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ABSTRACT Nanocrystalline CdS-sensitized solar cells (CdS-SSCs) based on mesoporous TiO2 were fabricated by the spray pyrolysis
deposition method. The energy conversion efficiency of these cells was drastically increased (156%) by modifying the junction structure
through post-treatment that included soaking in a dilute TiCl4 aqueous solution and subsequent thermal annealing. We propose that
the post-treatment is responsible for an increased number of interconnections between TiO2 and CdS, as well as surface passivation
of the CdS sensitizer. The increase in the cell efficiency is attributed to the improved charge carrier transport, suppression of
photoelectron recombination with holes both in the same sensitizer particle and in nearby ones, and suppression of photoelectron
capture by the electrolyte.
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1. INTRODUCTION

Mesoscopic sensitized solar cells (MSSCs) are one of
the most promising alternatives for solar energy
conversion into electrical energy (1). High-effi-

ciency MSSCs are based on an extremely large surface area
of TiO2 electrode as compared with that of the flat structure
employed in conventional solar cells. A large surface area
facilitates the creation of a large number of junctions and
an increase in the amount of sensitizer material that can be
loaded on the TiO2 surface, thereby leading to favorable light
harvesting and collection of photogenerated charge carriers.
The key factors determining the efficiency of MSSCs are the
light-harvesting ability of the sensitizer attached to the
surface of the TiO2 matrix and the transport dynamics of
photogenerated carriers (2, 3).

Recently, semiconductor nanocrystalline particles such
as CdS (4), CdSe (5), and PbS (4, 6) that absorb visible or
near-infrared light have been used as alternate sensitizers
in MSSCs. Advantages of inorganic semiconductor sensitiz-
ers over conventional dyes are their high extinction coef-
ficient and large intrinsic dipole moment that leads to rapid
charge separation (7). In particular, quantum dots (QDs), a
special class of semiconductor nanoparticles exhibiting the
quantum confinement effect, enable us to tailor the optical
properties such as the band gap by controlling the particle
size. In addition, it has been reported that the process of
multiple exciton generation (MEG) can occur under specific
excitation conditions in semiconductor nanoparticles (8, 9).
However, the efficiency of QD-sensitized solar cells (QDSSC)
is still very low, and the reasons for this are not yet clearly

understood. One of the possible reasons is the difficulty of
assembling a sufficiently large number of QDs on a meso-
porous TiO2 matrix in order to obtain a well-covered mono-
layer without cluster formation or aggregation (10). Another
reasons are the higher recombination rate between semi-
conductor nanoparticles (or QDs) and electrolytes and the
presence of surface states (electron and hole traps) in the
sensitizing semiconductors, which results in lower short-
circuit current and open-circuit photovoltage (7, 11). The
retardation of charge recombination between sensitizers and
electrolytes and blocking of the surface states was achieved
through the surface passivation of sensitizers by using ZnS
(5, 7), amorphous TiO2 layer (12), etc.

Apart from the efficiency, the cost-effectiveness of mass
fabrication is equally important for solar cells. An economical
assembling process for solar cell manufacture is the spray
pyrolysis deposition (SPD) of sensitizers on TiO2 electrodes,
which is suitable for wide-area coating. In this paper, we
present the enhancement of the photovoltaic characteristics
of CdS-sensitized solar cells (CdS-SSCs) through the modifi-
cation of junction structure by employing post-treatment,
which includes thermal annealing of CdS-coated TiO2 layers
after soaking them in a dilute TiCl4 aqueous solution.

2. EXPERIMENTAL SECTION
Commercially available glass substrate coated with F-doped

SnO2 (FTO) (Hartford glass; about 15 ohm/sq) was used as
transparent conducting oxide (TCO) to prepare the TiO2 pho-
toelectrode. It was cleaned by successive immersion in acetone,
deionized (DI) water, and ethanol in an ultrasonic cleaner before
cell fabrication.

In order to eliminate the parasitic effect due to the direct
carrier recombination occurring at the FTO substrate-electrolyte
interface, a thin TiO2 blocking layer of about 10 nm was
deposited on the FTO substrate by spray pyrolysis, as described
elsewhere (13). A mesoporous nanocrystalline TiO2 matrix was
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prepared on the FTO substrate by screen printing of TiO2 paste
(Degussa P25), followed by annealing at 500 °C for 30 min in
air (14). The thickness and crystallite size of the film, measured
using a surface profiler and a scanning electron microscope,
were 5 µm and 25-30 nm, respectively.

Chemical reagents were used as-procured, i.e., without fur-
ther purification. A CdS precursor solution was prepared from
reagent-grade CdCl2 (Aldrich) and thiourea (Aldrich). A transpar-
ent clear aqueous solution containing CdCl2 (0.1 M) and thiourea
(1 g/100 mL) was sprayed on to the TiO2/FTO film. To form
interpenetrating networks between TiO2 and CdS, the mixture
solution was sprayed by glass nozzle (Wheaton TLC Reagent
Sprayer) with a compressed N2 onto the mesoporous TiO2/FTO
film heated on a hot plate of 400 °C. The distance between the
spray nozzle and the substrate was 20 cm, and the N2 pressure
was 0.06 MPa. The spray was done for 2 s and stopped for 10 s,
because the mist cooled the substrate. On increasing the
spraying times of CdS, the color of the mesoporous TiO2/FTO
film changed from white to deep yellow.

The prepared mesoporous TiO2/FTO photoelectrode was
subjected to post-treatment before or after CdS was deposited
on it by spray pyrolysis. The post-treatment included soaking
in a 40-mM TiCl4 aqueous solution at room temperature for 50
min followed by a thermal annealing at 500 °C for 30 min. A
cell was fabricated by combining the CdS-sensitized TiO2

electrode and a Pt-coated counter electrode using 60-µm-thick
sealing material (Surlyn 1702, DuPont). A solution containing
0.60 M butylmethylimidazolium iodide (BMII), 0.03 M I2, 0.1 M
guanidinium thiocyanate, and 0.5 M 4-tert-bythylpyridine in the
mixture of acetonitrile and valeronitrile with a volume ratio of
85:15 was used as the redox electrolyte. The electrolyte was
introduced by vacuum backfilling, prior to finishing hole sealing.
To improve electrical contact, lead contact pads were made on
both sides of electrodes by using an ultrasonic soldering iron.
The surface area of the photoelectrode was found to be 0.18
cm2.

The crystallinity of CdS was investigated using an X-ray
diffractometer (Rigaku rint-2000). The absorption spectrum and
optical band gap of spray-pyrolyzed CdS films were investigated
with a UV-vis spectrophotometer. The microstructures of the
CdS-deposited TiO2 electrode after soaking it in a dilute TiCl4
solution and annealing at 500 °C were observed using a
transmission electron microscope (TEM) (FEI, Tecnai G2) oper-
ating at 200 kV, together with energy-dispersive X-ray (EDX)
analysis.

The photocurrent-voltage (I-V) curves were obtained under
the illumination from a solar simulator (Newport, Class A,
91195A) at one sun (AM 1.5G, 100 mW/cm2) by a Keithley 2420
source meter equipped with a calibrated Si-reference cell (certi-
fied by NREL). The external quantum efficiencies (EQE) of solar
cells were analyzed using a fully computerized homemade
measurement system consisting of a 300-W xenon lamp (New-
port), a monochromator (Newport cornerstone 260), and a
multimeter (Keithley 2002). The photon flux of light incident
on the samples was calibrated using a silicon photodiode.
Measurements were typically made at 5 nm wavelength inter-
vals between 350 and 700 nm. To eliminate experimental
errors, three different cells with the same structure were
fabricated using the same procedure, and all measurements
were carried out five times and averaged.

3. RESULTS AND DISCUSSION
Figure 1 shows the powder XRD patterns of a FTO

substrate and the CdS layers deposited on it by the spray
pyrolysis method using a mixture solution of CdCl2 and
thiourea and different spraying times. All the peaks are
assigned to a hexagonal CdS phase without any secondary
phase at a substrate temperature of 400 °C. The structural

and optical properties of the CdS layers deposited at the
substrate temperatures of 400, 450, and 500 °C were found
to be the same. From these results, the deposition temper-
ature of CdS was set to be 400 °C for the sensitization of
the mesoporous TiO2 matrix. We surmise that spray-
processed nanocrystalline CdS is thermally stable in this
temperature range.

It is known that in a DSSC, with an increase in the
thickness of the TiO2 film, the photocurrent increaeses
because of an increase in the amount of adsorbed dye.
However, an increased film thickness induces diminution of
the open-circuit voltage because of an increase in the dark
current, which is proportional to the surface area of the film
(15). A similar observation was made in the present CdS-
SSC investigation. Further, a fully stained CdS/TiO2 matrix
was obtained by SPD on a 5 µm thick TiO2 matrix. From
this experimental observation, the thickness of the TiO2 layer
was set to be 5 µm.

Figure 2 shows the variations in the short-circuit photo-
current density (Jsc) and the open-circuit voltage (Voc) of CdS-
SSCs with CdS spraying times. From this figure, it is observed

FIGURE 1. XRD patterns of CdS layers deposited on FTO substrates
by the spray pyrolysis method, shown as a function of spray times
at a substrate temperature of 400 °C.

FIGURE 2. Jsc and Voc of CdS-sensitized solar cells, measured as a
function of spray times of CdS. The device structure is the same as
that of Cell-(I).
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that Voc decreases linearly with the number of deposition
cycles of CdS, whereas Jsc significantly increases (up to 10
deposition cycles) and then decreases. Here, Jsc can be
described by eq 1, where q is the elementary charge, Io is
the incident photon flux of light (6.6 × 1016 cm-2s-1), ηlh is
the light-harvesting efficiency of a cell, and ηinj is the charge-
injection efficiency. ηcc is the charge collection efficiency,
which is determined by the competition between recombi-
nation and charge collection. The product of three param-
eters (ηlhηinjηcc) is commonly referred to as the incident
photon-to-current conversion efficiency (16)

On the basis of the results shown in Figure 2, the number of
optimum spray times of CdS was set to be 10, corresponding
to a CdS thickness of 15 nm. The thickness (or particle size)
of CdS was estimated from that of a CdS layer deposited on
an FTO substrate under the same conditions. We believe that
the decrease in Jsc and Voc values is due to an increase in the
number of the aggregated CdS particles on the surface of
the mesoporous TiO2 matrix, resulting in the recombination
of carriers. During the initial stages of the formation of a CdS
coating on a TiO2 matrix, the CdS nanoparticles form a
monolayer on the TiO2 surface. However, after the mono-
layer formation, any additional coatings of CdS particles will
lead to particle aggregation, and the CdS particles without
making any contact with the underlying mesoporous TiO2

matrix, depending on the surface morphology and the states
of the photoelectrode. In other words, these aggregated CdS
particles have no direct connection with the TiO2 matrix and
may eventually become recombination centers for photo-
electrons that recombine with the holes existing in either the
same CdS particle or the electrolyte. Such sensitizers might
not contribute to light harvesting and give photogenerated
electrons to TiO2, and become one of the potential recom-
bination centers in a system. Further, it is well-known that
Ru-complex dye acts like an electron-blocking layer and
helps reduce the carrier recombination occurring between
TiO2 and the electrolyte in DSSCs, even in the event of dye
aggregation (17). On the contrary, the recombination pro-
cess at the CdS-electrolyte junction in CdS-SSCs might be a
potentially serious pathway, because of significant differ-
ences between dyes in terms of surface bonding states,
electronic configurations, conductivities, electron mobilities,
and electron-blocking characteristics to prevent back elec-
tron transfer between CdS and electrolytes (11). In particular,
in the presence of aggregated CdS particles on TiO2, the
recombination of charge carriers with those in either the
same CdS particle or the electrolyte can be a dominant
process, responsible for a low efficiency in cell performance,
as compared to charge collection and/or propagation of
photogenerated electrons. This implies that the recombina-
tion at the junction between aggregated CdS particles and
electrolyte is active and the contribution of this phenomenon
is not negligible in CdS-SSCs. To investigate the effects of
surface modification on charge injection and recombination

in CdS-SSCs, we carefully designed and prepared three cells
with different junction structures at CdS-TiO2 and/or CdS/
TiO2-electrolyte interfaces. Before and after sensitization,
TiO2 photoelectrodes were subjected to pretreatment and
post-treatment, respectively. Both these treatments were the
same: The photoelectrodes were soaked in a dilute TiCl4
aqueous solution and then annealed. The pretreatment and
post-treatment were performed in order to change the
junction structures by introducing ultrathin TiO2 layers (UL-
TiO2) at CdS-TiO2 and CdS/TiO2-electrolyte interfaces, re-
spectively. Three PV cells were designated as Cell-(I) ([the
cell processed by pretreatment, i.e., before sensitization),
Cell-(II) (the cell processed by both pre- and post-treatments,
i.e., before and after sensitization), and Cell-(III) (the cell
processed by post-treatment, i.e., after sensitization). As
shown in Figure 3 and Table 1, after the junction structure
at the CdS/TiO2-electrolyte interface was modified by post-
treatment, Jsc, Voc, the fill factor, and cell efficiency of Cell-
(II) were drastically increased by about 62, 14, 15, and
112%, respectively, as compared to those of Cell-(I). The
maximal cell efficiency of the CdS-sensitized solar cell [Cell-
(III)] is 1.87%, which is an improvement of 156% over that
of Cell-(I), under simulated one-sun irradiation (AM 1.5G, 100
mW/cm2). Furthermore, it was found that a photostability
of CdS-SSSs was greatly improved by employing post-
treatment. In the case of the Cell-(I) fabricated without post-
treatment, the CdS nanoparticles as sensitizer were rapidly
bleached after injecting the corrosive I-/I3

- electrolyte into
the cell. The conversion efficiency of the cell is degraded in
approximately half within 24 h. In contrast, both the Cell-
(II) and Cell-(III) showed a stable performance even after
several days of storage in ambient atmosphere. It was

JSC ) qηlhηinjηccIo (1)

FIGURE 3. I-V characteristics of the CdS-sensitized solar cells with
different junction structures of UL-TiO2/CdS/TiO2-electrolyte [Cell-
(I)], UL-TiO2/CdS/UL-TiO2/TiO2-electrolyte [Cell-(II)], and CdS/UL-
TiO2/TiO2-electrolyte [Cell-(III)] under simulated 1 sun irradiance
(AM 1.5G, 100 mW/cm2).

Table 1. Parameters Obtained from the I-V
Measurements (Figure 3) of the CdS-Sensitized Solar
Cells
devices Jsc (mA/cm2) Voc (V) FF (%) efficiency (%)

Cell-I 2.92 0.64 39 0.73
Cell-II 4.72 0.73 45 1.55
Cell-III 5.17 0.77 47 1.87
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previously reported (12) that the improved performance and
photostabilty of the cells is related with the surface passiva-
tion of CdS by TiO2 as a secondary phase.

Direct visualization of the CdS-sensitized electrode after
modifying its junction structure at the CdS/TiO2-electrolyte
interface was performed by TEM, together with energy-
dispersive X-ray (EDX) analysis data, recorded at three
different distances. As can be seen in Figure 4, the results
show the presence of a surface TiO2 layer (or particles) on
the CdS/TiO2 photoelectrode; this layer is formed by the post-
treatment. A similar observation in the improvement of cell
performance of a CdS-sensitized solar cell was reported by
M. Shalom et al. (12); they even applied amorphous TiO2

layers on CdS sensitizes.
From the above discussions, we can assume that the ηlh

values of Cell-(I) and Cell-(II) are same, and the main reason
for the improvement in the photovoltaic responses is an
increase in the product of ηinj and ηcc caused by the modi-
fication of the junction structure at the CdS/TiO2-electrolyte
interface. There are three possible explanations for the
improvement achieved in the photovoltaic responses by
modifying the junction structure at the CdS/TiO2-electolyte
interface through post-treatment. One reason is that charge
injection is increased by the improved interconnecting
networks between CdS and the mesoporous TiO2 matrix,
resulting in an increase in Jsc, ηinj, and ηcc. Another reason is
a decrease in the number of defect states on the photoelec-
trode surface. The number of surface traps decreased be-
cause of the better coverage of CdS/TiO2 surfaces with TiO2,
which diminished the back electron transfer from mesopo-
rous TiO2 to the electrolyte. Further, Voc increased because
of the inhibition of recombination and a possible decrease
in the back electron transfer because back electron transfer
is one of the major causes for Voc decrease (18). Finally, the
third reason is a decrease in carrier recombination between
CdS/TiO2 and the electrolyte. Charge transport in mesopo-
rous a TiO2-based solar cell system is well explained by the
random-walk model (19). Photogenerated electrons can
move freely on the surface of a mesoporous CdS/TiO2

matrix. In the absence of a recombination barrier at the CdS/
TiO2-electrolyte junction, the recombination rate may be
high, depending on the properties of the electrolyte, and the
photogenerated electrons from CdS can easily recombine
with the holes from the electrolyte. This can lead to a
decrease in both Jsc and Voc. If the surface of a CdS/TiO2

photoelectrode is passivated by a TiO2 layer (or particles)
and/or the interconnections between CdS and TiO2 are
increased by post-treatment, the recombination probability
and randomized movement of photogenerated electrons
from CdS/TiO2 to the electrolyte can be restricted and
decreased. In CdS-SSCs, depending on the contribution of
charge collection and the junction structure between CdS
and the TiO2 matrix, CdS sensitizers can be defined and
categorized into two types: active sensitizers (CdS in directly
contact with the TiO2 matrix) and inactive sensitizers (vice
versa). In the case of an inactive sensitizer, injecting photo-
generated electrons from CdS to the mesoporous TiO2

matrix might be very difficult because of the absence of
direct interconnection between CdS and TiO2. Therefore, an
inactive sensitizer is one of the possible recombination
centers for carriers in a CdS/TiO2 system. It was reported
that the TiCl4 treatment covers a rather impure core with a
thin layer of highly pure TiO2 and leads to an epitaxial growth
of TiO2 particles having a radius of about 1 nm, which results
in an improvement in the injection efficiency, and the
blocking character of the semiconductor-electrolyte junction
(14, 20). The newly generated TiO2 particles (resulting from
the hydrolysis of TiCl4) make new interconnections with
aggregated CdS and thereby convert the “inactive” sensitizer
to an “active” sensitizer. This transformation of an inactive
sensitizer into an active sensitizer results because of the
formation of TiO2 particles between aggregated CdS par-
ticles. These structural changes provide additional pathways
to transfer the photogenerated electrons at CdS-TiO2 and
TiO2-TiO2 junctions, resulting in a decrease in the recom-
bination rate at the CdS-electrolyte interface and an increase
in Jsc, Voc, and the charge injection efficiency (ηinj).

To reconfirm the effect of junction modification, carried
out by post-treatment, on the photovoltaic characteristics,
we compared the Jsc and Voc values of Cell-(II) and Cell-(III).
Both Jsc and Voc values of Cell-(III) are higher than those of
Cell-(II). We believe that this superior photovoltaic property
of Cell-(III) is related to the quantitative difference between
the active CdS sensitizer and the internal CdS-TiO2 junctions.
Because the surface area and pore size of the mesoporous
TiO2 matrix in Cell-(III) are larger than those of the TiO2

matrix in Cell-(II), more interpenetrating and interconnecting
networks between CdS and TiO2 can be made in Cell-(III)
by post-treatment than in Cell-(II). Y. Ogomi et al. reported
a similar positive shift of an I-V curve (increases in both Voc

and Isc, as shown in Figure 3) caused by a better surface
coverage of TiO2 with dye molecules through dye uptake
under pressurized CO2 in a DSSC (21). Adsorption of the dye
suppressed the dark current because the dye itself func-
tioned as an effective recombination barrier on TiO2. This
explanation is consistent with our experimental findings and

FIGURE 4. TEM image of a CdS-sensitized mesoporous TiO2 elec-
trode, recorded after post-treatment of the electrode by soaking it
in a dilute TiCl4 solution and annealing at 500 °C. Data obtained by
energy-dispersive X-ray (EDX) analysis performed at three different
positions is also shown.
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the causes of improvements in photovoltaic characteristics
through the modification of the junction structure in CdS-
SSCs, regardless of the differences in the chemical and
physical properties of the sensitizer and the recombination
barrier.

The dark currents of all the cells were measured to further
support the reasons for the improved photovoltaic charac-
tersitics. Figure 5 shows the dark current responses obtained
for CdS-SSCs when the surface treatment was varied. The
onset potential of the dark current for both the post-treated
cells [Cell-(II) and Cell-(III)] was higher than that observed
for Cell-I that was not post-treated. The dark current depends
on the recombination rate between the electrons in the
conduction band and the triiodide ions (I3-) in the electrolyte.
Hence, retarding back electron transfer and preventing the
recapture of photogenerated electrons by I3

- are critical to
obtain high Voc ( 22, 23).

Figure 6 shows the external quantum efficiency (EQE) for
three differently processed cells. The peak positions and the
shapes of the EQE curves were identical for all the cells.
However, the parallel positive shift of EQE curves was
observed for Cell-(II) and Cell-(III). This can be interpreted

as the evidence of the chemical and thermal stability of
spray-deposited CdS and the absence of intermetallic com-
pounds or a secondary phase after post-treatment. The
photon-to-electron conversion behavior of CdS in EQE (about
525 nm) is almost the same as the absorption spectra (inset
of Figure 6) of the photoelectrode. This implies that spray-
deposited nanocrystalline CdS particles possess their intrin-
sic absorption band, and there are no size and quantum
effects of the CdS sensitizer in this system. The EQE values
of Cell-(II) and Cell-(III) were consistently higher in the entire
spectral region as compared to that of Cell-(I), congruent with
their higher I-V parameters than those of Cell-(I). From
these experimental observations, we surmise that the en-
hancement of photovoltaic performance of CdS-SSCs by
surface modification is due to the increased charge injection
and the decreased carrier recombination at photoelectrode-
electrolyte junctions. The endeavors to make further en-
hancements in CdS-based solar cells by surface modification
with post-treatments are underway. In addition, practical
issues such as potential instability of CdS in the iodide
electrolyte will be resolved by using new electrolytes.

4. CONCLUSION
CdS-sensitized solar cells were fabricated by the spray

pyrolysis deposition method. The junction structure of a cell
was modified by post-treatment, which included thermal
annealing of the CdS-coated mesoporous TiO2 layer after
soaking it in a dilute TiCl4 aqueous solution. The photovoltaic
responses, such as Jsc and Voc, were drastically increased by
the modification of the junction structure. We surmise that
these improvements are mainly due to an increase in the
number of interconnections between CdS and the TiO2

matrix and the retardation of the carrier recombination rate.
The microstructural modification carried out at the CdS-TiO2

and CdS/TiO2-electrolyte junctions by the post-treatment was
found to be an effective method to improve photovoltaic
characteristics without changing the host structure. It was
experimentally confirmed that the spray-pyrolyzed nanoc-
rystalline CdS sensitizer was thermally stable up to 500 °C.
This provides the cell fabrication under high temperature,
which is suitable for successive deposition, sensitization, and
treatment of each layer in tandem solar cells, inorganic/
organic hybrid solar cells, multilayer structured solar cells,
etc.
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