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Oxide substrates in semiconductor-sensitized solar cells (SSSCs) have a great impact on their performance.
TiO2 has long been utilized as an oxide substrate, and other alternatives such as ZnO and SnO2 have also been
explored due to their superior physical properties over TiO2. In the development of high-performance SSSCs,
it is of significant importance to understand the effect of oxides on the electron injection and charge
recombination as these two are major factors in dictating solar cell performance. In addition, elucidating the
relationship between these two critical processes and solar cell performance in each oxide is critical in building
up the basic foundation of SSSCs. In this study, ultrafast pump-probe laser spectroscopy and open-circuit decay
analysis were conducted to examine the characteristics of three representative oxides (TiO2, ZnO, and SnO2)
in terms of electron injection kinetics and charge recombination, and the implication of results is discussed.
Key Words : Semiconductor-sensitized solar cells, Photoelectrode, Oxide substrates, Electron injection,
Charge recombination

Introduction
Semiconductor-sensitized solar cells (SSSCs) have attracted enormous interest over decades as an analogue of dyesensitized solar cells (DSSCs) because of several superior
physical properties of inorganic semiconductors over dyes,
such as bandgap tunability through size quantization, high
absorption coefficient (i.e., extinction coefficient), better
long-term stability, and multiple exciton generation (MEG)
for high efficiency.1-3 While the energy conversion efficiency of SSSCs has reached over 5% recently, it still lags
behind its competitor, DSSCs, thus requiring further improvement.4 The development of nanoporous oxide films for
photoelectrode has been a mainstream of the efforts to boost
up the efficiency of SSSCs. In general, a photoelectrode in
SSSCs is composed of large bandgap metal oxide film
sensitized with semiconductor nanoparticles (e.g., CdS,
CdSe, PbS, etc.), which possess a bandgap narrow enough to
harvest visible light.5-8 A variety of oxides have been assessed to figure out their feasibility for photoelectrode to date,
but SSSCs have typically relied on nanoporous TiO2 thin
film to obtain high performance. Despite its popularity as an
oxide substrate in SSSCs, several adverse physical properties of TiO2, such as low electron mobility and short diffusion length, impose constraint on further improvement of
SSSCs.9,10 In this respect, alternative oxide materials, particularly ZnO and SnO2, have been explored to overcome the
limitation of TiO2 as they possess superior ability in electron
transport.11,12 A number of trials to utilize ZnO and SnO2 in
SSSCs, however, have ended fruitless so far.13,14
The low efficiency of SSSCs in comparison to DSSCs is
attributed to various factors, among which interfacial electron injection at photoelectrode and charge recombination at

the interface between photoelectrode and electrolyte dominantly dictate the overall performance of solar cells.1 These
two critical processes occurred during solar cell operation
are greatly influenced by inherent physical properties of
oxide substrates. Therefore, understanding the effect of oxides
on the electron injection and charge recombination and
elucidating the relationship between these processes and
solar cell performance in each oxide are of great importance
in the development of high-performance SSSCs.15 While
systematic investigation on this study for DSSCs has been
performed,11,16,17 little study has been reported for SSSCs. In
this study, the characteristics of CdS-sensitized oxide photoelectrodes were investigated, especially focusing on three
representative oxide substrates −TiO2, ZnO, and SnO2− to
provide insight into the nature of interfacial electron injection and charge recombination.
Experimental Section
Synthesis of CdS Quantum Dots (QDs). CdS QDs were
prepared as previously reported with some modification.18
CdO (0.4 mmol) was dissolved in 1-octadecene (17.8 mL)
containing oleic acid (11 mL) by heating the mixture up to
~300 °C under inert atmosphere. Once the solution became
clear and was stabilized at 300 °C, sulfur (0.28 mmol) dissolved in 1-octadecene (10 mL) was injected into the solution, and the reaction was kept at 250 °C for 10 mins to grow
nanoparticles. After the reaction, the QD solution was
cooled to room temperature, washed with excess acetone,
and centrifuged to separate CdS QDs. The resulting QD
precipitate was redissolved in toluene, washed with excess
acetone and methanol three times, and finally stored in
toluene for use.
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Preparation of CdS QD Decorated Metal Oxide Films.
Semi-transparent, thin oxide films for laser spectroscopy
were prepared by spin-coating a suspension containing nanosized oxide powder onto optically transparent electrodes
(OTEs). Each oxide suspension consists of oxide nanopowder
(0.3 g) in 10 g of mixed solvents (ethanol:methanol:3ethoxy-1-propanol : N,N-dimethylformamide = 3:4:2:1 by
weight%). Each oxide film was annealed under air at 450 °C
for 30 min. The annealed film was dipped into a N2-saturated acetonitrile solution containing 3-mercaptopropionic acid
(1 M) for 24 h, washed with acetonitrile and toluene, and
subsequently placed into the N2-saturated QD solution for
48 h to sensitize oxides with CdS QDs. Thicker oxide films
for photoelectrochemical measurements were fabricated
using a spray deposition method where a colloidal oxide
suspension was diluted with water and sprayed onto hot
OTEs. The thickness of each oxide film was ~4 μm (Figure
S1 in Supporting Information). Upon being cooled, the films
were annealed under air at 450 °C for 30 min, and the same
procedures described above were repeated to anchor CdS
QDs onto each oxide film.
Characterization. UV-vis absorption and photoluminescence spectra of CdS QDs were recorded using a Varian
CARY50 Bio UV-visible spectrophotometer and Jobin Yvon
Horiba FluoroMax-3 spectrofluorometer, respectively. Oxide
films were analyzed with an X-ray diffractometer (Scintag
X1 advanced diffraction system) and a field-emission scanning
electron microscope (Hitachi S-4500 FESEM). Ultrafast
transient absorption spectroscopy was carried out using a
Clark-MXR 2010 Ti:Sapphire laser system (775 nm, 1 mJ/
pulse, full width at half-maximum of 130 fs, and 1 kHz
repetition rate) equipped with a CCD spectrograph (Ocean
Optics, S2000-U-UV-vis). 5% of the fundamental was used
to generate a probe pulse, while 95% of the laser beam was
utilized by a second harmonic generator to produce a laser
pulse for pump (387 nm). Before laser excitation, all thin
film samples were thoroughly degassed to avoid possible
degradation of CdS QDs during the measurement.
Photoelectrochemical Measurements. Photocurrent and
photovoltage measurement were performed using a twoarmed cell with Au-gauze counter electrode in N2-saturated,
aqueous 0.1 M Na2S solution as a redox couple. Data were
collected using a Keithley 2601 sourcemeter under the
illumination of collimated, filtered light (λ > 300 nm, 100
mW/cm2) from an Oriel 450 W xenon arc lamp. Prior to the
measurement, N2 gas was purged through the electrolyte for
30 mins to ensure oxygen-free atmosphere.
Results and Discussion
Electron Injection Kinetics. Differences in electron injection kinetics were explored using three oxide films (TiO2,
ZnO, and SnO2) sensitized with CdS QDs as a model system.
CdS QDs were prepared using a conventional hot injection
method. The prepared CdS QDs exhibited typical absorption
characteristic with a first excitonic peak at ~475 nm and a
band-edge emission centered at 480 nm (Figure 1(a)). CdS
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Figure 1. (a) UV-vis absorption and photoluminescence spectra of
CdS QDs, (b) transient absorption spectra of CdS QDs anchored
on TiO2, and (c) bleaching recovery of CdS QDs on various oxide
substrates.

QDs were attached onto each oxide film using a linker molecule, 3-mercaptopropionic acid, and photo-induced electron
transfer process occurred in each photoelectrode was examined by ultrafast pump-probe laser spectroscopy. Figure
1(b) shows typical time-resolved transient absorption spectra
obtained with CdS/TiO2 photoelectrode, in which bleaching
recovery proceeded gradually in the 430-560 nm region.19
Other photoelectrodes also displayed similar spectra (see
Figure S2 in Supporting information), and all spectra were
compared with CdS/SiO2 as a reference. Since SiO2 is an
insulator unlike other oxide films explored in this study, the
bleaching recovery occurs only through internal recombination of charge carriers, thus being able to serve as a
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control. Upon being excited by laser pulses (387 nm), CdS
immediately undergoes charge separation (Eq. 1):
CdS + hν → CdS (h + e)

(1)

Electrons in the conduction band of CdS relieve their energy
via either recombination or electron transfer to oxide (Eqs. 2
and 3), and these relaxation processes appeared as bleaching
recovery in time-resolved transient absorption spectra.20
CdS (h + e) → CdS + hν'

(2)

CdS (h + e) + oxide → CdS (h) + oxide (e)

(3)

It is evident that the relaxation of photo-induced charge
carriers proceeded differently in each photoelectrode when
the bleaching recovery recorded at absorption maxima was
plotted as a function of time (Figure 1(c)). Provided that
charge recombination kinetics within CdS is identical regardless of the nature of oxides, one would speculate that different kinetics of electron injection process in each photoelectrode result in the disparity observed in bleaching recovery.21,22 The recovery of transient bleaching was analyzed using biexponential fits (Eq. 4) and fitting parameters
were tabulated in Table 1.
y = A1 e−t/τ1 + A2 e−t/τ2

(4)

Faster bleaching recovery was observed with CdS/TiO2 and
CdS/SnO2 in comparison with CdS/ZnO, and the apparent
electron injection rates obtained using Eq. (5) were 2.3 × 108
s−1 (CdS/SnO2), 1.8 × 108 s−1 (CdS/TiO2), and 1.3 × 108 s−1
(CdS/ZnO), respectively.

Scheme 1. Energy diagrams of CdS QDs and oxides. Electron
transfer process is represented by solid lines and charge recombination by dotted lines, and electron accepting states available are
marked with boxes.

that the electron transfer rate is mainly dictated by the free
energy difference and the density of states. These two factors
differ in each oxide, which is depicted in Scheme 1.
Conduction band edges are positioned at 0 V (SnO2), −0.5 V
(TiO2), and −0.6 V (ZnO), respectively,16 thus free energy
difference is in the order of SnO2, TiO2, and ZnO (i.e., ΔG0 :
SnO2 >> TiO2 ≈ ZnO). On the other hand, the density of
states obeys the following relationship (Eq. 7):23
* 3/2

1
1
ket = -----------------------------------------------------------------− ------------------------〈τ 〉 (CdS/TiO2, CdS/SnO2, or CdS/ZnO) 〈τ 〉 (CdS/SiO2)

(5)

In general, electron injection kinetics can be expressed by
the following equation based on the Marcus theory (Eq. 6):23
2

( λ + ΔG0 – E)
2
1 -exp -------------------------------- (6)
ket = 2--- ∫ 0∞ dEρ (E ) H( E ) --------------------–
h
4λkBT
4πλk T
B

where ΔG0 is the energy difference between conduction
band edges at semiconductor interface, ρ(E) is the density of
states at energy E from the conduction band edge, and H(E)
is the average electronic coupling between initial and final
states of electron transfer, and λ is the total reorganization
energy. Since the electron transfer kinetics is influenced by
various factors, quantitative comparison among different
oxide substrates is very complicated and difficult. Nevertheless, this innately complex system was simplified in this
work, trying to provide a qualitative picture on the effect of
an oxide substrate on electron transfer kinetics in order to
obtain better understanding about the connection between
electron transfer kinetics and photoelectrochemical performance. Assuming that the average electronic coupling and
the total reorganization energy are nearly identical in all
oxide films (this simplification has often been adapted for
other systems such as dye/oxide and semiconductor/oxide
couples and proved to be acceptable),21,24 one would expect

2m )
ρ( E)dE = (-----------------EdE
2 3
2π h

(7)

where m* is the effective mass of electrons in conduction
band. The density of states, therefore, is largely dictated by
the effective mass of electrons. While there is a controversy
about the accuracy of currently known effective mass of
electrons for three oxides, it has rationally been accepted that
TiO2 possesses much larger effective mass of electrons in
comparison with SnO2 and ZnO (both have similar values)
by an order of magnitude.25-27 Taking into consideration this
discrepancy in the effective mass of electrons, one would
consider that TiO2 has a greater number of acceptor states in
conduction band than its counterparts as depicted in Scheme
1 (i.e., ρ(E): TiO2 >> SnO2 ZnO). Combing these different
trends in the free energy difference and the density of states
in each oxide derived a conclusion that electron transfer
occurred in the CdS/ZnO would be slower than that in other
semiconductor couples (CdS/TiO2 and CdS/SnO2). This
hypothesis was indeed supported experimentally in this
study, where faster bleaching recovery was observed in the
CdS/TiO2 and CdS/SnO2 than in the CdS/ZnO.
Photoelectrochemical Properties. Electron transfer kinetics is intimately related to the performance of photoelectrode. In this study the photoelectrochemical behavior of
three electrodes was examined to elucidate the influence of
oxide substrates on photoelectrochemical performance. Figure
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Figure 2. Photocurrent generation in oxide electrodes sensitized
with CdS QDs under on/off cycles of illumination (λ > 300 nm,
100 mW/cm2).

2 displays photocurrent generation from three photoelectrodes
during on/off cycles of light illumination. All photoelectrodes produced photocurrent promptly upon being illuminated,
and the photoresponse was steady and reproducible. Of three
photoelectrodes, the CdS/TiO2 photoelectrode was superior
to other electrodes in photocurrent generation. The CdS/ZnO
photoelectrode was about three-fold less efficient in photocurrent generation than the CdS/TiO2, and the CdS/SnO2
photoelectrode barely produced photocurrent. It is important
to note that significant dark current (i.e., cathodic current)
was observed in the case of the CdS/SnO2 photoelectrode,
which arises from the recombination of electrons with
oxidized species of S2− ions (e.g., S−·, Sn+1−·, etc.) at the
electrode/electrolyte interface.28-31 Such dark current generation was also noticed with the CdS/TiO2 photoelectrode,
while the magnitude of the dark current in comparison with
that of photocurrent was very small unlike the CdS/SnO2
photoelectrode. This observation highlights that there is no
direct correlation between electron transfer kinetics and
photoelectrochemical performance, which is consistent with
recent studies on CdSe QDs/C60 and CdSe QDs/oxides
photoelectrodes.21,32
Charge Recombination. The photoconversion efficiency
is in general governed by two main factors: electron injection and charge recombination at electrode/electrolyte interface.33,34 The discrepancy in trends between electron transfer
kinetics and photoelectrochemical behavior on different oxide
electrodes suggests that while electron injection process is
one of the key steps in dictating photoconversion efficiency,
it is not the limiting step for high photoconversion efficiency. This implies that the influence of an oxide substrate on
solar performance appears to be more dominating in charge
recombination rather than in electron injection kinetics. In
order to obtain more insight into the characteristics of charge
recombination on different oxide substrates, charge recombination kinetics was investigated by monitoring photovoltage (i.e., open-circuit voltage) decay upon termination of
illumination. Open-circuit voltage (OCV) decay mainly arises

Figure 3. (a) Open-circuit voltage decay and (b) electron lifetime
decay of oxide electrodes sensitized with CdS QDs in 0.1 M Na2S
electrolyte.

from charge recombination of injected electrons with oxidized species of redox couple; thus the OCV decay measurement has been widely undertaken as a simple, effective tool
to probe charge recombination kinetics. Zaban and co-workers
demonstrated that electron lifetime in photoelectrode can be
correlated with photovoltage decay rate by the following
equation:35
kBT ⎛ dVOC⎞ –1
τ = ------- -----------e ⎝ dt ⎠

(8)

where τ is electron lifetime, kB is Boltzmann’s constant, T is
temperature, and e is the elementary charge.
Figure 3(a) and (b) show the OCV decay of three photoelectrodes in 0.1 M Na2S electrolyte and electron lifetime
decay obtained using the Eq. (8). The highest OCV was
obtained with the CdS/TiO2 photoelectrode, whereas the
lowest OCV with the CdS/SnO2. Theoretically attainable
OCV is mainly determined by conduction band position;
therefore, given the conduction band edge position of each
oxide (Scheme 1), this observation can be easily rationalized. Despite the favorable conduction band edge position,
ZnO yielded a lower OCV than TiO2. The origin of such low
OCV remains elusive and is still under debate at present;36
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Table 1. Fitted kinetic parameters of bleaching recovery in CdS
anchored on oxide substrates. Average lifetimes, <τ>, are determined using the equation, <τ> = Σ(Aiτ i2)/Σ(Aiτi)
SiO2
ZnO
TiO2
SnO2

A1

τ1 (ps)

A2

τ2 (ps)

<τ> (ps)

-0.06
-0.29
-0.41
-0.37

20.0
204.6
85.5
116.2

-0.94
-0.71
-0.59
-0.63

5779
3350
2868
2547

5778
3273
2812
2484

however, this may be attributed to lower electron injection
efficiency from CdS. When analyzing electron injection
kinetics, short lifetime component is more important than
long lifetime component as it primarily dictates electron
injection rate. Comparing the short lifetime component in
the CdS/TiO2 with that of the CdS/ZnO (Table 1), it was
much shorter by a factor of ~2.5, indicating that electron
injection from CdS to ZnO occured much less efficiently.
On the other hand, OCV decay was much faster in the
CdS/TiO2 electrode than other electrodes, suggesting that the
CdS/TiO2 electrode is the most vulnerable to charge recombination, whereas the CdS/ZnO electrode is least subjected to the loss of electrons. An interesting observation
was that the OCV decay converged to −0.2 V, not 0 V, in the
case of the CdS/SnO2 electrode. This observation implies
that the substantially high cathodic current (dark current)
flowed when SnO2 was employed as a substrate, which is
consistent with the observation in photocurrent measurement. The fast recombination observed with the CdS/SnO2
results from the location of conduction band of SnO2, which
is lower than TiO2 by ~0.5 V.26 While the lowly positioned
conduction band is more favorable for electron injection
from CdS as confirmed in this study, this can also facilitate
charge recombination between the injected electrons and
redox couple. As a result, the CdS/SnO2 electrode showed
the worst photoelectrochemical performance among the
three electrodes in spite of the fastest electron injection rate.
The CdS/TiO2 electrode also suffered from serious charge
recombination; however, no significant dark current was
observed in the CdS/TiO2 electrode unlike the CdS/SnO2
electrode. While the charge recombination was problematic
in the CdS/TiO2 electrode, its photoelectrochemical performance exceled that of other electrodes. In the case of the
CdS/ZnO, the photogenerated electrons accumulated within
ZnO were not readily recombined with redox couple; thus
CdS/ZnO electrode exhibited longer electron lifetimes.
Despite the reduced charge recombination at the electrode/
electrolyte interface, the electron injection rate in the CdS/
ZnO was slower than other electrodes, giving rise to modest
photoelectrochemical performance.
Conclusions
CdS-sensitized oxides were investigated as a model system
to probe the effect of oxide substrates on photoelectrochemical performance. This study reveals that the influence
of an oxide substrate on electron injection kinetics and
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charge recombination appears to be intricate and is difficult
to be explained with a simple, generalized theory. While
more study is still required to establish a general explanation
on this fundamental processes dictating solar cell performance, the current study provided a qualitative picture on
the relationship between these critical processes and photoelectrochemical behavior. Spectroscopic analysis showed
that electron injection kinetics played a role in photoelectrochemical performance to some extent, but its influence on
photoelectrochemical performance was limited. Suppressing
charge recombination at photoelectrode/electrolyte is another
critical factor to be considered when constructing a high
performance photoelectrode. The OCV decay analysis combined with photocurrent measurement unveiled that SnO2
suffered from serious charge recombination, whereas ZnO
was more resistive against the interfacial charge recombination. Despite the fast charge recombination rate, TiO2
showed the best performance among three oxides, suggesting that electron injection kinetics and charge recombination
were optimized best in TiO2 among three oxides examined
in this study. This implies that developing a strategy to
impede charge recombination at TiO2/electrolyte interface
would be of great importance in order to achieve high performance. This study also suggests that ZnO and SnO2 may
have a chance to overtake TiO2 in spite of several issues, if a
novel strategy could be developed to improve electron
injection rate (for ZnO) or suppress charge recombination
(for SnO2).
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