto VTFL. When the voltage reaches VTFL, all the

traps are filled and further increase in voltage causes a

rapid increase in current. Lampert et al [11] have

shown that VTFL is related to the trap density Nt by the

relation, Nt = 1.1 x 106 x e x VTFL/l2, where l is the

film thickness and t is the relative dielectric constant of

Fig. 4 Current voltage characteristics of CdS films heat-treated
in argon at (a) 500 �C (b) 550 �C

Fig. 2 XPS spectrum of Cd and S for CdS films heated at 550 �C

Fig. 3 (ahm)2 vs. hm plot of the CdS films annealed at 550 �C
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the material. The trap density for both the undoped

and doped films was found to be of the order of

1017 cm–3. Similar observations have been noticed by

Murali et al [12], Rooz et al [13] for electrodeposited

CdSe films. Also Smith et al [14] observed similar

results in the case of CdS single crystals. At sufficiently

high voltages, above 240 V, the current is no longer

linear and shoots up very sharply. This is consistent

with the argument that the behaviour is either Ohmic

or space charge limited depending on whether the

volume generated carrier density or the injected carrier

density predominates. The sudden increase in voltage

causes the sharp increase of current to very high values.

This implies that the increase in voltage forces a

corresponding increase of charge in the conduction

band.

Photo electrochemical (PEC) cells were prepared

using the films deposited on titanium substrates heat-

treated at different temperatures. The films were

lacquered with polystyrene in order to stop off the

metal substrate portions from being exposed to the

redox electrolyte. These films were used as the

working electrode. The electrolyte was 1 M polysul-

phide. This electrolyte was chosen, as it is well known

that CdS electrode has reasonable stability and yield

respectable outputs ion polysulphide. The light source

used for illumination was an ORIEL 250 W tungsten

halogen lamp. A water filter was introduced between

the light source and the PEC cell to cut off the IR

portion. The intensity of illumination was measured

with a CEL suryamapi (It is an instrument manufac-

tured by Central Electronics Limited, India used for

measuring the light intensity falling on the cell) whose

readings are directly calibrated in mW cm–2. The

intensity of illumination was varied changing the

distance between the source and the cell. The power

output characteristics of the cells were measured by

connecting the resistance box and an ammeter in

series; the voltage output was measured across the load

resistance. The photocurrent as well as dark current

was measured with a HIL digital multimeter. The

output voltage was measured by a HIL digital mul-

timeter.

The CdS photo electrodes were dipped in the

electrolyte and allowed to attain equilibrium under

dark conditions for about 10 min. The dark current and

voltage values were noted. The cells were then illumi-

nated by the light source and the current and voltage

were measured for each setting of the resistance box.

The photocurrent and photo voltage were calculated

as the difference between the current and voltage

under illumination and the dark current and voltage

respectively.

The power output characteristics of the PEC cells

made using the photo electrodes heat treated at

different temperatures is shown in Fig. 5. From the

figure, it is observed that the PEC output parameters,

viz., open circuit voltage and short circuit current were

found to increase for the electrodes heat treated up to

a temperature of 500�C. Photo electrodes heat-treated

at temperatures greater than this value exhibited lower

open circuit voltage and short circuit current due to the

reduction in thickness of the films as well as the slight

change in stoichiometry, hence further studies were

made only on the films heat treated at 500�C.

The power output characteristics of the electrodes

heat treated at 500�C were studied at different inten-

sities of illumination in the range 20–100 mW cm–2. It

was observed that both Voc and Jsc increased with

increase of intensity (Fig. 6). Voc increased from

0.33 V to 0.50 V as the intensity increased from 20–

100 mW cm–2. Beyond 80 mW cm–2 illumination, Voc

was found to saturate as is commonly observed in the

case of photovoltaic cells and PEC cells [15], Jsc is

found to increase with intensity of illumination.

It is observed that the Jsc increases from 3.0 mA cm–2

to 5.0 mA cm–2 as the intensity increased from

20–100 mW cm–2. A plot of lnJsc versus Voc (Fig. 7)

yielded a straight line. Extrapolation of the line to the y-

axis yields a J0 value of 1.5 · 10–7 A cm–2, the ideality

factor (n) was calculated from the slope of the straight

line and it was found to be 2.5. The effect of photo

etching on the PEC performance was studied by

shorting the photo electrode and the graphite counter

electrode under an illumination of 100 mW cm–2 in

1:100 HCl for different durations in the range 0–100 s.

Both photocurrent and photo voltage are found to

Fig. 5 Power output characteristics of CdS photo electrodes
heat-treated in argon at different temperatures (a) 450 �C (b)
475 �C (c) 500 �C (d) 525 �C (e) 550 �C
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increase up to 80 s photo etch, beyond which they begin

to decrease (Fig. 8). Photo etching leads to selective

attack of surface states not accessible to chemical

etchants. It is observed that during photo etching, the

open circuit voltage and short circuit current increase

from 0.475 V to 0.60 V and from 4.20 mA cm–2 to

7.50 mA cm–2 respectively for an intensity of

80 mW cm–2. The decrease in the voltage and current

beyond 80 s photo etching can be attributed to increase

in surface area due to prolonged photo etching [16]. The

power output characteristics (Fig. 9) after 80 s photo

etching indicate a Voc of 0.60 V, Jsc of 7.50 mA cm–2, ff

of 0.53 and ( of 3.0% for 80 mW cm–2 illumination.

The photovoltaic parameters of the electrodes with

and without photo etching is shown in Table 2. The

efficiency of the photo electrodes is higher than the

earlier reports [17–19].

Mott–Schottky plots (1/C2 vs. V) were studied using

1 M Na2SO4 as the blocking electrolyte and an

EG & G PARC impedance analyzer model 6310.

The CdS films heat-treated at different temperatures

were used as working electrode, graphite was used as

counter electrode and SCE was used as the reference

electrode. The frequency was fixed at 1 kHz and the

bias voltage was varied in the range –0.8– + 0.4 V vs.

Fig. 7 Plot of lnJsc vs. Voc of CdS photo electrodes heat treated
in argon at 500 �C

Fig. 6 Power output characteristics of CdS photoelctrodes heat-
treated in argon at 500 �C and illuminated at different intensities
(a) 20 Mw cm–2 (b) 40 mW cm–2 (c) 60 mW cm–2 (d)
80 mW cm–2 (e) 100 mW cm–2

Fig. 8 Effect of photo etching on Voc and Jsc of CdS photo
electrodes heat-treated n argon at 500 �C

Fig. 9 Power output characteristics of CdS photoelctrodes heat
treated in argon at 500 �C after photo etching for 80 s and
illuminated at 60 mW cm–2
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SCE, the value of C was estimated from the imaginary

part of the impedance using the equation,

C = 1/ 2 p fZ

Figure 10 exhibits the Mott–Schottky plots for the

films heat-treated at different temperatures in the

range 450–550�C. The nature of the plots indicates n-

type behaviour. Extrapolation of the plot to the voltage

axis yields a Vfb of –1.10 V (SCE). The value of carrier

density from the slope of the plot yields a value around

2.0 · 1017 cm–3. This value agrees well with the carrier

density obtained from Hall measurements. The value

of Vfb agrees well with the earlier reports [19].

Spectral response measurements were carried out

on the photo electrodes by using photo physics

monochromator and a 250 W tungsten halogen lamp,

1 M polysulphide as electrolyte, graphite as counter

electrode and the photo electrode as the working

electrode. The wavelength was varied in the range 400–

900 nm and the photocurrent was noted at each

wavelength.

The photocurrent value were used for the calcula-

tion of the quantum efficiency (/) using the well

known equation [20],

U = 1240Jsc/ k Pin

Where, Jsc is the photocurrent, k is the wave-

length of illumination, Pin is the power of the light

incident on the photo electrode. Plot of / versus k
for the CdS electrode heat treated at 500�C is

shown in Fig. 11. The value of /max occurs at

0.525 lm corresponding to the band gap of 2.38 eV.

This value matches well with the band gap value

of 2.38 eV estimated from optical absorption

measurements.

4 Conclusions

The results of this investigation indicate that the brush

plating technique can be employed for the production

of CdS films with ease and with small quantities of

starting material compared to the conventional elec-

trodeposition or chemical bath deposition methods.

Moreover the process can be scaled up for the

production of large area films to be used in photovol-

taic devices. The efficiency could be further improved

by doping the films with indium.

Fig. 10 Mott–Schottky plot of CdS photo electrodes heat-
treated n argon at 500 �C

Fig. 11 Plot of / vs. k for the CdS electrode heat treated at
500�C

Table 2 Photovoltaic
parameters of CdS
photoelectrodes
(Intensity–80 Mw cm–2)

Temp of heat-treatment
(�C)

Voc (V) Jsc (mA cm–2) ff ( g%) Rs (W) Rsh (kW)

450 0.26 1.8 0.56 0.33 50.0 2.50
475 0.30 2.6 0.68 0.66 20.0 2.00
500 0.375 3.0 0.67 0.93 18.0 3.60
525 0.450 3.55 0.60 1.20 15.0 2.80
550 0.475 4.30 0.56 1.43 10.0 5.00
525 (After photo etch) 0.600 7.50 0.53 3.00 13.0 2.00
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