
Available online at www.sciencedirect.com
www.elsevier.com/locate/solener

Solar Energy 83 (2009) 14–20
Pulse plated CdSxTe1�x films and their properties
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Abstract

CdSxTe1�x films were deposited on titanium and conducting glass substrates at room temperature using 0.25 M cadmium sulphate,
the concentration of sodium thiosulphate and TeO2 dissolved in sodium hydroxide was varied in the range of 0.01–0.05 M. The as depos-
ited films exhibited hexagonal structure irrespective of the composition. The FWHM maximum of the x-ray diffraction peaks were found
to decrease with increase of duty cycle. The optical energy gap values are in the range of 1.54–2.32 eV for films of different composition, it
is observed that the band gap shifts towards CdS side as the concentration of CdS in the films increase. XPS studies indicated the for-
mation of CdSTe solid solution. The grain size increases from 11.54 to 99.40 nm as the value of x increases from 0.2 to 0.8. The surface
roughness is found to increase from 0.22 to 2.50 nm as the value of ‘x’ increases from 0.2 to 0.8. The resistivity is found to vary from 53 to
8 ohm cm as the ‘x’ value decreases from 1 to 0.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Thin film photovoltaic solar cells based on n-type CdS
window layers and p-type CdTe absorber layers have been
extensively studied for many years (Romeo et al., 2004;
Compaan et al., 2004), and the formation of an intermedi-
ate layer of CdSxTe1�x during cell fabrication is now
widely acknowledged. This layer results from inter-diffu-
sion and is believed to affect device efficiency through the
resulting change in the optical band gap. Thin films of
CdSxTe1�x have been earlier deposited by chemical bath
deposition(Patil et al., 2001, 2004), pulsed laser deposition
(Wood et al., 2000), vacuum evaporation (Rogers et al.,
1999; Al-Ani et al., 1993), electron beam evaporation (Hill
and Richardson, 1973) and slurry coating (Santana-
0038-092X/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.
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Aranda and Meléndez-Lira, 2001). This is the first report
on pulse electrodeposited CdSxTe1�x films. In this paper,
the results obtained on the pulse plated CdSxTe1�x films
are presented and discussed.
2. Experimental methods

CdSxTe1�x films were deposited on titanium and con-
ducting glass substrates of size 2 cm long and 1 cm wide,
at room temperature using 0.25 M cadmium sulphate, the
concentration of sodium thiosulphate and TeO2 dissolved
in sodium hydroxide was varied in the range of 0.01–
0.05 M. As an example, for the deposition of CdS0.5Te0.5

film, the precursors were taken with the following concen-
tration, 20 ml of 0.25 M CdSO4, 1 ml of 0.025 M TeO2 and
1 ml of 0.025 M sodium thiosulphate. All chemicals were of
Analar grade purity. The pH of the bath was adjusted to
2.0 by adding sulphuric acid. The deposition potential
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was maintained at – 0.80 V (SCE).The conducting glass
and titanium substrates were cleaned prior to deposition.
The duty cycle was varied in the range of 6–50%. The depo-
sition time was 60 min in all the cases. Thickness of the
films estimated by Mitutoyo surface profilometer was
2.0 lm. Uniformity of the deposit was found by measuring
the resistivity profile across the deposit and it was observed
that the resistivity varied within 0.3%. The films were char-
acterized by X-ray diffraction using a PANalytical X-ray
diffractometer. Optical absorption measurements were
made on the films deposited on conducting glass substrates
using Hitachi U3400 UV–VIS–NIR spectrophotometer.
Surface morphology studies were made using Molecular
Imaging Systems Atomic force microscope. EDAX mea-
surements were made on the films using a JEOL SEM fitted
with EDAX attachment. XPS studies were made using MK
III VG ESCA system.

Generally in electrodeposition technique for producing
a metal or compound, a driving force (i.e., the free energy)
in the form of a potential or current is applied to the elec-
trode. Either of these can be used as a variable as in the
case of continuous electrodeposition. But modern electron-
ics allow one to make use of these parameters as a function
of time. This permits a number of possible ways of varying
the conditions.

Four variable parameters are of primary importance in
pulse plating. They are

(1) Peak current density, ip
(2) Average current density, ia
(3) ON time,
(4) OFF time.

The sum of the ON and OFF times constitute one pulse
cycle. The duty cycle is defined as follows:

Duty cycle ¼ ON time

ON timeþOFF time
� 100% ð1Þ
A duty cycle of 100% corresponds to conventional plat-
ing because OFF time is zero.

In practice, pulse plating usually involves a duty cycle of
5% or greater. The average current density (ia) under pulse
plating conditions is defined as

ia ¼ peak current density� duty cycle

¼ ip � duty cycle
ð2Þ
During the ON time the concentration of the metal ions
to be deposited is reduced within a certain distance from
the cathode surface. This so-called diffusion layer pulsates
with the same frequency as the applied pulse current. Its
thickness is also related to ip but reaches a limiting value
governed primarily by the diffusion coefficient of the metal
ions. During the OFF time the concentration of the metal
ions build up again by diffusion from the bulk electrolyte
and will reach the equilibrium concentration of the bulk
electrolyte if enough time is allowed.

These variables result in two important characteristic
features of pulse plating which make it useful for alloy plat-
ing as well as property changes as mentioned earlier. They
are

(i) Very high instantaneous current densities and hence
very high negative potentials can be reached. The
high over potential causes a shift in the ratio of the
rates of reactions with different kinetics. This high
over potential associated with the high pulse current
density greatly influences the nucleation rate because
a high energy is available for the formation of new
nuclei.

(ii) The second characteristics feature is the influence of
the OFF time during which important adsorption
and desorption phenomena as well as recrystalliza-
tion of the deposit occur.
3. Results and discussion

The as deposited films exhibited hexagonal structure
irrespective of the composition. Results on pulsed laser
deposited CdSTe films indicated that the films deposited
below x = 0.5 in CdSxTe1�x films exhibited cubic structure,
whereas films deposited at values greater x = 0.5 exhibited
hexagonal structure (Hill and Richardson, 1973). For
screen printed CdSxTe1�x films, films exhibited cubic struc-
ture for x < 0.3 and hexagonal structure for higher values
of x (Santana-Aranda and Meléndez-Lira, 2001). In this
study only single phase hexagonal structure was observed
for all compositions. The FWHM (Fullwidth at half max-
imum) of the XRD peaks were found to decrease with
increase of duty cycle. Fig. 1 shows the XRD pattern of
the CdS0.5Te0.5 films deposited at different duty cycles.
Peaks corresponding to CdS or CdTe were absent. The
peaks were observed to shift towards low 2h side as the
concentration of CdTe increased in the ternary. The inten-
sity of the peaks increased with increase of duty cycle. This
may be attributed to the fact that as the duty cycle
increases, the thickness of the films increase, hence the
intensity of the peaks increase. The peaks corresponding
to the (100), (00 2), (101), (102), (110) and (112) reflec-
tion were observed in all the cases. The peaks were found
to shift from CdTe to CdS side as the concentration of
CdS increased in the films. Fig. 2 shows the variation of lat-
tice spacing of CdS with increase of CdTe concentration.
The lattice parameters were evaluated using the equation

1=d2 ¼ 4=3a2ðh2 þ k2 þ l2Þ þ l=c2

Fig. 3 shows the variation of lattice parameters ‘a’ and ‘c’
with composition. The variation is linear and obeys
Vegard’s law. The lattice parameters changed from CdTe
to CdS side as the concentration of CdS increased in the



Fig. 1. X-ray diffraction pattern of the CdS0.5Te0.5 films deposited at
different duty cycles: (a) 10%; (b) 15%; (c) 33%; (d) 50%.

Fig. 2. Variation of lattice spacing of CdSxTe1�x with increase of CdTe
concentration.

Fig. 3. Variation of lattice parameters ‘a’ and ‘c’ with composition.

Fig. 4. (ahm)2 vs hm plot of CdSxTe1�x films of different composition
deposited at 50% duty cycle: (a) x = 0.1; (b) x = 0.2; (c) x = 0.3; (d)
x = 0.4; (e) x = 0.5; (f) x = 0.6.
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films. Large crystallites produce sharp peaks, while, very
tiny crystallites produce broad XRD peaks. Small crystal-
lites allow X-ray beam to diverge as it leaves since the dif-
fraction peaks are no longer infinite in length as compared
to the incident wavelength. Thus, these crystallites do not
collimate the X-ray beam as effectively as large crystallites
and hence produce a broad diffraction peak.

Optical absorption studies were made on the films of dif-
ferent composition deposited at a duty cycle of 50% on
conducting glass substrates. Plots of (ahm)2 vs hm are shown
in Figs. 4 and 5. The plots were linear suggesting direct
band nature of the films. The extrapolated values of the
optical energy gap, Eg, are in the range of 1.54–2.32 eV
for films of different composition, it is observed that the
band gap shifts towards CdS side as the concentration of
CdS in the films increase Fig. 6 shows the variation of band
gap with CdTe percentage. The band gap was found to



Fig. 5. (ahm)2 vs hm plot of CdSxTe1�x films of different composition
deposited at 50% duty cycle: (a) x = 0.7; (b) x = 0.8; (c) x = 0.9.

Fig. 6. Variation of band gap with CdTe percentage.

Fig. 7. EDAX spectrum of CdS0.5Te0.5 films deposited at 50% duty cycle.
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vary from 1.44 to 2.41 eV as the percentage of CdS
increased. Similar results were observed for chemically
deposited films, screen printed films and pulse laser depos-
ited films (Gordillo and Romero, 2005; Santana-Aranda et
al., 2001; Patil et al., 2001).

EDAX measurements were made on the films of differ-
ent composition heat treated at 550 �C and the EDAX
spectrum of the films deposited with equal concentration
of S and Te precursors is shown in Fig. 7. Peaks corre-
sponding to CdLa1, TeLa, S Ka were observed in the
EDAX spectrum. From Fig. 7 the composition is Cd –
51%, S – 24%, Te – 25%. In all the compositions, a slight
excess of Cd was observed.

XPS spectrum was taken for the films of different com-
position. The Cd3d5/2 and Cd3d3/2 appeared in the range
405.7–409 eV and 412.5–414.5 eV, respectively, the Te3d5/

2 and Te3d3/2 appeared in the range 568–574 eV and 578–
584 eV, respectively, and the S3d5/2 and S3d3/2 appeared
in the range 157–161 eV and 163–167 eV, respectively, as
the x value changes from 0 to 1. Fig. 8 shows the XPS spec-
trum of the CdS0.5Te0.5 film as a representative. The values
of binding energies for Cd and S in CdS films correspond
to the Cd3d5/2 and Cd3d3/2 appearing at 405 and
411.7 eV and to the S (3d5/2 and 3d3/2) levels at 168.0 eV
and 173.0 eV. The value of the binding energy obtained
for Cd3d5/2 and Cd3d3/2 is similar to values of Cd in CdS
reported earlier (Luan et al., 2006). The values of binding
energies for Cd and Te in CdTe films correspond to the
Cd3d5/2 and Cd3d3/2 appearing at 412.5 eV and 420.7 eV
and to the Te (3d5/2 and 3d3/2) levels at 580 eV and
583 eV (Chen et al., 1997). The splitting seen in Te 3d peak
is due to the presence of Te–Cd bonding in CdTe (Chen et
al., 1997). The Te peaks did not split further into a high
energy component corresponding to Te–O bonds, hence
oxides are not present. The values of the binding energy
are observed to shift from CdTe side to CdS side as the
concentration of CdS in the films increases.

Atomic force micrographs were taken on the films of
different composition deposited at a duty cycle of 50%.
Fig. 9 shows the atomic force micrographs of CdSxTe1�x

films of different composition deposited at 50% duty cycle.
It is observed from the figures, that the grain size increases
from 11.54 to 99.40 nm as the value of x increases from 0.2
to 0.8. The surface roughness is found to increase from 0.22
to 2.50 nm as the value of ‘x’ increases from 0.2 to 0.8. The
values of surface roughness as well as the grain size
reported above have been obtained as a print output from
the Atomic force microscope.

The conduction mechanism in semiconductors can be
understood by analyzing current voltage plots (I–V plots).
For single carrier injection at low voltages, the plot is gen-



Fig. 8. XPS spectrum of the CdS0.5Te0.5 film deposited at 50% duty cycle.

Fig. 9. Atomic force micrographs of CdSxTe1�x films of different
composition deposited at 50% duty cycle: (a) x = 0.2; (b) x = 0.4; (c)
x = 0.8.
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erally a straight line, showing the validity of Ohm’s law.
However, at higher voltages, some deviation is expected.
I–V characteristics of films deposited at 50% duty cycle
and of different composition were measured by providing
Indium dot contact at the centre of the top surface and is
shown in Fig. 10. The plots are linear. Resistivity of the
films was calculated from the slope of the plots. The resis-
tivity is found to vary from 53 ohm cm to 8 ohm cm as the
‘x’ value decreases from 1 to 0. The resistivity values are
shown in Table 1. The resistivity of the films obtained in
this study is lower than that obtained by chemical bath
deposited films (Patil et al., 2001, 2004). To cross check
the resistivity data, the films deposited on conducting glass
substrates were transferred on to an epoxy resin following
the procedure given in Miyake et al. (2004). In this method,
the CdSxTe1�x films are mechanically transferred from the
conducting substrate onto a non-conductive epoxy resin
without the formation of cracks (Miyake et al., 2003;
Von Windheim et al., 1991). The electrical resistivity mea-
surements were made using Van der Pauw method after
providing Indium ohmic contacts on the top surface of
the films. The resistivity values obtained by the above
method vary from 55 to 10 ohm cm.. The low resistivity
observed in these films is due to the slight excess of cad-
mium as observed from EDAX measurements. Hot probe
measurements indicated the films to exhibit n-type
behavior.
Preliminary studies on the photoelectrochemical cells
using the as deposited films, indicated an open circuit volt-
age value of 0.40 V and a short circuit current density of
2.0 mA cm�2. These values are higher than the values
reported on chemical bath deposited films (Patil et al.,
1997).



Fig. 10. I–V Characteristics of CdSxTe1�x films deposited at 50% duty cycle and of different composition: (a) x = 0.9; (b) x = 0.8; (c) x = 0.7; (d) x = 0.6;
(e) x = 0.5; (f) x = 0.4; (g) x = 0.3; (h) x = 0.2; (i) x = 0.1.

Table 1
Variation of Resistivity with composition of CdSxTe1-x films deposited at
50% duty cycle

Composition (x) Resistivity (ohm cm)

0.1 8.0
0.2 9.2
0.3 9.7
0.4 12.2
0.5 16.7
0.6 20.0
0.7 29.0
0.8 35.8
0.9 53.0
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4. Conclusion

The results of this study clearly indicate that CdSxTe1�x

films with resistivity in the range of 53–8 ohm cm can
be easily obtained by this technique. Nanocrystalline
films with crystallite size in the range of 11–100 nm can
be easily obtained by this technique. Large area electrodes
can be deposited and further work is in progress in this
direction.
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