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ABSTRACT The CdS-sensitized solar cells (CdS-SSC) were fabricated by spray pyrolysis deposition (SPD) method. The performance
of the cells was greatly improved through post-treatments that included thermal oxidation at 500 °C for 30 min in an air atmosphere
and subsequent chemical etching by 40 mM aqueous HCl solution at room temperature for 30 min, as compared to as-deposited
CdS-SSC. The CdS-SSC in a I-/I3

- electrolyte system was resulted in the improvement of Jsc (3.3f 5.2 mA/cm2), Voc (697f 758 mV),
FF (41.4% f 46.9%), and (0.95% f 1.84%). Similarly, the efficiency of CdS-SSC in a noncorrosive polysulfide electrolyte system
was also enhanced by the proposed thermal oxidation and etching process. The increase in the cell efficiency is attributed to the
reduced charge recombination among sensitizer themselves through the mitigation of overaggregated CdS sensitizers deposited by
SPD.

KEYWORDS: quantum dot-sensitized solar cell • cadmium sulfide • cadmium oxide • spray pyrolysis deposition • oxidation,
etching.

1. INTRODUCTION

Recently, quantum dot-sensitized solar cells (QDSSCs)
have been considered as a possible alternative to
dye-sensitized solar cells (DSSCs) (1) because semi-

conductor quantum dots (QDs) exhibit outstanding proper-
ties such as a high extinction coefficient, efficient charge
separation, spectral tunability by particle size, good stability,
and multiple exciton generation (2). In particular, the metal
chalcogenide QDs such as PbS, CdS, CdSe, CdTe, and CIS
have been extensively studied and there has been a signifi-
cant improvement in the efficiency of solar cells having these
QDs (3-10). So far, the QDs have been successfully incu-
bated onto a mesoporous TiO2 (mp-TiO2) surface by chemi-
cal bath deposition (CBD), successive ionic layer adsorption
and reaction (SILAR) and photodeposition method (3, 4, 11).
Recently, a photodeposition technique has been shown to
be promising for preparing metal calcogenide-TiO2 hetero-
junction systems. Despite many advantages of a spray
pyrolysis deposition (SPD) method such as a contamination-
free chemical bath and a simple and readily commercializ-
able process, SPD methods have not attracted attention
probably because of the difficulties of controlling the ag-
gregation of sensitizing particles deposited onto the mp-TiO2

surface. Because the generated charge carriers in the ag-
gregated sensitizing particles could not be effectively trans-

ported, their consequent recombination was inevitable be-
cause of the abundant surface traps and insufficient pathway
for charge carriers. Hence, it is important to devise a way to
fabricate an efficient QDSSC by the SPD method. There are
two suggested methods for solving the problem of the
aggregation of sensitizing particles in the SPD method. One
is to in situ coat the sensitizing particles on the mp-TiO2

surface as a thin layer by using the state-of-art level control
of the SPD method. The other is to isolate overaggregated
sensitizers on the mp-TiO2 surface by chemical-etching.
Here, we report on the enhancement of the performance of
CdS-sensitized solar cells fabricated by spray pyrolysis
deposition through post-treatments such as oxidation and
chemical etching.

2. EXPERIMENTAL SECTION
Preparation of TiO2 paste. For the mp-TiO2 electrode, TiO2

nanoparticles were synthesized by using a precipitation method.
TiCl4 (Titanium(IV) chloride, 99.9%, Aldrich) was diluted to form
a 3 M aqueous solution with double-distilled water (D-water) in
an ice bath and was further diluted to form a 0.5 M aqueous
solution before the precipitation. For the precipitation, the 0.5
M aqueous solution of TiCl4 and NH4OH (Ammonium hydroxide
solution, Samchun Pure Chemicals, 28.0%∼30.0%) was dropped
into 100 mL of deionized (DI) water at the same time while
maintaining the pH at 3-4. Then, the pH of the reactant was
increased to 9.0 by adding additional NH4OH while stirring
vigorously. The solution was then heated at 90 °C for 3 h with
stirring and filtered. To remove the Cl- ions thoroughly, the
precipitate was rinsed more than three times with fresh DI water
and dried for 12 h in a convection oven. To change the
amorphous phase into a crystalline phase, the dried TiO2

powder was sintered at 500 °C for 3 h in a furnace. The particle
size and the specific surface area measured using a transmission
electron microscope (TEM) and a BET analysis were 30-40 nm
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and 44-45 m2/g, respectively. TiO2 paste was prepared as
described elsewhere (12).

Deposition and post-treatments of CdS layer. The mp-TiO2

electrodes were screen-printed on a cleaned FTO (Pilkington,
TEC15) substrate and sintered at 500 °C for 30 min. The
thickness of the screen-printed electrode measured using a
scanning electron microscope (SEM) was c.a. Eight µm.

For the SPD of the CdS layer, an aqueous solution of 0.1 M
CdCl2 and 0.13 M thiourea was sprayed on a preheated mp-
TiO2 substrate of 450 °C in an air atmosphere. 0.17 mL of the
precursor solution was sprayed and was left for 10 s to form
crystalline CdS particles within the mp-TiO2 layer in 1 cycle. To
increase the amount of the deposited sensitizer, we carried out
5 cycles of SPD. To isolate the overaggregated CdS layer into a
thin CdS layer, the as-deposited CdS on mp-TiO2 was thermally
annealed at 500 °C for 30 min in an air atmosphere for
oxidation, cooled down to room temperature, and then etched
by using a 40 mM aqueous HCl solution at room temperature
for 30 min.

Fabrication of CdS-SSC. The Pt-coated counter electrode was
prepared by dropping 5 mM H2PtCl6 in i-propanol onto FTO
glass and heating it at temperatures up to 400 °C for 10 min.
The cells were assembled by sandwiching the CdS layer depos-
ited on the mp-TiO2 substrate and the Pt-coated counter elec-
trode using a thermal adhesive film (Surlyn, 60 µm, DuPont).
For the I-/I3

- electrolyte, a solution containing 0.60 M 1-butyl-
3-methylimidazolium iodide (BMII, Merck), 0.03 M I2 (Sigma-
Aldrich), 0.1 M guanidine thiocyanate (Sigma-Aldrich), and 0.5
M 4-tert-bythylpyridine (Aldrich) in the mixture of acetonitrile
and valeronitrile with a volume ratio of 85:15 was used as the
redox electrolyte. In the case of the polysulfide electrolyte, a
methanol/water (7:3 v/v) solution containing 0.5 M Na2S, 2 M
S, and 0.2 M KCl was used as the redox electrolyte (13). The
electrolyte was injected by vacuum backfilling, prior to sealing
the hole with a Surlyn film and a cover glass. In order to improve
electrical contact, lead contact pads were made on both sides
of electrodes by using an ultrasonic soldering iron. The active
area of the photoelectrode was found to be 0.18 cm2.

Device characterization. The photocurrent-voltage (I-V)
characteristics of the cells were measured under illumination
of 1 sun (AM 1.5G, 100 mW/cm2) with a solar simulator
(Newport, Class A, 91195A) using a Keithley 2420 sourcemeter
and a calibrated Si-reference cell (certified by NREL). The
external quantum efficiency (EQE) was also measured by a fully
computerized home-designed system comprising a light source
(300W Xe lamp, Newport, 66902) with a monochromator
(Newport cornerstone 260) and a multimeter (Keithley 2001).
All measurements were carried out at least five times and
averaged.

3. RESULTS AND DISCUSSION
To solve the problem of the severe aggregation of CdS

QDs on the mp-TiO2 surface during the SPD method, we

propose a novel method, illustrated in Scheme 1. The
proposed method is composed of two stepssoxidation and
etching. The first oxidation step involves the oxidation of the
aggregated CdS QDs from their surface by thermally anneal-
ing them in an air atmosphere, and the second involves the
etching away of the oxidized layer by an acidic etchant, as
shown in Scheme 1. We intend to thermally anneal the
aggregated CdS QDs to oxidize them because an improve-
ment in the intimate contact at both the CdS-CdS and the
CdS-TiO2 interfaces is expected.

Figure 1 shows the scanning electron microscopic (SEM)
images of (a) the mp-TiO2 electrode surface and (b) the mp-
TiO2/CdS surface after SPD with an aqueous CdS precursor.
For a successful deposition of CdS QDs onto mp-TiO2, we
have synthesized the tightly bonded TiO2 nanoparticles by
a sol-gel and precipitation method because the conven-
tional mp-TiO2 layer composed of P25 (Degussa) could be
easily broken during the SPD process because of the rela-
tively loose bonding between the TiO2 nanoparticles. To
improve the bonding strength between the TiO2 nanopar-
ticles, we sintered the precipitated amorphous TiO2 at 500
°C for 3 h in a furnace and then finally obtained the anatase
phase TiO2 nanoparticles having a primary particle size of
30-40 nm and BET of 44-45 cm2/g. Figure 1(a) clearly
shows that the mp-TiO2 electrode is sufficiently porous for
the sprayed chemicals to quickly infiltrate within the mp-
TiO2 layer during the SPD process. The SEM surface image
in Figure 1(b) apparently looks similar to that in Figure 1(a),
which implies that the sprayed chemicals are well infiltrated
and deposited onto the mp-TiO2 surface without breaking
the mp-TiO2 structure. The magnified images of the insets
in Figure 1 also confirm that the morphology and the
porosity are maintained after the SPD of CdS. The left inset
in Figure 1(b) is the front and back side photographs of the
CdS-sprayed mp-TiO2 layer. This clearly confirms a good
infiltration of the CdS precursor into the mp-TiO2 layer and
the formation of CdS during the SPD process.

To check the composition and crystalline phase of the
produced materials by following each step in Scheme 1, the
X-ray diffraction (XRD) patterns were measured as shown
in Figure 2. The XRD patterns of a pristine mp-TiO2, CdS on
a glass, and CdS on the mp-TiO2 layer formed during SPD
at 450 °C show that the pristine mp-TiO2 particles are in the
anatase phase and the CdS layer has a single hexagonal

Scheme 1. Schematic representation of the proposed oxidation and etching method

A
R
T
IC

LE

www.acsami.org VOL. 2 • NO. 6 • 1648–1652 • 2010 1649



phase of wurtzite (see Figure S1) (14). We could observe
exactly the same peaks of TiO2 and CdS after the SPD of CdS
on the mp-TiO2 electrode. This implies that the CdS is
sufficiently stable to be formed by the SPD method at 450 °C
in an air atmosphere. To exclude the overlapped strong TiO2

peaks on the basis of the above experiment, we deposited
the same amount of CdS on a glass substrate by using SPD
method. By using this CdS film, we sequentially checked the
composition of the CdS film according to the following steps
of the oxidation by thermal annealing and the HCl etching,
shown in Figure 2. Figure 2 clearly indicates that the pure
CdS could be oxidized to CdO by thermal annealing at
500 °C for 30 min in an air atmosphere and that the CdO
layer could be successfully removed by etching with 40 mM
HCl at room temperature for 30 min. This oxidation and
etching process could be also characterized by checking the
distinctive color change with naked eyes because initially the
pure CdS film reveals a light yellowish color that gradually
changes to orange on the surface, which indicates the
formation of the CdO layer by the oxidation of CdS on the
surface, and finally recovers quickly to the light yellowish
color because of the etching of the CdO layer.

To check and confirm the isolation or mitigation of the
overaggregated CdS on the mp-TiO2 surface into a thin CdS
layer, we observed the transmission electron microscopic
(TEM) images of CdS films, as shown in Figure 3. Figure 3
clearly shows that the overcoated CdS layer on the mp-TiO2

layer by the SPD method could be turned into a thin or
isolated CdS layers by the oxidation and etching process
through the proposed scheme (see scheme 1) .

To examine the improvement in the efficiency of CdS-
SSC by the proposed oxidation and etching process, we
measured the current density-voltage (J-V) curves in the I-/
I3

- electrolyte system, as shown in Figure 4. The power
conversion efficiency (η) of the thermally annealed CdS-SSC
at 500 °C for 30 min in an air atmosphere was decreased
by the deterioration of the short-circuit current (Jsc) and the
fill factor (FF) although the open-circuit voltage (Voc) was
increased as compared to that in the case of the as-deposited
CdS-SSC (Jsc ) 3.3 mA/cm2, Voc ) 697 mV, FF ) 41.4%, and
η ) 0.95%), as shown in Figure 4(a), because the improved
intimate contacts at the interface of TiO2-CdS and CdS-CdS
by thermal annealing might enhance the electron transport
at the CdS-CdS and TiO2-CdS interfaces by the reduction
of surface trap sites. However, the severely thick oxidation
layer formed by thermal annealing could hinder the extrac-
tion of holes toward the electrolyte at the same time and
consequently recombine the generated charge carriers,
thereby lowering Jsc and FF. As expected, by removing the
thick oxidation layer by etching with 40 mM aqueous HCl
solution for 30 min at room temperature, we could drasti-
cally increase the power conversion efficiency to 194% as
compared to that in the case of as-deposited CdS-SSC
through the improvement of Jsc (3.3f 5.2 mA/cm2), Voc (697
f 758 mV), FF (41.4%f 46.9%), and η (0.95%f 1.84%)
because the CdS layers thinned or isolated by the oxidation
and etching process could effectively transport electrons and
holes. The EQE in Figure 4(b) is also consistent with the
results of Figure 4(a), confirming the tendency of Jsc.

To separate the role of oxidation by thermal annealing
from that of the HCl etching because each treatment could
basically remove the overdeposited CdS on the mp-TiO2

FIGURE 1. SEM surface images of (a) mp-TiO2 and (b) as-deposited CdS on mp-TiO2. The insets are magnified images and the photographs in
the left inset in (b) shows the front and back sides of as-deposited CdS on mp-TiO2, indicating a good infiltration of CdS within the mp-TiO2

layer during SPD.

FIGURE 2. The X-ray diffraction patterns of as-deposited, oxidized
and oxidized/HCl treated CdS deposited on mp-TiO2 film.
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layer by itself, we compared the J-V curve, as shown in Figure
S2. The HCl etching also improved the power conversion
efficiency (0.95% f 1.1%) by the enhancement of Jsc (3.3
f 4.4 mA/cm2) due to the reduced charge recombination
among sensitizer themselves. However, the other photovol-
taic parameters deteriorated because of the relatively loose
interface contacts of CdS-TiO2 and CdS-CdS or a relatively
severe recombination at the CdS-electrolyte interface or the
corrosion of CdS by the I-/I3

- electrolyte.
To exclude the possibility of corrosion of CdS by the I-/

I3
- electrolyte, we performed additional experiments with

a polysulfide electrolyte, as shown in Figure 5. The effect of
oxidation by thermal annealing and etching with HCl in a
polysulfide electrolyte system was also consistent with that
in the case of the I-/I3

- electrolyte system. The Voc was
increased by the thermal annealing due to improved inti-
mate interfacial contacts and the Jsc (3.1f 3.8 mA/cm2), Voc

(566 f 606 mV), FF (33.8% f 37.6%), and (0.59% f

0.87%) values could be greatly improved by the HCl etching
of the thermally annealed device.

4. CONCLUSION
The overaggregated CdS sensitizers deposited by SPD

method on the mp-TiO2 surface were successfully turned
into a thin or isolated CdS layer through post-treatments, i.e.,
thermal oxidation at 500 °C for 30 min in an air atmosphere,

followed by etching with a 40 mM aqueous HCl solution at
room temperature for 30 min. The efficiency of the post-
treated CdS-SSC in both I-/I3- electrolyte and a noncorrosive
polysulfide electrolyte system was greatly improved, be-
cause CdS layers thinned or isolated by the oxidation and
etching process could effectively transport electrons and
holes. This result suggests that the proposed method will
provide a general solution for the fabrication of efficient QDs-
SSCs through the SPD method.

FIGURE 3. TEM images of (a) as-deposited CdS on mp-TiO2 and (b) reconstructed CdS on mp-TiO2 by thermal annealing and etching.

FIGURE 4. Device characterization of CdS-SSC in I-/I3
- electrolyte system. (a) J-V curves and (b) EQE and UV-visible transmittance of as-

deposited (black solid line) and thermally oxidized (red solid line) CdS/mp-TiO2 film.

FIGURE 5. J-V curves of CdS-SSC in polysulfide electrolyte system.
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