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HIGHLIGHTS GRAPHICAL ABSTRACT

o Flexible pristine CdS films are deposited
onto ITO/PET substrates by CBD and
ECD methods.

o Films are optimized by deposition time
& layer, annealing temperature and
cooling rate.

o Flexible CBD-CdS/ITO/PET electrode
competes with rigid CdS systems in PEC
performance.

e High PEC efficiency and stability are
achieved by film 125 °C annealing and
quick cooling.

Annealing and quick cooling, of flexible pristine CdS/ITO/PET electrode, speed up charge transfer
and consequently improve PEC performance

ARTICLE INFO ABSTRACT

Keywords: Compared to rigid CdS/glass electrodes, flexible pristine CdS electrodes have not been described in photo-

Flexible pristine CBD-CdS films electrochemical (PEC) based light-to-electricity conversions, despite wide descriptions of their preparations and

Flexible ITO/PET substrates characterizations. CdS film electrodes, deposited on flexible tin-doped indium oxide/polyethyleneterephthalate

E]fszc jency & stability (ITO/PET) substrates, have been prepared here by both chemical bath deposition (CBD) and electrochemical
deposition (ECD). The film PEC characteristics have been investigated here. With a very low thickness, the
flexible ECD-CdS electrode fails to show measurable PEC performance. On the other hand, with higher film
thickness, the CBD flexible electrode shows soundly high PEC performance. To further improve PEC charac-
teristics of the flexible CBD-CdS/ITO/PET electrodes, various parameters have been varied, such as number of
deposition cycles, annealing temperature, cooling rate and type of redox couple. Among the studied films, the
four-layered CBD-CdS/ITO/PET film, annealed at 125 °C and quickly cooled, exhibits highest PEC performance
and stability, with conversion efficiency higher than 1.2% in polysulfide redox couple. The results show that the
flexible CBD-CdS/ITO/PET electrode may compete with earlier rigid CdS film electrodes deposited on fluorine
doped tin oxide/glass substrate.
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1. Introduction

Homo- and hetero-junction p-n type photovoltaic (PV) devices are
currently used at wide commercial scale due to their high conversion
efficiency and stability. However, p-n based PVs are prepared at the
millimeter scale thickness using relatively large amounts of starting
materials. They also demand special preparation conditions. Easy-to-
deposit semiconductor polycrystalline film electrodes, with nanometer
scale thickness, are emerging to save cost and environment and to
minimize starting material amounts [1]. Metal chalcogenides MX (M =
Cd, Cu, Zn, etc.; X = O, S, Se and Te) are one major class of materials
widely studied in polycrystalline film electrodes. Typically, the MX films
are prepared by various methods including physical vapor deposition
(PVD), chemical vapor deposition (CVD), sputtering, laser deposition,
together with other simple methods such as electrochemical deposition
(ECD), chemical bath deposition (CBD), onto fluorine-doped tine oxide
(FTO) and tin-doped indium oxide (FTO) pre-deposited onto glass sub-
strates. A widely studied example of such systems is CdS with a wide
range of band gap values from 2.0 to 3.0 eV depending on preparation
method, conditions and film characteristics [2-5]. The band gap is
suitable for visible solar radiations, which makes CdS useful in solar
energy applications. CdS films were deposited onto rigid FTO/glass
substrates and investigated in PEC applications, with the possibility to
enhance their conversion efficiencies once treated properly [6-8].

To expand their future applications, CdS film electrodes were pre-
pared onto tin-doped indium oxide (ITO) pre-deposited on flexible
substrates. Polyethylene terephthalate (PET), polydimethyl siloxane
(PDMS), Kapton HN, Upilex-S and others were described [9,10]. Despite
their advantages, flexible solar cells still exhibit low performance
compared to other rigid counterparts, and demand extensive study.
Research is active on flexible cupper-indium-gallium-sulfide (CIGS)
based systems to improve their PEC performance [11]. Flexible
CdS/CdSe film electrodes were reported in PEC studies [12]. On the
other hand, other pristine flexible film electrodes, such as those of CdS,
were not described in PEC studies. Flexible nano-rod CAS@CNTs, coated
on stainless iron-mesh electrodes, were described in hydrogen produc-
tion [13]. Laser ablation was used to prepare Al/CdS/Al solid film
electrodes to use as photodetectors, and the system showed sound
photo-response in photodetectors [14]. Flexible solid state
PdS/CdS-based heterojunction solar cells with efficiency higher than 4%
were described earlier [15]. Other researchers prepared and character-
ized CdS films on flexible substrates using various depositions but
without describing the PEC characteristics [16,17]. Preparation of other
pristine CdS films, onto flexible substrates by the simple CBD, were also
described [2,16,18-21]. The ECD method was not described for flexible
CdS electrodes. To our knowledge, pristine CdS film electrodes depos-
ited onto flexible substrates, have not been reported in
light-to-electricity conversion using known PEC processes, in which the
semiconductor electrode is brought in direct contact with a solution
redox couple. The present work describes CBD- and ECD-prepared
pristine flexible CdS film electrodes in PEC for the first time.

PET has been chosen here, as a substrate for CdS films, due to its low
cost, availability and high transmittance to visible solar light, despite its
low tolerance to processing temperatures above 125 °C [9]. On the other
hand, CdS film characteristics may be improved by annealing at mod-
erate temperature, as reported earlier [22,23]. In fact, low- and
medium-band gap semiconductor materials may undergo permanent
deformations by heating at high annealing temperatures [22-24].
Therefore, to avoid any negative effects on the CdS or the PET, the
CdS/PET films should be annealed at mild temperatures, which further
adds to process advantages.

In earlier studies we described the CBD and ECD prepared CdS films
on FTO/glass substrates with relatively low efficiencies [6-8]. While the
ECD films were not enhanced by annealing, the CBD film characteristics
were slightly enhanced [7]. The as-deposited ECD film already exhibited
high crystallinity and morphology that were lost upon heating, without
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being reclaimed on cooling. On the other hand, the CBD film charac-
teristics, with relatively low uniformity and crystallinity, were slightly
enhanced by annealing. The earlier results indicated that in case of CdS
films, and other low-to medium-band gap metal chalcogenide film
electrodes, annealing at moderate temperatures should be considered
[23]. Moreover, cooling rate effect [23] should also be carefully
considered, in similar materials.

In the present study, pristine CdS films have been deposited onto
flexible ITO/PET substrates, aiming at producing flexible CdS film
electrodes for PEC applications. No similar studies were reported to our
knowledge. The goal is to see if such flexible films can exhibit PEC ef-
ficiency that competes with rigid FTO/glass-based counterparts. More-
over, the films involve the environmentally hazardous Cd ions [25] and
should be stabilized to photo-corrosion under PEC conditions. There-
fore, stabilizing the flexible CdS film is another goal of this work.

Two different methods of preparation are described, the ECD and
CBD. As assumed earlier, the ECD method yields films with high crys-
tallinity, uniformity and adherence to the substrate. On the other hand,
the CBD method yields films with more suitable thickness to absorb light
but with less crystallinity and surface uniformity. Therefore, both
methods are described here. The prepared flexible CdS films will be
annealed at mild temperatures, in order to avoid affecting the PET sheets
or the semiconductor films themselves. Effects of annealing and cooling
rate on film PEC performance and stability will be studied. The study
will comparatively answer the following questions: Is it possible to
prepare flexible CdS/ITO/PET films by simple CBD and ECD methods?
Which preparation method yields electrodes with highest PEC perfor-
mance? How do the flexible CdS films compare with earlier reported
CdS/FTO/Glass rigid electrodes? Will annealing the flexible CdS films
further improve their properties and consequently their PEC charac-
teristics? Can the film stability under PEC conditions be improved by
carefully controlled annealing and cooling rate? To our knowledge,
these issues were not described in earlier studies.

2. Experimental
2.1. General materials and equipment

Organic solvents have been purchased in high purity from Riedel-
DeHaen. Starting materials (thieourea, Cadmium (II) Acetate Dihy-
drate (C4H12CdOg), CdCly-2H50, NH3, LiClO4, NasS, NaOH, elemental
sulfur, NH4Cl, HCI, acetic acid and NayS,03 have been purchased from
Merck, Frutarom or Aldrich. Indium tin oxide coated polyethylene
terephthalate (ITO/PET) sheets have been purchased from Merck (with
surface resistivity 60 ©/sq, 1x10~>-inch-thick, and more than 78%
transparency in the visible).

For electrochemical depositions a Potentiostat C.S. model Electro-
chemical Workstation has been used. PEC experiments have been con-
ducted wusing a computer-controlled CorrTest Electrochemical
Workstation CS350 Potentiostat/Galvanostat. Solid state electronic ab-
sorption spectra have been measured for the CdS films on a Shimadzu
UV-1601 spectrophotometer, with ITO/PET used for baseline correc-
tion. A JEOL JSM-6700F FESEM microscope has been used to measure
the scanning electronic micrographs. Electronic dispersive spectroscopy
(EDS) has been measured on the same FESEM equipment, which is
located at the UAE University, Al-Ain. For X-ray diffraction (XRD)
measurements, an Analytical X'Pert PRO X-ray diffractometer (XRD),
with CuKa (A = 1.5418 ;\), at the UAE University, Al-Ain, has been used.
A 50 W halogen solar simulator lamp has been used as a source of
radiation.

2.2. (CdS film preparations
Two various methods have been used to prepare CdS/ITO/PET films,

as described below. In each case the ITO/PET substrates (1 x 4 c¢cm?)
have been cleaned as described by known methods. The substrates have
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been rinsed with deionized water (DW), sonicated for 10 min in a
detergent solution, rinsed with DW several times and carefully dried
under nitrogen streams.

2.2.1. CBD-CdS/ITO/PET

The procedure is based on earlier method described for CBD-CdS
onto FTO/Glass [26]. A 20.5 mL bath, with pH 10.0, containing DW
(2.5 mL), CdCl; solution (2.50 ml, 0.358 M), NH4ClI solution (10.0 ml,
0.60 M) and NHj solution (3.0 ml, 25%), has been prepared and heated
at 75-80 °C. Then a thiourea solution (2.5 ml, 0.089 M) has been added.
The ITO/PET substrates have been partially dipped (1 x 3 cm? exposed)
inside the bath for 30 min. The resulting films have then been rinsed
with DW, dried and stored for further characterization and use.

For multi-deposition, the same procedure has been repeated on the
prepared CdS/ITO/PET films for 2, 3, 4, 5 and 6 times. The various as-
deposited films have been examined in PEC, and the fourth time
deposited film exhibits the highest conversion efficiency, as described in
Section 3 below. Therefore, it has been chosen over others for further
treatment as described below in Section 2.3.

2.2.2. ECD-CdS/ITO/PET

ECD deposition procedure has been performed as described earlier
for CdS films deposited onto FTO/Glass [27,28]. A stirred solution of
cadmium (II) acetate dihydrate (C4H;2CdOg), (10 ml of 0.598 M),
NayS203 (10 ml of 0.148 M), LiClO4 (~0.741 g) and DW (30 ml) has
been prepared. To the solution has been added HCl(aq) dropwise to
control the pH value at ~2.5. The solution temperature has then been
raised to 90 °C and maintained. The pre-cleaned ITO/PET substrate has
then been partially inserted inside the stirred solution as a working
electrode. A platinum sheet has been used as a counter electrode,
whereas an SCE electrode has been used as a reference. Care has been
taken to avoid contact between copper wires and the solution. Electro-
deposition has been conducted using a DC current at —0.9 V (vs. NHE)
and continued for 2 h, but the resulting CdS film is too thin to detect or
characterize. It exhibits very low PEC performance to measure, and has
therefore been excluded from the study.

2.3. Film characterization

Solid state electronic absorption spectra, XRD patterns, SEM micro-
graphs and SEM data have been measured on equipment listed in Section
2.1 above. To measure the approximate film specific surface area (SSA),
the method of acetic acid adsorption described earlier [29] has been
followed. Optical band gap values have been approximately measured
using the Tauc plot method [30] described in Equation 1

(ahv)=p(hv — E,)" m

where « refers to absorption coefficient; n is 2 assuming a direct band
gap for CdS [5]; h is the Planck’s constant; v is the radiation frequency; p
is an optical constant and Eg is the band gap value.

The film thickness has been measured by three methods. In the
gravimetric method, the difference in mass between the CdS/ITO/PET
and the substrate ITO/PET has been measured, but the results are not
reliable and have not been considered. In the spectrophotometric
methods, the measured absorbance values have been used to find film
thickness. Equation (2), which relates film thickness e to absorbance and
absorptivity, is substituted in Equation (1), to yield Equation (3) that has
been used to measure film thickness [31] in one method.

-
e

where A refers to absorbance;
n

(Ahv)* = (/}%) (ho—E,) ®3)
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Moreover, the film thickness has been measured using the envelope
method from the measured solid state electronic absorption spectra as
described earlier [32,33]. The two spectroscopic methods show film
thickness values with +£10% variations. The results are consistent in
terms of thickness variation tendencies among various films. Therefore,
average thickness values have been considered for each film.

2.4. Annealing

Based on PEC results described below, the four-layered CdS/ITO/
PET film has been modified by annealing here. The goal is to see if film
properties and PEC characteristics can be further enhanced by
annealing.

As described in Section 1 above, based on earlier literature, only low
annealing temperatures (100, 125 and 150 °C) have been chosen here.
Annealing has been conducted under nitrogen atmosphere in a ther-
mostated tube furnace pre-heated at the desired temperature. The film
has been placed inside a Pyrex glass tube with inlet and outlet for the
slow inert gas stream, and the tube has then been placed inside the
furnace for 15 min.

The film has been cooled to room temperature by either of two
methods, fast cooling and slow cooling. In slow cooling, the furnace has
been switched off and left to reach room temperature in the course of
more than 120 min. In fast cooling, the glass tube has been withdrawn
from the furnace (at the given temperature) and quenched with water
bath in less than 5 min.

2.5. PEC experiment

PEC experiments have been performed inside a thermostated (room
temperature) two-electrode cell with the CorrTest Electrochemical
Workstation. The CdS/ITO/PET electrode has been used as the working
electrode, and a platinum sheet as a counter electrode. The potentiostat
internal cell has been used as reference electrode by connecting it with
the platinum counter electrode. The internal cell has been calibrated vs.
NHE reference electrode. The potential values are thus measured rela-
tive to NHE.

The PEC cell, has been charged with the redox couple solution that
has been stirred with a stream of Ny (99.999%) for 5 min. Two redox
couple-electrolyte aqueous systems have been attempted, namely S
(0.10 M)/NayS (0.10 M)/NaOH (0.10 M) or [K3Fe(CNg)] (0.10 M)/[K4Fe
(CNg)] (0.10 M)/LiCl04/(0.10 M). The former redox couple exhibits
higher PEC performance, and therefore it has been used in measuring
the PEC results unless otherwise stated.

The PEC experiment has then been started after the stirring was
stopped and the nitrogen gas stream lifted and kept above the electrolyte
solution to prevent contamination with air. The applied potential has
been scanned in the range —1.5 — 0.0 V (vs NHE) at a scan rate 50 mV/s.
The photocurrent-potential (J-V) plots have been measured under con-
stant illumination intensity (0.0086 W/cm?) at the working electrode
surface. The low radiation intensity is intentionally chosen to avoid any
overheating at the electrode. PEC characteristics, such as open circuit
potential (Vp¢) in V vs NHE, short circuit photo current density (Js¢) in
A/cmz, fill factor (FF) and conversion efficiency (n%) have all been
extracted from the J-V plots. The conversion efficiency has been calcu-
lated from the photo J-V plots, using Equation (4):

_FF Vgc JSC

=5,

4

where Py, is incident intensity in W/em?.

Electrode stability under PEC conditions has been studied by keeping
the working electrode under continuous exposure to radiation (0.0086
W/cmz) at applied potential 0.0 V (vs. NHE) in the S (0.10 M)/NasS
(0.10 M)/NaOH (0.10 M) redox couple. Values of Jsc have been
measured and plotted vs. time.
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3. Results and discussion
3.1. General

Two types of flexible film electrodes have been prepared here,
namely ECD-CdS/ITO/PET and CBD-CdS/ITO/PET films. The ECD-film
is too thin and could not be characterized or studied in the PEC exper-
iments, and has therefore been ruled out from characterization study.
Compared to earlier ECD prepared CdS/FTO/Glass films [6], which
were characterized by various methods, the present ECD-CdS/ITO/PET
film is too thin to observe here. The difference between the two ECD film
thicknesses is presumably due to the resistivity value difference between
the substrates FTO/Glass and the ITO/PET, being ~7 and 60 Q/sq
respectively. The high substrate resistance may prevent formation of
CdS films with enough thickness to characterize. This could explain the
lack of literature reports on ECD prepared CdS/ITO/PET films,
compared to other methods such as laser ablation [14] or CBD described
above. In future studies of ECD-flexible CdS film electrodes, it is strongly
recommended to re-consider the issue of film thickness. Methods to
improve film thickness, by careful choice of the organic substrate,
electrolyte type and others, need to be developed.

The CBD-CdS electrodes have been characterized prior to PEC study.
In micro-spherical CdS materials the reported specific surface area (SSA)
was ~27 m2/g [34]. In the present study the CBD-CdS/ITO/PET films
exhibit SSA values of 50-80 m?/g, depending on number of layers and
on annealing treatment, vide infra.

3.2. Electronic absorption spectra

3.2.1. - As deposited CBD-CdS/ITO/PET films

Mono-layered CBD-CdS films have been prepared using various
deposition times namely 30, 60, 90, 120, 150 and 180 min. The as-
deposited films have been studied by electronic absorption spectros-
copy using the ITO/PET substrate for base line correction. Fig. 1 (1)
summarizes the electronic absorption spectra measured for the as-
deposited films before any treatment. Each film shows an absorption
maximum at about 491 nm. The Figure shows that the film deposited in
120 min exhibits higher absorbance than the other films deposited in
shorter times. However, after 120 min, the absorbance also decreases,
indicating that the 120 min is the optimal deposition time. Literature
[35,36] showed that CBD CdS/Glass film thickness increased with
deposition time up to a certain limit, after which the film thickness
decreased. These discussions are revisited in this Section, vide infra.

From Fig. 1(2), the Tauc plots show that the optical energy band gap
values, for various films deposited in 30, 60 and 90 min are, are ~2.1 €V.
For film deposited in 120 shows a smaller band gap of ~1.8 eV. The
values are in agreement with earlier reported values for other CdS films
[2,3]. The films deposited in longer times, 150 and 180 min, exhibit
band gap values that are too small and unrealistic. The smaller band gap
values indicate variations in film properties deposited in longer times as
reported earlier [37], as discussed below.

Based on these results, the strategy here has been focused on pre-
paring CBD-CdS/ITO/PET films deposited in different layers, as
described in Section 2, allowing 30 min deposition time for each layer.
Electronic absorption spectra have been measured for the CBD-CdS/
ITO/PET films with various layers. The results are summarized in
Fig. 2 (1).

Fig. 2(1) shows that four-layered film (total deposition time 120 min)
exhibits higher absorbance than other counterparts, which is consistent
with monolayered film deposited in 120 min. The Tauc plots for various
films are shown in Fig. 2(2). One-, two- and three-layered films exhibit
Tauc relations, with low slopes, yielding rough band gap values of ~2.0
eV or higher. On the other hand, five- and six-layered films have too
small band gaps to be realistic. The four-layered film exhibits a clear and
a conclusive Tauc relation with a band gap value of 2.0 eV, which re-
sembles literature values for CdS/ITO/Glass films [5,38,39]. Based on
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Fig. 1. Optical properties measured for mono-layered CBD-CDS/ITO/PET
films. (1) Electronic absorption spectra and (2) Tauc plots. Preparation times a)
30 min, b) 60 min, ¢) 90 min, d) 120 min e) 150 min and f) 180 min.

these results, the four-layered CdS/ITO/PET films have been considered
for further study.

Effects of multi-layers or deposition time of CBD-CdS/ITO/PET on
film thickness has not been earlier reported, while similar studies were
made on CBD-CdS/Glass films [36]. The four-layered film exhibited
higher thickness (~61.5 nm) than in one-, two- and three-layered films,
with ~11, 20 and 25 nm, respectively. This is understandable, as more
layers should yield thicker films. However, after 4 layers, namely five
and six layers, the films exhibit lower thickness values of ~45 nm.

The results are consistent with earlier literature. Ouachtari et al.
showed that CBD-CdS/FTO/Glass mono-layered film thickness and
crystallinity were improved with longer deposition time up to 60 min,
after which the film thickness and crystallinity were lowered [35]. The
authors explained thickness lowering by saturation of the produced film
after some time, where more of the solid material dissolved in the CBD
solution. In addition to deposition time, CdS/Glass films thickness,
morphology and optical properties were all controlled by the number of
deposition layers. In multi-layered CBD CdS/Glass films, Ouafi et al.
showed that the film thickness increased with layer number, and with
deposition time, to certain extents and then decreased. The results were
again explained based on saturation and dissolution of the solid films
after certain deposition layers and times [36]. With its favorable prop-
erties, the four-layered CBD-CdS/ITO/PET film has been singled as the
material of choice here.

3.2.2. - Annealed CBD-CdS/ITO/PET

As described above, CdS/ITO/PET should be annealed with care to
avoid negative effects on the PET film characteristics. Control experi-
ments have been made on naked flexible ITO/PET substrates, to test
their stability to annealing. The naked substrates show stability to
temperatures up to 125 °C with no noticeable change in their mechan-
ical and spectral properties.

Moreover, the medium band gap CdS film should be treated at
moderate temperatures only [23]. Therefore, only a moderate
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Fig. 2. Spectral properties measured for CBD-CDS/ITO/PET films deposited in
various layers. (1) Electronic absorption spectra and (2) Tauc plots. Layer
numbers a) one, b) two, c) three, d) four, e) five and f) six layers.

temperature 125 °C has been used here for the four-layered
CBD-CdS/ITO/PET films. Fig. 3(1) and (2) summarize the effect of
annealing and cooling rate on both spectra and Tauc plots for
CBD-CdS/ITO/PET films. Annealing at 125 °C shows little effect on the
four-layered film spectrum especially when quickly cooled.

Both the as-deposited and the quickly cooled films exhibit Tauc plots
showing measurable band gap values. The as-deposited film has a band
gap value of 2.0 eV, while the quickly cooled film shows a smaller band
gap of 1.9 eV. The slowly cooled film shows a band gap value that is
difficult to measure and too small to be acceptable. In slow cooling, the
annealed film exhibits higher change in its spectral characteristics. In
slow cooling, exposure to heat occurs for time long enough to affect the
film characteristics. Similar behaviors were reported for metal chalco-
genide films deposited on FTO/Glass substrates, where slow cooling rate
could be advantageous [26] or disadvantageous [40] depending on the
system under study and the annealing temperature [23]. With flexible
substrates here, it is disadvantageous to slowly cool the flexible film.

The annealed four-layered CBD-CdS/ITO/PET film at 125 °C in-
volves densification. The thickness, measured as described in Section 2,
is lowered from ~62 nm to ~46 nm for quickly cooled film, and to ~40
nm for slowly cooled film. Film densification is expected by annealing as
described earlier [31]. Higher densification is expected in the slowly
cooled film due to longer exposure to heat, as described above. This is
further corroborated by the measured SSA values being ~80, ~62 and
56 m?/g, for the as deposited, quickly cooled and slowly cooled films,
respectively.
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Fig. 3. Effect of annealing on measured optical properties for four-layered
CBD-CdS/ITO/PET films. (1) Electronic Absorption Spectra and (2) Tauc
plots. a) Annealed at 125 °C and slowly cooled, b) Annealed at 125 °C and
quickly cooled and c) As-deposited.

3.3. XRD patterns

3.3.1. - As-deposited film

The four-layered CBD-CdS/ITO/PET film has been further charac-
terized by XRD, as summarized in Fig. 4(a). The Figure shows the CdS
layer reflections only, and the characteristic (222) and (400) reflections
at 20 = 30.52 and 35.37°, respectively, known for ITO are not observed
[41,42].

The CdS film XRD patterns have been compared with earlier litera-
ture [39,43,44]. The as-deposited CBD-CdS/ITO/PET film exhibits a
number of reflections as described in Table 1. The XRD pattern indicates
the presence of CdS mixed cubic and hexagonal phases, with the latter
being the predominant one. The face centered cubic phase reflections
(111), (220) and (311) can be observed at 20 = 26.0, 44.0 and 52.6°,
respectively. Other reflections at 20 = ~12.7, 23.4 and 46.5° refer to the
minor hexagonal phase. Earlier literature indicated that with no high
temperature treatment, CdS films mainly exhibited the cubic structure
[45]. The patterns show that the as-deposited CBD-CdS film involves
nano crystallites. Based on the Scherrer equation [45], the average
crystallite diameter (D) for the cubic crystallites in the film is ~4.9 nm,
with preferential orientation (111). Table (1) summarizes structural
properties for the film, based on literature [46,47].

3.3.2. - Annealed film

Effect of annealing and cooling rate on four-layered CBD-CdS/ITO/
PET film crystal structure has been studied, Fig. 4 (b) and (c). The film
has been annealed at 125 °C, for the reasons discussed above, and cooled
either slowly or quickly. Similar to the as-deposited film, XRD patterns
show that both annealed films exhibit crystallites of mixed cubic and
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Fig. 4. XRD patterns measured for various four-layered CdS/ITO/PET films. (a)
as-deposited film, (b) annealed at 125 °C and slowly cooled, and (c) annealed at
125 °C and quickly cooled.

Table (1)
Summary of particle size values for four-layered CBD-CdS/ITO/PET films in the
predominant cubic phase.

20° Plane Crystallite diameter (nm)
(hkD) )

As- Annealed quickly Annealed slowly
deposited cooled cooled

26.0 111 6.0 6.0 5.9

44 (220) 4.5 4.5 4.5

52.6 311 4.2 4.1 4.2

Average 4.9 4.9 4.9
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hexagonal CdS phases, with the former being the dominant phase. The
approximate average crystallite diameter (D) for slowly and quickly
cooled films, being ~ 4.49 nm for each, is similar to the as-deposited
film, Table 1. In either case, the annealing has no effect on the CdS
crystallite size itself, Table 1 as the low temperature is not enough to
cause intimate sintering between smaller crystallites.

As the annealing temperature is not high enough, no phase change is
observed by annealing, as the cubic phase remains dominant. Literature
[30,45] showed that low temperature treatment of CdS films yields the
cubic phase, while at higher temperatures (300 °C or higher) the hex-
agonal phase dominates. Therefore, at moderate temperature here, the
cubic phase should dominate.

A closer look at Fig. 4 shows that annealing affects film crystallinity
and disorder. Reflection height ratio for the (111)/(100) in each film,
shows that the ratio value is higher for the quickly cooled film than for
the as-deposited film, indicating higher crystallinity in the former. The
slowly cooled film also shows higher ratio than the as-deposited film,
which again indicates improved crystallinity by annealing. However,
the ratio in the quickly cooled film is higher than in the slowly cooled
film, which indicates that the quickly cooled film exhibits highest
crystallinity among the series. The results indicate that annealing en-
hances the CdS film crystallinity within the crystallites, but the quick
cooling is preferable. With prolonged heating, in case of slow cooling,
the crystallinity is lowered. Similar results were reported in other
semiconductor film electrodes [23].

3.4. SEM micrographs

SEM surface images have been measured for four-layered CBD-CdS/
ITO/PET films, Fig. 5. The as-deposited film, Fig. 5(a), shows a surface
with flat shaped agglomerates of ~50 nm in diameter. Each agglomerate
involves smaller crystallites of ~4.9 nm as depicted from XRD patterns.
The EDS results show many elements, due to contamination of the
equipment, with ~Cd/S atomic ratio 7/9. The higher atomic ratio for S
should make the film p-type conductor, but the PEC results below
indicate otherwise. Similar behavior was reported earlier for CdS films
with higher S atomic ratio but still have n-type conduction [48]. The
reason is that the excess sulfur is not in its elemental form, but in other
impurity compound form, in the film.

Fig. 5(b) shows that the annealed and quickly cooled four-layered
CdS/ITO/PET film, involves flat-shaped agglomerates of ~60 nm in
diameter. Each agglomerate involves smaller crystallites of ~4.9 nm, as
confirmed by XRD patterns. Compared to the as-deposited film,
annealing caused growth in the agglomerate sizes, but not in crystallite
size, as confirmed by XRD patterns above. The moderate annealing
temperature is not enough to cause complete sintering between the
crystallites themselves into larger ones, but only causes agglomerate
growth here. Within the agglomerate, the crystallites retain their orig-
inal sizes. The EDS results measured for the annealed film shows Cd/S
atom ratio of 5/6, which is slightly higher than in the as-deposited film.

Compared to quickly cooled counterpart, the annealed and slowly
cooled four-layered CdS/ITO/PET film, Fig. 5(c), exhibits larger ag-
glomerates ~200 nm in diameter. This is due to longer time of exposure
to temperature in case of slow cooling, which causes more agglomerate
growth than in fast cooling. Again, the average crystallite diameter
~4.9 nm, measured by XRD patterns, does not change in case of slow
cooling. This because the annealing temperature is not enough to cause
crystallite sintering. The EDS also shows Cd/S atom ratio of about 5/6
that is slightly higher than the as-deposited film.

3.5. PEC studies

As described in Section 1, PEC characteristics were not earlier re-
ported for pristine CdS films prepared onto ITO/PET flexible substrates,
which makes the present results as a pilot study. As stated above, the
PEC study is restricted to the CBD-CdS/ITO/PET films. The very thin
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Fig. 5. SEM micrographs measured for four-layered CBD-CdS/ITO/PET films. (a) as deposited, (b) annealed at 125 °C and quickly cooled, and (c) annealed at 125 °C

and slowly cooled.

ECD-CdS/ITO/PET films have been excluded, although their ECD-CdS/
FTO/Glass counterparts were earlier investigated [7], Section 3.1.

All as-deposited and annealed CBD-CdS/ITO/PET films have been
tested for PEC study. Two redox couples have been examined namely S/
NayS/NaOH and [K3Fe(CNg)]/[K4Fe(CNg)]/LiClO4, where the former
shows higher PEC performance and has thus been used unless otherwise
stated. The studied PEC characteristics involve photo J-V plots, FF, Jsc,
Voc and n%.

3.5.1. As-deposited electrode

Photo J-V plots have been measured for as deposited mono-layered
CBD-CdS/ITO/PET electrodes prepared during various deposition
times (30, 60, 90, 120, 150 and 180 min). Among the various films, the
one prepared in 120 min shows highest PEC performance, with Jsc, Voc,
FF and n% values 0.035 mA/cm?, -0.71 V, 0.625 and 0.174%, respec-
tively. The conversion efficiency is lower than earlier reported value
1.16% for mono-layered CBD-CdS/FTO/Glass electrode [6]. This is ex-
pected from flexible solar cells compared to rigid counterparts [11].
However, enhancing the PEC performance has been attempted here by
using multi-layered CBD-CdS/ITO/PET films with various layers 1, 2, 3,
4, 5 and 6. Effect of layer number on CBD-CdS/ITO/PET film PEC
characteristics has been studied. The four-layered film exhibits highest
PEC characteristics among the series, with Jsc, Voc, FF and n% values
being 0.095 mA/cmZ, -0.9 V, 0.33, 0.35%, respectively, as shown in
Table 2. The n% value is higher than that reported in earlier
mono-layered CdS/FTO/Glass electrode. The results confirm the pros-
pects of enhancing PEC characteristics for the as-deposited flexible CdS

electrodes by multi-layer deposition. Such PEC performance improve-
ment is consistent with enhancement in other properties for the flexible
CdS film described above.

3.5.2. Annealed electrode

Effect of annealing on PEC characteristics for the flexible four-
layered CBD-CdS/ITO/PET electrode has been studied here. High tem-
peratures have been examined for comparison, but the 125 °C shows
highest performance and is described here.

Fig. 6 shows photo J-V plots for four-layered CBD-CdS/ITO/PET
electrodes, as-deposited, 125 °C annealed and quickly cooled and 125 °C
annealed and slowly cooled. The PEC characteristics for each film are
summarized Table (2).

Fig. 6 and the Table (entries 1-3) show that annealing the four-
layered CdS film at a moderate temperature significantly enhances its
Jsc value. This behavior resembles earlier results made for other film
electrodes, pre-treated only at moderate temperatures, such as those of
WSe [49]. The effect is observed in both slow and fast cooling here. The
quickly cooled film has higher PEC performance (n 1.20%) than the
slowly cooled counterpart (0.83%). The flexible four-layered film also
shows superiority to earlier reported rigid CdS films (entries 1-7), which
shows the future prospects of using flexible CdS film electrodes once
treated properly. Moreover, the Table (entries 1 and 7) shows that the
properly treated flexible CdS performance is not far inferior than earlier
reported rigid heterojunction solar cells. The PEC behaviors for the three
CdS films parallel their physical properties described above. The PEC
characteristics, for various semiconducting materials, can be enhanced
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Table (2)
Effect of 125 °C annealing and cooling rate on PEC characteristics of flexible four-layered CBD-CdS/ITO/PET electrodes compared with literature.
Entry number Electrode Annealing description Voc (V) Jsc (mA\em?) FF n% Ref.
1 CBD-CdS/ITO/PET (four-layered) As deposited -0.9 0.095 0.33 0.35 This work
2 125 °C, annealed slowly cooled -0.7 0.270 0.38 0.83 This work
3 125 °C, annealed quickly cooled -0.9 0.290 0.40 1.20 This work
4 CBD-CdS/FTO/Glass (mono-layered) As deposited —0.33 0.1 0.28 [71
5 250 °C annealed, slowly cooled —0.43 0.17 0.27 0.23 [7]
6 150 annealed, slowly cooled —-0.46 0.22 0.30 0.28 [61
7 Al/PbS/PbS/CdS/ZnO/FTO/glass Heterojunction ~0.28 ~0.028 0.53 4.03 [15]
as-deposited film, as earlier described for other systems [23]. However,
04 the slowly cooled film exhibits higher resistivity, compared with the
quickly cooled film, as described in Table 2 (entries 2 and 3).
0.35 All such enhancements in film characteristics, are responsible for
03 — improved PEC performance by annealing the four-layered film elec-
. Ng trode, despite the lack of crystallite sintering and growth. Similar results
0 £ were earlier reported for other CdS film electrode properties and PEC
b 02 = characteristics [56].
0.15 3.5.3. Stability of four-layered CdS/ITO/PET electrode
I Based on its special PEC characteristics, the quickly cooled four-
layered CBD-CdS/ITO/PET film, its stability under PEC conditions has
0.05 been studied. Plots of Jy vs. time, measured at (0.0 V vs NHE), using the
— 0 S/NayS/NaOH redox couple system, have been used as indicators for
12 1 -0.8 0.6 0.4 -0.2 electrode stability to corrosion. A stable electrode maintains a steady Jsc
Ev) -0.05 value for long time, whereas the value lowering indicates less a stable
electrode. The measurements, Fig. 7, have been made under low illu-
mination intensity ~0.0086 W ¢cm ™2 to avoid any possible heating. The

Fig. 6. Photo J-V plots measured for four-layered CBD-CdS/ITO/PET elec-
trodes. (a) as-deposited, (b) 125 °C annealed and slowly cooled, and (c) 125 °C
annealed and quickly cooled.

by modifying their physical and chemical properties. For example, TiOy
characteristics, such as particle sizes and band gaps, can be modified by
doping and by varying preparation conditions which consequently affect
it photocatalytic efficiency in various applications [50]. CdS semi-
conductor characteristics, including their band gaps, were modified by
doping with Ag, for the purpose of producing thin film electrodes with
enhanced PEC characteristics [51]. Moreover, Cr incorporation in cop-
per vanadate was reported to increase its catalytic efficiency in PEC
hydrogen production from water splitting [52]. The enhanced PEC
characteristics described here therefore result from improved charac-
teristics of the flexible CdS films.

Based on XRD patterns, annealing improves film crystallinity, which
rationalizes the improvement in PEC characteristics here. The quickly
cooled film exhibits highest PEC performance as it has highest crystal-
linity among the series. The slowly cooled electrode is superior to the as-
deposited film, but has lower crystallinity than the quickly cooled film.
With higher film crystallinity, and less imperfections, the quickly cooled
CBD-CdS/ITO/PET film should have higher PEC performance. Similar
discussions were earlier described for rigid CdS film electrodes [7,23].

Annealing caused densification in the flexible CdS film, which should
enhance its conductivity and lower internal resistance. Further internal
resistance lowering may also be due to improved adhesion between
semiconductor films and the substrate surfaces [53] by annealing.
Annealing improves characteristics of other films types [54]. Moreover,
annealing increases the agglomerate sizes in the CdS films which im-
proves carrier mobility in the film. To confirm that, resistivity has been
measured for the three films, by the four-probe method, and the
approximate values are 4.4, 3.8 and 4.1 Q cm, for the as-deposited,
quickly cooled and slowly cooled films, respectively. The measured
values resemble those reported for mono-layered CdS films prepared on
other substrates and annealed at ~150 °C [55]. With lower resistivity,
both annealed films exhibit higher PEC performance values than the

Figure shows that the annealed and quickly cooled film exhibits higher
Jsc value that remains steady with no noticeable decay. In comparison,
the as-deposited film exhibits slightly lower Jg¢ values that decay with
time. The results confirm the added value of 125 °C annealing, followed
by quick cooling, in stabilizing the CdS/ITO/PET electrode.

The film stability enhancement can be rationalized based on
improved conversion efficiency for the quickly cooled four-layered film.
Under illumination, the semiconductor valence band (VB) electrons are
excited to the conduction band (CB) leaving holes behind. The electrons
transfer through the film to the PET conducting layer and move through
the external connections. On the other hand, the holes are released
through the solid/liquid interface to oxidize the Redox couple. With no
quick hole release, the holes accumulate in the space charge layer (SCL)
and may photo-corrode the electrode. They may also create surface
states at the electrode. Such effects lower the short circuit current and
consequently the electrode stability. As the quickly cooled electrode
exhibits higher Jgc value, with lower film resistivity, it exhibits faster
hole release between the electrode and the redox couple at the solid/
liquid interface. This prevents hole accumulation in the SCL, and
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=
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<
E  4o00e01
=
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Fig. 7. Stability of CBD-CdS/ITO/PET film electrodes. Profiles show Js¢ vs time
plots for (a) as-deposited and (b) 125 °C annealed and quickly
cooled electrodes.
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consequently protects the electrode from photo-corrosion. Enhancement
in solar cell stability by preventing charge accumulation has been
described in other types of solar cells [57,58].

All in all, the results show that the four-layered CBD-CdS/ITO/PET
film properties can be enhanced by choosing the proper preparation
time, layer number, moderate temperature annealing and quick cooling.
PEC characteristics, namely conversion efficiency and stability, can then
be significantly improved. The findings indicate the possibility of pris-
tine CdS electrodes, deposited onto flexible substrates to exhibit sound
conversion efficiencies and to compete with other rigid CdS systems, and
with heterojunction PbS/CdS solar cells. More future work on such CdS
electrodes is needed. Effects of layer number, deposition time, annealing
and cooling method on film morphology, uniformity and depth
profiling, should be further investigated, because film morphology is an
important property that affects PEC characteristics [59]. Investigation of
other physical properties, such as Hall effect, carrier concentration and
others, is underway. Recycling CBD-CdS/ITO/PET electrodes, to pre-
serve the environment and recover both the substrates and the semi-
conductor material, is also underway here.

4. Conclusion

Pristine CdS films can be prepared onto flexible indium-tin oxide/
polyethylenetrephthalte substrates to yield the CdS/ITO/PET films. The
chemical bath deposited (CBD) film has more suitable film thickness
than the electrochemically deposited (ECD). Effects of preparation time,
layer number, annealing and cooling rate on the CBD film characteristics
and photoelectrochemical (PEC) performance are described. The four-
layered films, each layer prepared in 30 min, shows best characteris-
tics, among various layer preparations. The as-deposited four-layered
film electrode shows photoelectrochemical (PEC) activity that is com-
parable to rigid CdS/FTO/Glass electrodes described earlier, but its
stability under PEC conditions is questionable. Fortunately, both the
PEC performance and stability of the four-layered CBD-CdS/ITO/PET
are significantly improved by moderate temperature annealing and
quick cooling to avoid film prolonged exposure to heat. The results show
the possibility of the pristine flexible CdS film to compete with other
rigid CdS counterparts once treated carefully.
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