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A new method to prepare CdS film electrodes, based on electrochemical deposition (ECD), followed by
chemical bath deposition (CBD), is described. The ECD/CBD-CdS film electrodes combine the advantages
of both ECD-CdS film (good adherence to FTO/glass substrate) and CBD-CdS film (suitable film thickness)
together. The new ECD/CBD electrode showed higher photo-electrochemical (PEC) efficiency and stability
than either ECD- or CBD-CdS film electrodes, especially after annealing. Inter-particle connection and uni-
formity of the ECD/CBD-CdS film were further enhanced by annealing. Consequently, the electrode PEC
conversion efficiency and stability were enhanced. The combined preparation technique, followed by
annealing, is potentially useful for future manufacturing of CdS and other film electrode systems.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

CdS film electrodes, with nano-sized particles, deposited onto
fluorine-doped tin oxide (FTO)/glass substrates, have many fea-
tures such as suitable band gap, �2.4 eV, and effective absorption
coefficient, that make them good candidates for solar energy appli-
cations [1–4]. Glass/FTO/CdS film electrode systems can be pre-
pared by a number of techniques, the most convenient of which
are the conventional ECD and the CBD processes [5]. Each process
has its own advantages and shortcomings. ECD process electrodes
exhibit high uniformity and good adherence to the FTO surface, but
suffer the shortcoming of being too thin. This explains the lack of
interest in such electrodes by researchers, as very few reports have
been described using such electrodes in PEC processes [5]. On the
other hand, CBD process electrodes have relatively higher thick-
ness and are more suitable for PEC applications [6,7]. However,
CBD electrodes have lower uniformity and have shortcomings un-
der PEC conditions [6]. The low stability for CBD-CdS electrodes is a
major concern as they degrade and yield hazardous Cd2+ ions un-
der PEC conditions [8,9].

Combining the advantages of both ECD and CBD processes
together is worth to investigate, and ECD/CBD-CdS films could thus
be alternative systems. It is assumed that starting with ECD
process; a uniform very thin CdS film that adheres well to the
FTO surface will be prepared. The resulting ECD film can then be
used as substrate for an additional CBD-CdS film. The combined
ECD/CBD-CdS film may involve two different CdS stacks, which
could be easily homogenized by thermal annealing. The resulting
film should then combine the advantages of good adherence and
uniformity of ECD process with controllable thickness of CBD
process.

In order to test these assumptions, new ECD/CBD film elec-
trodes have been prepared here for the first time. The resulting
electrodes have been annealed to homogenize the resulting films
and to increase inter-particle connections, without affecting parti-
cle sizes. Comparison of ECD/CBD-CdS film electrodes with earlier
ECD- and CBD-CdS counterparts, in terms of morphology, crystal-
linity and PEC characteristics (conversion efficiency and stability)
is described. Effect of annealing on film electrode characteristics
is also discussed.

2. Experimental

2.1. Chemicals

All starting materials were purchased from Aldrich, Frutarom or
Friedel de Haen in pure forms. Highly conductive FTO/glass sub-
strates were kindly donated by Moulki Hakeem, ICMCB, University
of Bordeaux.
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2.2. Equipment

Solid CdS film electronic absorption spectra were measured on a
UV-1601 spectrophotometer, in the range 400–800 nm. Baseline
correction was performed using pre-cleaned glass/FTO substrates.
Photoluminescence (PL) spectra were measured for the CdS films
on a Perkin-Elmer LS 50 spectrometer, using A 400 nm cut-off filter
to exclude reflected wavelengths. The excitation wavelength was
392 nm.

AFM morphological analysis was performed at Al-Quds Univer-
sity, Abu-Dies, using a tapping mode-AFM system and WSxM soft-
ware designed by Nanotec Electronica (Madrid, Spain) to acquire
and analyze the Data. Soft, non-conductive, rectangular, commer-
cial Si3N4 cantilevers (NSG 10, NT MDT Co., Ltd.) with spring con-
stants of 5.5–22.5 N m�1 and resonance frequencies in the range
190–325 kHz were employed.

XRD measurements were conducted in the ICMCB, University of
Bordeaux, France, on a Philips XRD X’PERT PRO diffractometer
equipped with Cu Ka (k 1.5418 ÅA

0

). XRD patterns were compared
with earlier literature.

2.3. CdS film electrode preparation

The ECD/CBD-CdS film layer was deposited onto glass/FTO sub-
strates in a two-step procedure, starting with the ECD process then
with the CBD process.

2.3.1. The ECD process
The ECD-CdS film was prepared, onto pre-cleaned and pre-

etched glass/FTO substrates (�4.0 � 1.0 cm2), electrochemically
at 90 �C as described earlier [5,10–13]. Solutions of CdCl2 (10.00
ml, 0.20 M), Na2S2O3 (10.00 mL, 0.05 M) and LiClO4 (trace amount)
and distilled water (30 mL) were thoroughly mixed. To control the
pH value to �2.5, dilute solutions of HCl and NaOH were added
drop-wise. A thermostated oil bath was used to control reaction
mixture temperature. Cathode electrode (glass/FTO) and anode
electrode (platinum sheet) were used with special insulations to
avoid direct contact of copper wiring with solution. Nitrogen flow
was used to eliminate air contact with solution. The applied poten-
tial (�0.7 V wrt Ag/AgCl) on the working electrode was controlled
with A 264B Polarograph, using a DC stripping mode, for 100 min.
Water drops were added to keep the reaction solution volume con-
stant. The resulting glass/FTO/CdS film was then rinsed with dis-
tilled water and dried under nitrogen. The average film thickness,
calculated by gravimetry, was �400 ± 60 nm.

2.3.2. CBD CdS film layer
The preparation method followed earlier procedures [3,5,6,14–

19]. Pre-cleaned glass/FTO/CdS substrates (�4.0 � 1.0 cm2) de-
scribed above were immersed inside a bath containing a solution
of CdCl2 (2.5 mL, 0.12 M), NH4Cl (10.0 mL, 0.20 M) and NH3

(15.0 mL, 2.00 M). Thiourea (2.50 mL, 0.60 M) was added to the
chemical bath. The total volume was made 55.0 mL by adding dis-
tilled water, and the pH was 10.3. The chemical bath was continu-
ously stirred for 30 min at constant temperature (80 �C). The
resulting ECD/CBD-CdS film was then rinsed with distilled water
and dried with nitrogen. The value of film thickness was gravimet-
rically calculated to be about 1600 nm.

2.3.3. CdS film annealing
The ECD/CBD-CdS films were annealed under nitrogen at 250 �C

using a thermostated horizontal tube furnace [6]. The films were
then slowly cooled to room temperature in a course of 2 h, with
cooling rate of 2 degrees per min.
2.4. The PEC experiments

Current density vs. voltage (J–V) plots were measured using a
computer-controlled Priceton Applied Research (PAR) Model
263A Potentiostat/galvanostat, as described earlier [5]. The glass/
FTO/CdS electrodes were used as working electrodes in a one-com-
partment three-electrode cell, with platinum as counter electrode.
The experimentally used reference electrode was Ag/AgCl, and un-
less otherwise stated the recorded potential values were recalcu-
lated to be with respect to SHE. An aqueous polysulfide redox
couple NaOH (0.10 M)/Na2S (0.10 M)/S (0.10 M) was used [6,20].
The solution was first purged with N2 gas (99.99999%) with contin-
uous stirring for 5 min. Stirring and nitrogen bubbling were then
terminated, keeping the nitrogen flow steadily above the solution.

Control experiments were conducted to check for dark J–V, as
described earlier [5,20,21]. The applied voltage was scanned while
measuring the resulting negative valued dark current. Photo J–V
measurements were similarly performed under illumination using
a 50 W halogen spot lamp. Illumination intensity of 0.008 W/cm2

at the CdS surface was measured with a lux meter. The tempera-
ture was kept constant at 20 �C throughout all PEC measurements.
Current density was calculated by dividing measured current val-
ues by the CdS electrode area immersed inside the redox couple
solution.

Electrode stability was investigated as described earlier [5,20–
22], in a different glass walled PEC cell, using a polarographic ana-
lyzer (Pol 150) equipped with an MDE 150 Polarographic stand.
The CdS film was used as a working electrode, a platinum sheet
as a counter electrode and an Ag/AgCl as a reference electrode.
Short-circuit current (ISC) values were measured with time while
keeping the electrode under 0.0086 W/cm2 illumination intensity
and 0.00 V applied bias (vs. Ag/AgCl) at 20 �C. Short-circuit density
(JSC) plots were obtained from values of short circuit current values
divided by CdS electrode area immersed inside the redox couple
solution.

3. Results

3.1. ECD/CBD-CdS film characterization

The ECD/CBD-CdS film was characterized by electronic absorp-
tion spectra, photoluminescence (PL) spectra, XRD and AFM. Film
crystallinity and uniformity were studied in comparison with other
ECD-films and CBD-CdS films reported earlier [2–4,23–27].

The electronic absorption spectra are shown in Fig. 1. The ECD/
CBD-CdS film showed an absorption band edge at 530 nm, which
resembled that for CBD-CdS reported earlier [1–4]. This corre-
sponds to an energy band gap (Ebg) value of �2.3 eV. Annealing
the ECD/CBD-CdS film caused no shifting in value of band gap,
which indicates no complete sintering or particle growth in the
film. That is to say that the smaller particles did not combine to
form larger particles during annealing, but interparticle connec-
tions occurred. PL spectra showed an emission band at 535 nm,
Fig. 2, which resembled the electronic absorption spectral data.
Annealing the film caused no shifting in emission peak. The results
are justified as annealing was conducted at a relatively low tem-
perature (250 �C) not high enough to cause complete sintering of
nanoparticles.

XRD patterns are shown in Fig. 3. The films involved fcc (Zinc
Blende) lattices, as reported earlier [5,16,23,24,27] for the sepa-
rately prepared ECD- and CBD-CdS films. The XRD data showed
that the ECD/CBD-CdS particles are slightly larger (�22 nm) than
the reported ECD particles (18 nm) or CBD particles (17 nm) pre-
pared separately [5]. Again, annealing the ECD/CBD film caused
no change in crystal type or nano-particle sizes, as calculated by
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Fig. 1. Solid state electronic absorption spectra measured for EDC/CBD-CdS films
(a) before annealing and (b) after annealing.

Fig. 2. Photoluminescence emission spectra measured for (a) non-annealed ECD/
CBD-CdS film, (b) annealed ECD/CBD-CdS film and (c) glass/FTO substrate. All
measurements were conducted using a 392 nm excitation wavelength.

Fig. 3. XRD diffraction patterns measured for ECD/CBD-CdS films (a) before
annealing and (b) after annealing.
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the Scherrer’s equation. This is understandable as the annealing
temperature was not high enough to cause complete sintering.
However, Fig. 3 shows that annealing the ECD/CBD film enhanced
the ordering in the film particles. This is evident from comparison
of peak height ratios for the (111) plane with the FTO reference
peaks. The annealed ECD/CBD film showed higher ratio than the
non-annealed film. As reported earlier, the ECD film ratio de-
creased by annealing indicating increased film particle disorder,
while the CBD film showed slightly higher ratio by annealing due
to enhanced crystallinity [5]. The fact that annealing the ECD/
CBD film increased the ratio in this work is good indication of crys-
tallinity enhancement. Annealing at 250 �C was thus sufficient to
homogenize the ECD and CBD layers within the ECD/CBD film, as
discussed in Section 3.2 below.

The AFM images show that the ECD/CBD films involved agglom-
erates, Fig. 4a. Each agglomerate involved a number of smaller
nano-sized particles interconnected together. The Figure shows
that the agglomerate sizes were not affected by annealing. How-
ever, annealing the film increased connections within and between
the agglomerates. Dispite the information provided by AFM about
the CdS film aggolomerates, the AFM resolution was not high en-
ough to show the nano-sized particles originally observed by the
XRD patterns.

Annealing enhanced film uniformity. The AFM profiling indi-
cates that the annealed film exhibited narrower surface elevation
profile range (80% measurements within 10–120 nm depth values)
than the non-annealed film (80% measurements within 10–140 nm
depth values), as shown in Fig. 4b. Same average surface elevation
height (60 nm) was observed for both films. This indicates that the
used annealing temperature was just high enough to induce inter-
connection between particles, with no much effect on the film par-
ticle size. This confirms interconnections between particles of
different ECD and CBD stack layers, which are responsible for en-
hanced PEC characteristics as discussed below.

3.2. ECD/CBD-CdS electrode PEC characteristics

PEC characteristics for the ECD/CBD-CdS electrodes were stud-
ied in comparison with ECD- and CBD-CdS counterparts. Control
experiments showed that only negative dark current occurred at
potentials less negative than Vonset. Therefore, in photocurrent
experiments, the measured positive currents belong only to photo-
currents. Fig. 5 shows photocurrent vs. potential plots for different
electrodes. PEC characteristics are summarized in Table 1. Before
annealing, the efficiency of different electrodes varied as EC-
D < ECD/CBD < CBD. The fact that the CBD is more efficient than
the ECD electrode is attributed to a number of factors as discussed
earlier [5–7]. Suitable thickness is one major factor [6,7,14].

The relatively low efficiency of the non-annealed ECD/CBD elec-
trode, compared to the CBD electrode, is understandable as it in-
volves two different film layers which adds to serial resistance
and inhibits carrier mobility. Annealing enhanced conversion effi-
ciencies of all films. For the ECD system, annealing improved short
circuit current density (JSC) by two fold, without much affecting the
open circuit potential (VOC) value. The enhancement in JSC is due to
enhanced majority carrier mobility by interconnections, while the
lowering in film morphology suppresses improvement in VOC va-
lue. In case of CBD electrode, both JSC and VOC values were im-
proved by annealing, which is due to enhanced inter-particle
connection and morphology, as discussed earlier [5]. Among the
different films, the ECD/CBD electrodes exhibited highest enhance-
ment in conversion efficiency, three fold, by annealing. Both JSC and
VOC values were considerably enhanced for the annealed film.
Improving inter-particle connections and homogenizing the two
stacked layers enhanced JSC value. Improving the film morphology
enhanced VOC. The results are consistent with earlier literature
[21,22,28–33].

The annealed ECD/CBD film showed highest efficiency among
the series, as shown in Table 1. This supports the basic hypothesis
of this work where the ECD/CBD film is assumed to combine the
advantages of both ECD (good adherence to the FTO surface) and
CBD (suitable thickness) together. Annealing the film induces more
efficiency enhancement by homogenizing the two ECD and CBD
layers within the combined film. The annealed ECD/CBD should



Fig. 4. AFM micrographs for ECD/CBD-CdS films (a) before annealing and (b) after annealing. Scale bar for both figures is 300 nm.
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Fig. 5. Plots of photo-current vs. applied potential for different CdS thin film
electrodes: (a) ECD before annealing; (b) ECD after annealing; (c) CBD before
annealing; (d) CBD after annealing; (e) ECD/CBD before annealing and (f) ECD/CBD
after annealing.

120 A. Zyoud et al. / Journal of Electroanalytical Chemistry 707 (2013) 117–121
therefore be advantageous over other counterparts, as exhibited in
Table 1.

Electrode stability for the ECD/CBD electrode was investigated
in comparison with the other counterparts. Values of JSC were
measured for the electrodes with time at 0.00 V while keeping
the electrode under steady illumination (0.0086 W/cm2) with con-
tinued nitrogen flow. Fig. 6 shows plots of values of JSC vs. time for
different electrodes, before and after annealing. The difference in
JSC values observed between Figs. 6 and 5 is due to different glass
containers used in the experiments.

The annealed ECD film showed less stability than the non-an-
nealed counterpart, and its value of JSC continued to decrease with
time. This behavior has been discussed in earlier study [5] as disor-
der increased by annealing. As discussed earlier, this is evident
from values of XRD signal ratios shown in Table 2, entries 1 and
2. On the other hand Fig. 6 shows that the CBD electrode exhibited
relatively higher stability by annealing. In addition to slight
increase in film crystallinity, Table 2, entries 3 and 4, this is due
to increased inter-particle connections which lowers resistance
and speeds up hole transfer at the solid/redox couple interface.
Fig. 6 shows that both annealed and non-annealed ECD/CBD elec-
trodes showed highest stability among the series. Both electrodes
maintained more steady JSC values with time. Annealing further
enhanced the ECD/CBD electrode stability, presumably by homog-
enizing the two ECD and CBD stacked layers, increasing inter-
particle connectivity, lowering resistance and speeding up hole
transfer across the solid/redox couple interface. This is evident by
that fact that the value of JSC is higher for the annealed film. More-
over, annealing increased ECD/CBD film crystallinity as evidenced
by increased XRD peak ratio with annealing, as shown in Table 2,
entries 5 and 6.



Table 1
Summary of PEC characteristics for different CdS thin film electrodes.

JSC � 10�5

(A)
VOC (V) Ideal power

(JSC � VOC) � 10�5 (W)
Jmax � 10�5

(A)
Vmax (V) Max observed

power � 10�5 (W)
FF %Efficiency g

ECD non 5.00 �0.35 1.75 3.45 �0.147 0.51 0.29 0.0634
CBD non 10.00 �0.37 3.91 5.56 �0.187 1.04 0.27 0.13
ECD/CBD non 8.00 �0.35 2.72 4.44 �0.167 0.74 0.27 0.0927
EC annealed 5.00 �0.35 1.77 2.53 �0.167 0.42 0.24 0.0527
CBD annealed 17.00 �0.46 7.67 7.58 �0.263 2.00 0.26 0.2491
EC/CBD annealed 21.00 �0.42 8.83 10.80 �0.218 2.35 0.27 0.2943
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Fig. 6. Stability plots of JSC value vs. time measured for different CdS thin film
electrodes under light radiation (a) ECD before annealing; (b) ECD after annealing;
(c) CBD before annealing; (d) CBD after annealing; (e) ECD/CBD before annealing
and (f) ECD/CBD after annealing.

Table 2
Values of XRD signal intensity ratios CdS(1 11)/FTO(200) for different CdS films.

Entry no. Type of CdS film Value of signal ratio

1a Non-annealed ECD 1.00
2a Annelaed ECD 0.94
3a Non-annealed CBD 0.84
4a Annealed CBD 0.90
5b Non-Annealed ECD/CBD 0.64
6b Annealed ECD/CBD 0.94

a From Ref. [5].
b From this work.
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4. Conclusion

A novel method to prepare CdS film electrodes, with enhanced
PEC characteristics, is proposed. The method involves electrochem-
ical deposition of CdS onto FTO/glass substrates, followed by chem-
ical bath deposition. The resulting film, which is expected to
involve two different stacks of CdS films, can be homogenized by
annealing; its morphology can be improved, and its particles can
be better inter-connected. The annealed ECD/CBD-CdS film elec-
trode showed higher PEC characteristics (efficiency and stability)
than either ECD or CBD counterparts described earlier.
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