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This Review focuses on recent developments in the use of ZnO

nanostructures for dye-sensitized solar cell (DSC) applications. It is shown

that carefully designed and fabricated nanostructured ZnO films are

advantageous for use as a DSC photoelectrode as they offer larger surface

areas than bulk film material, direct electron pathways, or effective

light-scattering centers, and, when combined with TiO2, produce a core–shell

structure that reduces the combination rate. The limitations of ZnO-based

DSCs are also discussed and several possible methods are proposed so as to

expand the knowledge of ZnO to TiO2, motivating further improvement in the

power-conversion efficiency of DSCs.
1. Introduction

The increasing demand for fossil fuels and the environmental
impact of their use are continuing to exert pressure on an
already-stretched world energy infrastructure. Significant pro-
gress has been made in the development of renewable-energy
technologies, such as solar cells, fuel cells, and biofuels. However,
although these alternative energy sources have beenmarginalized
in the past, it is expected that new technology could make them
more practical and price competitive with fossil fuels, thus
enabling an eventual transition away from fossil fuels as our
primary energy sources. Solar energy is considered to be the
ultimate solution to the energy and environmental challenge as a
carbon-neutral energy source.

The conversion from solar energy to electricity is fulfilled by
solar-cell devices based on the photovoltaic effect. Many
photovoltaic devices have already been developed over the past
five decades.[1–3] However, wide-spread use is still limited by two
significant challenges, namely conversion efficiency and cost.[4–6]

One of the traditional photovoltaic devices is the single-crystalline
silicon solar cell, which was invented more than 50 years ago and
currently makes up 94% of themarket.[7] Single-crystalline silicon
solar cells operate on the principle of p–n junctions formed by
joining p-type and n-type semiconductors. The electrons and
holes are photogenerated at the interface of p–n junctions,
separated by the electrical field across the p–n junction, and
collected through external circuits. In principle, the single-
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crystalline silicon semiconductor can reach
92% of the theoretical attainable energy
conversion, with 20% conversion efficiency
in commercial designs. However, because
of the considerably high material costs,
thin-film solar cells have been developed to
address the product costs.[8–10] Amorphous
silicon (a-Si) is a candidate for thin-film
solar cells because its defect energy level can
be controlled by hydrogenation and the
band gap can be reduced so that the
light-absorption efficiency is much higher
than crystalline silicon.[11,12] The problem is
that amorphous silicon tends to be unstable
and can lose up to 50% of its efficiency
within the first hundred hours. Today, commercial roof products
are available that operate at �15% efficiency. Bridging the gap
between single-crystalline silicon and amorphous silicon is the
polycrystalline-silicon film, for which a conversion efficiency of
around 18% is obtained.[13–15] Compound semiconductors, such
as gallium arsenide (GaAs), cadmium telluride (CdTe), and
copper indium gallium selenide (CIGS), receive much attention
because they present direct energy gaps, can be doped to either
p-type or n-type, have band gaps matching the solar spectrum,
and have high optical absorbance.[16–18] These devices have
demonstrated single-junction conversion efficiencies of
16–32%.[19] Although those photovoltaic devices built on silicon
or compound semiconductors have been achieving high
efficiency for practical use, they still require major breakthroughs
to meet the long-term goal of very-low cost (US$0.40 kWh�1).[1]

To aim at further lowering the production costs, dye-sensitized
solar cells (DSCs) based on oxide semiconductors and organic
dyes or metallorganic-complex dyes have recently emerged as
promising approach to efficient solar-energy conversion. The
DSCs are a photoelectrochemical system, which incorporate a
porous-structured oxide film with adsorbed dye molecules as the
photosensitized anode. A platinized fluorine-doped tin oxide
(FTO) glass acts as the counter electrode (i.e., cathode), and a
liquid electrolyte that traditionally contains I�/I3

� redox couples
serves as a conductor to electrically connect the two electro-
des.[20–25] During operation, photons captured by the dye
monolayer create excitons that are rapidly split at the nanocrys-
tallite surface of the oxide film. Electrons are injected into the
oxide film and holes are released by the redox couples in the liquid
electrolyte (Fig. 1a). Compared with the conventional single-
crystal silicon-based or compound-semiconductor thin-film solar
cells, DSCs are thought to be advantageous as a photovoltaic
device possessing both practicable high efficiency and cost
effectiveness. To date, the most successful DSC was obtained on
m 4087
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TiO2 nanocrystalline film (Fig. 1b) combined with a ruthenium–
polypyridine complex dye, as first reported by O’Regan and
Grätzel in 1991.[26] Following this idea, a certified overall
conversion efficiency of 10.4% was achieved on a
TiO2–RuL’(NCS)3 (‘‘black dye’’) system, in which the spectral
response of the complex dye was extended into the near-infrared
region so as to absorb far more of the incident light.[20,27–29] The
porous nature of nanocrystalline TiO2 films drives their use in
DSCs due to the large surface area available for dye-molecule
adsorption. Meanwhile, the suitable relative energy levels at
the semiconductor–sensitizer interface (i.e., the position of the
conduction-band edge of TiO2 being lower than the excited-state
energy level of the dye) allow for the effective injection of
electrons from the dye molecules to the semiconductor.[30]

The achievement of acceptable conversion efficiency puts great
confidence in the ability of DSCs to challenge the high cost of
commercially available solar cells based on silicon or compound
semiconcuctors. However, a further increase in conversion
efficiency has been limited by energy loss due to recombination
between electrons and either the oxidized dye molecules or
electron-accepting species in the electrolyte during the charge-
transport process.[31–33] Such a recombination is predominately
derived from the lack of a depletion layer on the TiO2

nanocrystallite surface, and becomes significantly serious when
the thickness of the photoelectrode film is increased. To
understand this issue, DSC technology based on ZnO has been
explored extensively. ZnO is a wide-band-gap semiconductor that
possesses an energy-band structure and physical properties
similar to those of TiO2 (Table 1), but has higher electronic
mobility that would be favorable for electron transport, with
reduced recombination loss when used in DSCs. Many studies
have already been reported on the use of ZnO material for
application in DSCs. Although the conversion efficiencies of
0.4–5.8% obtained for ZnO are much lower than that of 11% for
TiO2, ZnO is still thought of as a distinguished alternative to TiO2

due to its ease of crystallization and anisotropic growth. These
properties allow ZnO to be produced in a wide variety of
nanostructures, thus presenting unique properties for electro-
nics, optics, or photocatalysis.[34–41] In particular, recent studies
Figure 1. A dye-sensitized solar cell based on an electrochemical system. a
Reproduced with permission from [20]. Copyright 2001, Macmillan Magazine
(�20 nm in diameter). Reproduced with permission from [29]. Copyright 2007,
in which photoexcited electrons are injected from the dye to the conduction b
electron transfer from a redox couple in the electrolyte (3), and a recombinati
redox couple (4). The latter (4) is normally believed to be the predominan
mechanism that causes energy loss. LUMO and HOMO represent the lowest
the dye, respectively. Reproduced with permission from [30]. Copyright 2004

� 2009 WILEY-VCH Verlag Gmb
on ZnO-nanostructure-based DSCs have delivered many new
concepts, leading to a better understanding of photoelectro-
chemically based energy conversion. This, in turn, would speed
up the development of DSCs that are associated with TiO2.

One of the defining features of nanostructures is their basic
units on the nanometer scale. This, first of all, provides the
nanostructures with a large specific surface area. It may also
) Schematic of the construction and operational principle of the device.
s Ltd. b) SEM image of an oxide (TiO2) electrode film with nanocrystallites
The Royal Society. c) Electron transport in nanocrystalline oxide electrodes,
and (denoted as ‘‘c.b.’’) of the nanocrystallite (1), the dye is regenerated by
on may take place between the injected electrons and the dye cation (2) or
t loss mechanism. Electron trapping in the nanocrystallites (5) is also a
unoccupied molecular orbital and the highest occupied molecular orbital of
, Elsevier.
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Table 1. A comparison of physical properties of ZnO and TiO2.

ZnO TiO2 Reference

Crystal structure rocksalt, zinc blende, and wurtzite rutile, anatase, and brookite [42,43]

Energy band gap [eV] 3.2–3.3 3.0–3.2 [42–44]

Electron mobility [cm2 V s�1] 205–300 (bulk ZnO), 1000 (single nanowire) 0.1–4 [42,43,45]

Refractive index 2.0 2.5 [46]

Electron effective mass [me] 0.26 9 [44]

Relative dielectric constant 8.5 170 [44]

Electron diffusion coefficient [cm2 s�1] 5.2 (bulk ZnO), 1.7� 10�4

(nanoparticulate film)

0.5 (bulk TiO2), �10�8–10�4

(nanoparticulate film)

[47,48]
result in many particular behaviors in electron transport or light
propagation in view of the surface effect, quantum-confinement
effect, or photon localization.[49–51] Those nanostructural forms of
ZnO developed during the past several decades mainly include
nanoparticles,[52,53] nanowires (or nanorods),[54,55] nanotubes,[56]

nanobelts,[57] nanosheets,[54,58] and nanotips.[34,38] The produc-
tion of these structures can be achieved through sol–gel
synthesis,[53] hydrothermal/solvothermal growth,[54] physical or
chemical vapor deposition,[55,57] low-temperature aqueous
growth,[56,59] chemical bath deposition,[60] or electrochemical
deposition.[58,61,62] In this article, recent developments in ZnO
nanostructures, particularly for application in DSCs, are
reviewed. It will show that photoelectrode films with nanos-
tructured ZnO can significantly enhance solar-cell performance
by offering a large surface area for dye adsorption, direct transport
pathways for photoexcited electrons, and efficient scattering
centers for enhanced light-harvesting efficiency. In addition, ZnO
may be combined with TiO2 via a core–shell structure for reduced
combination rates. The limitations of ZnO-based DSCs are also
discussed. In the final section, several attempts to expand ZnO
concepts to TiO2 are presented to motivate further improvement
in the conversion efficiency of DSCs.

2. Nanostructures Offering Large Specific
Surface Area

A large internal surface area is the foremost requirement of the
photoelectrode film in DSCs, so that sufficient dye molecules can
be adsorbed to act as an ‘‘antenna’’ for the capture of incident
photons. Nanomaterials can satisfy this requirement due to the
formation of a porous interconnected network in which the
specific surface area may be increased by more than 1000 times
when compared with bulk materials.[63] The abundant forms of
ZnO nanostructures provide a great deal of opportunities to
obtain high surface-area-to-volume ratios, which in turn
contribute to dye adsorption, as well as light harvesting, in DSCs.

2.1. ZnO Nanoparticulate Films

ZnO films with nanoparticles for application in DSCs have been
extensively studied, partially due to the direct availability of porous
structures with assembled nanoparticles and the simplicity of
synthesis of nanoparticles via chemically based solution methods.
Due to the mechanism of charge transfer between the dye and
semiconductor, the strategy for studying DSCs with nanoparticu-
late ZnO films is almost the same as that adopted for
Adv. Mater. 2009, 21, 4087–4108 � 2009 WILEY-VCH Verlag G
nanocrystalline TiO2. It can be somewhat regarded as a straight
implantation of TiO2-based Grätzel-type solar-cell technology, in
which the TiO2 nanoparticles are replaced by ZnO nanoparticles
while the dye sensitizer and the electrolyte remain unchanged.

2.1.1. Sol–Gel Derived Nanocrystalline Films

A traditional method of synthesizing ZnO nanoparticles is
achieved by the preparation of ZnO sols in the liquid phase from
homogeneous ethanolic solutions with precursors of lithium
hydroxide and zinc acetate.[64–66] The resulting sol contains ZnO
nanoparticles with an average diameter ranging from ten to several
tens of nanometers. A further process is performed on the sol to
yield film by spin coating or dip coating, duringwhich the system is
converted from liquid sol into solid wet gel. Following drying and
heat treatment, the gel is thermalized so as to generate a porous
structured film on the substrate. The doctor-blade method[67,68] is
also a frequently adopted approach for the preparation of ZnO
nanocrystalline film, during which Triton X-100 (1% by volume) is
conventionally added to the sol to facilitate the film formation.
Residual organics are removed by a subsequent heat treatment,
typically at temperatures between 300 8C and 400 8C. For DSC
applications, the film is sensitized by immersion in ruthenium–
polypyridine-complex dyes (so-called N3, N719, or black dye that is
commercially available) for a given amount of time.[69–71] For use as
working electrode, the as-sensitized film is constructed to a cell
device by assembling it with a counter electrode consisting of a thin
platinum layer deposited on FTO glass. An electrolyte solution
containing KI (0.5M) and I2 (0.03M) in a mixed solvent with
ethylene carbonate and acetonitrile (60%:40% by volume) is then
introduced to the interval of the two electrodes. The performance of
the solar cell is characterized by recording the current–voltage
(I–V) behavior when the cell is irradiated under AM 1.5-type
simulated sunlight. The overall power conversion efficiency, h, can
be calculated according to

h ¼ FF � VOC � ISC
Pin

(1)

and the fill factor (FF) is defined as

FF ¼ Vmax � Imax

VOC � ISC
(2)

where Pin is the input power density (i.e., the intensity of incident

light, in mW cm�2), VOC is the open-circuit voltage (mV), ISC is

the short-circuit current density (mA cm�2), and Vmax and Imax
mbH & Co. KGaA, Weinheim 4089
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Figure 2. SEM image of a ZnO-nanoparticle electrode prepared with a
compression method. Reproduced with permission from [73]. Copyright
2002, Elsevier.

4090
are the voltage and current at maximum power output,

respectively.
At the early developmental stage, using sol–gel-derived

ZnO-nanoparticle films, the reported conversion efficiencies of
DSCs are fairly low, with values generally around
0.4–2.22%.[66,67,72] The scattered distribution of efficiencies
implies that the solar-cell performance is sensitive to many
factors, including the size and shape of the nanoparticles, the
porosity of film, the film-fabrication technique, and the
post-treatment of the photoelectrode.

With regard to the improvement of conversion efficiency in
ZnODSCs, Keis et al. reported a compressionmethod for the film
fabrication to achieve a highly active ZnO surface for dye
adsorption.[73,74] In this process, ZnO nanoparticles with an
average size of �150 nm (Fig. 2) were synthesized via a sol–gel
route, and, in particular, the film was prepared by compressing
the nanoparticle powder under a pressure of 1000 kg cm�2. When
the obtained film was used in a DSC under illumination with an
intensity of 10mWcm�2, an overall conversion efficiency as high
as 5% was achieved.[73–75] Comparing this result with the 2–2.1%
conversion efficiencies attained for ZnO films with 150-nm
nanoparticles prepared using the aforementioned doctor-blade
method without compression,[76,77] the authors explained that the
improvement in solar-cell performance was due to the increased
interfacial kinetics inherent in the compression method that
didn’t involve a heat-treatment process. It had been demonstrated
that such increased interfacial kinetics could result in a more
efficient injection of electrons from the dye molecules to the ZnO
semiconductor. In this work, although the light-scattering effect
is not addressed as a significant reason promoting the light
harvesting, it is likely that ZnO nanoparticles with sizes of
�150 nm play a role in the generation of light scattering, leading
to additional contribution to the light harvest.

2.1.2. Electrostatic Spray Deposition Technique for Nanoparticulate

Films

Highly efficient conversion can be also obtained for nanoparti-
culate-ZnO films fabricated by using an electrostatic spray
deposition (ESD) technique developed by Jansen et al. for coating
� 2009 WILEY-VCH Verlag Gmb
electrode films.[78,79] The basic principle of ESD is the generation
of an aerosol using organic solvents containing inorganic or
organometallic precursors under the influence of a high voltage.
An aerosol is defined as a dispersion of solid particles or liquid
droplets in a gaseous ambient. In order to obtain such an aerosol
of micrometer-sized droplets, the precursor liquid is pumped
through a metal nozzle. Usually a spherical droplet is formed at
the tip of the nozzle, but if a high voltage is applied (typically
6–15 kV) between the nozzle and a grounded substrate, this
droplet at the tip of the nozzle transforms into a conical shape and
fans out to form a spray of highly charged droplets. The generated
spray droplets are attracted by the grounded and heated substrate
as a result of the applied potential difference. Consequently, the
droplets impinge on the heated substrate, where they lose their
charge. After complete solvent evaporation, a thin layer consisting
of the inorganic product is left on the substrate surface.[78] The
advantages of the ESD technique are (1) the great variety of
tailored film morphologies, (2) the possibility of controlling the
chemical composition of the deposited coatings, and (3) the high
deposition efficiency, since the electric field directs the charged
droplets to the substrate.

As for a typical preparation of nanoparticulate ZnO films with
the ESD technique,[80] a colloidal solution of precursor was
prepared through the hydrolysis of zinc salts in the presence of an
amine and then mixed with polyvinyl alcohol (PVA) that was
dissolved in a mixture of ethanol and water. The nanoparticle-
containing precursor solution thus obtained was subsequently
used for the ESD deposition of ZnO film. PVA was employed to
prevent the agglomeration of ZnO during the high-temperature
calcination process. With this fabrication, both the porosity and
the specific surface area of the films can be controlled by
adjusting the weight ratio of nanoparticles to PVA. It has been
reported that a ratio of 1.8 may yield a maximum specific surface
area of 12.55 m2 g�1 and a peak photovoltaic efficiency of 3.4%.
Recently, this technique was also exploited in the synthesis of
TiO2 nanofibers, achieving an overall conversion efficiency of
around 5%.[81,82]

2.2. Nanoporous Structured ZnO Films

Besides nanoparticulate films, nanoporous structured ZnO films
were also studied as photoelectrodes in DSCs due to their high
porosity. Many techniques have been reported for the preparation
of nanoporous ZnO films.[61,62,83,84] Among these methods,
electrochemical deposition and chemical bath deposition show
characteristics advantageous to forming nanoporous films with
nanowalls vertically grown on the substrate. Such a structure is
thought to be favorable for electron transport from the point of
generation to the collection electrode in DSCs and, also, favorable
for electrolyte diffusion through the intervals between the
nanowalls, resulting in a decrease in both the series resistance
and recombination rate of the cell.

2.2.1. Electrochemical Deposition Fabrication

Electrochemical deposition is a simple and low-cost route for the
preparation of nanoporous films possessing a large surface area.
The advantage of this method is that the growth orientation,
morphology, and thickness of the films can be modestly
H & Co. KGaA, Weinheim Adv. Mater. 2009, 21, 4087–4108



R
E
V
IE

W

www.advmat.de
controlled by adjusting the deposition parameters (deposition
voltage, current density, temperature, etc.). A typical fabrication
process for the electrochemical deposition of nanoporous ZnO
films at low temperature was described by Xi et al.[61] In this
fabrication, a two-electrode system was used, consisting of a Zn
sheet as the anode and glass coated with indium tin oxide (ITO) as
the cathode. The electrolyte contained 0.04 M zinc nitrate and
0.04 M hexamethylenteramine (HMT) in a solvent formed by a
mixture of distilled water and ethanol with a volume ratio of 1 to 1.
HMT was employed in the electrolyte as a buffer to obtain a
pH value of around 6. The additional ethanol in the electrolyte
acted as a wetting agent to improve the thickness uniformity and
surface coverage. The deposition of porous ZnO films was carried
out at 40 8C in a water bath with a bias voltage of 0.5–0.7V. It was
demonstrated that, in the case of an applied voltage of 0.5 V only,
the obtained films presented a sheet-like morphology and, under
high scanning electron microscopy (SEM) magnification, the
films were observed to comprise of pellet-like polycrystalline
particles of about 250 nm in diameter (20–30 nm grain size).
These particles were interconnected with pore sizes ranging from
500 nm to 2mm (Fig. 3a). Other applied voltages produced films
with a more irregular porous structure. The as-deposited film
thickness is correlated to both the bias voltage and the deposition
time. Typically, a thickness of about 2.6mm can be obtained at
0.5 V for 30min, 2.4mm at 0.7 V for 20min, and 3.4mm at 0.7 V
for 30min. The temperature of the water bath also shows an
influence on the film structure. Increasing the temperature to
70 8C would result in a ZnO film with a compact structure,
showing a much lower photovoltaic efficiency than the porous
film due to the decreased internal surface area.

In electrochemical deposition, the nucleation rate can
significantly affect the film structure, especially in terms of the
porosity. Through the use of a surfactant to mediate the
nucleation, ZnO films with a more porous structure have been
developed for DSC application. Poly (vinyl pyrrolidone) (PVP) was
reported as a highly efficient surfactant that had been combined
with the electrochemical deposition method to produce nanopor-
ous ZnO films with very impressive photovoltaic efficiencies.[85] It
was demonstrated that as-obtained films possessed a structure
comprised of interconnected crystal grains. The grain size, and
thus the surface morphology of ZnO films, could be strongly
influenced by the PVP concentration. That is, increased PVP
concentration would result in a reduced grain size. Typically,
when the PVP concentration was 4 g L�1, the grain size was
Figure 3. SEM images of nanoporous ZnO films. a) Electrochemically
deposited film without using reagent. Reproduced with permission from
[61]. Copyright 2008, The Electrochemical Society. b) Chemical-
bath-deposited nest-like ZnO film. Reproduced with permission from
[89]. Copyright 2003, Elsevier.

Adv. Mater. 2009, 21, 4087–4108 � 2009 WILEY-VCH Verlag G
reduced to 20–40 nm. However, no ZnO film could be formed if
the concentration was larger than 6 g L�1. The DSCs with ZnO
films synthesized by this method exhibit an extremely high
conversion efficiency of 5.08% under 53 mW cm�2 illumination,
while the photoelectrode consists of electrochemically deposited
double-layer ZnO films, typically containing 8-mm-thick nano-
porous film on a 200-nm-thick compact nanocrystalline film.

2.2.2. Chemical Bath Deposition Fabrication

Chemical bath deposition (CBD), developed for producing ceramic
films from aqueous solutions at low temperatures by pyrolysis of
layered metal hydroxides, has also been used for the fabrication of
nanoporous ZnO films.[86,87] A typical process for this fabrication
can be described in the following steps: (1) the formation of layered
basic zinc acetate (LBZA), Zn5(OH)8(CH3COO)2 � 2H2O, by
hydrolysis of zinc acetate dihydrate in methanol, (2) the deposition
of the LBZA film on a substrate at 60 8C through heterogeneous
nucleation, and (3) a heat treatment at a temperature above 150 8C
so as to transform the LBZA film into crystalline ZnO. A similar
method was also reported for the formation of nanoporous ZnO
films via layered hydroxide zinc carbonate (LHZC) using a solution
of zinc nitrate hexahydrate and urea in water.[88] Films synthesized
through this method show a nest-like morphology and porous
structure (Fig. 3b).[89] Studies in greater detail pointed out that
films fabricated by CBD were composed of sheet-like grains with
�11nm ZnO crystallites, pore sizes of �12nm, and surface areas
of about 25 m2 g–1.[90,91]

Hosono et al.[88,89,92] systematically studied the DSC perfor-
mance of nanoporous structured ZnO films fabricated by the CBD
technique. They achieved an overall conversion efficiency of 3.9%
when as-prepared 10-mm-thick ZnO films were sensitized by N719
dye with an immersion time of 2 h.[88] Further improvement to
4.27% in the conversion efficiency was reported recently by
Hosono et al. when the dye of N719 was replaced with a metal-free
organic dye named D149 and the immersion time was reduced to
1 h.[92] The enhancement in solar-cell performance was attributed
to the use of D149 dye and a nanoporous structure that contained
perpendicular pores. This allowed for a rapid adsorption of the dye
with a shorter immersion time and thus prevented the formation
of a Zn2þ/dye complex. This complex is believed to be inactive and
may hinder electron injection from the dye molecules to the
semiconductor.[73] In another study, a high photovoltaic efficiency
of up to 4.1% was also obtained for nanoporous ZnO films
produced by the CBD.[90] However, the excellence of the solar-cell
performance was ascribed to the remarkably improved stability of
as-fabricated ZnO films in acidic dye. According to this report, a
20-mm-thick ZnO film prepared via CBDwas used for the DSC and
the film was sensitized with N719. The results showed that, even
for a prolonged dye-loading time (6h), only a monolayer of
dye molecules adsorbed on the ZnO surface and no Zn2þ/dye
complex was formed. This scenario is very different from the case
of ZnO films sensitized with ruthenium-based dye reported
elsewhere and has resulted in a relatively high overall conversion
efficiency. It was also demonstrated that, for this cell, the dye-
loading amount was estimated to be about 1.4� 10�7mol cm�2.
This was comparable to the 1.3� 10�7mol cm�2 obtained for a
10-mm-thick nanocrystalline TiO2 photoanode (h¼ 10%) sensi-
tized with N3 dye. In this study, although approximately equal dye
mbH & Co. KGaA, Weinheim 4091
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loading is obtained for ZnO films with doubled thickness
(�20mm) in comparison to �10mm of TiO2, the results are very
exciting in view of the unusual stability of as-prepared ZnO in
ruthenium-based dyes.

2.3. Other Nanostructured ZnO Films

ZnO nanostructures with other morphologies, such as
nanosheets, nanobelts, and nanotetrapods, have also been
studied for DSC applications on account of the fact that they
also have a large specific surface area. However, for these
nanostructures, the specific surface area is not the only factor that
determines the photovoltaic efficiency of the DSC. Solar-cell
performance is also believed to be significantly affected by the
geometrical structure of the photoelectrode films, which provides
particular properties in terms of the electron transport and/or
light propagation.

2.3.1. Nanosheets

ZnO nanosheets are quasi-two-dimensional structures that can be
fabricated by a rehydrothermal growth process of previously
hydrothermally grown ZnO nanoparticles.[93] A film with dispersed
ZnO nanosheets (Fig. 4a) used in a DSC has been shown to possess
a relatively low conversion efficiency, 1.55%, possibly due to an
insufficient internal surface area. It seems that ZnO nanosheet-
spheres (Fig. 4b) prepared by hydrothermal treatment using oxalic
acid as the capping agent may have a significant enhancement in
internal surface area, resulting in a conversion efficiency of up to
2.61%.[94] As for nanosheet-spheres, the performance of the solar
cell is also believed to benefit from a high degree of crystallinity and,
therefore, low resistance with regards to electron transport.
Figure 4. SEM images of nanostructured ZnO films: a) Dispersed nanosheets
permission from [93]. Copyright 2007, Elsevier. b) Nanosheet-assembled sph
with permission from [94]. Copyright 2008, Elsevier. c) Nanobelt array.
permission from [95]. Copyright 2007, Elsevier. d) A ZnO tetrapod formed in a
structure with four arms extending from a common core. Reproduced with per
Copyright 2008, American Institute of Physics. e) Networked film with int
tetrapods. Reproduced with permission from [97]. Copyright 2009, Elsevier.

� 2009 WILEY-VCH Verlag Gmb
2.3.2. Nanobelts

ZnO films with nanobelt arrays prepared through an electro-
deposition method were also studied for DSC applications.[95] In
fabricating these nanobelts, polyoxyethylene cetylether was added
in the electrolyte as a surfactant. The ZnO nanobelt array obtained
shows a highly porous stripe structure (Fig. 4c) with a nanobelt
thickness of 5 nm, a typical surface area of 70 m2 g�1, and a
photovoltaic efficiency as high as 2.6%.

2.3.3. Tetrapods

A ZnO tetrapod possesses a three-dimensional structure
consisting of four arms extending from a common core
(Fig. 4d).[96,97] The length of the arms can be adjusted within
the range of 1–20mm, while the diameter can be tuned from
100 nm to 2mm by changing the substrate temperature and
oxygen partial pressure during vapor deposition.[98] Multiple-layer
deposition can result in tetrapods connected to each other so as to
form a porous network with a large specific surface area (Fig. 4e).
The films with ZnO tetrapods used in DSCs have achieved overall
conversion efficiencies of 1.20– 3.27%.[96,97] It was reported that
the internal surface area of tetrapod films could be further
increased by incorporating ZnO nanoparticles with these films,
leading to significant improvement in the solar-cell perfor-
mance.[96]
3. Nanostructures with Direct Pathways for
Electron Transport

Electron transport in DSCs based on nanoparticulate films has
been proposed to occur either by a series of hopping events
. Reproduced with
eres. Reproduced
Reproduced with
three-dimensional
mission from [96].
erconnected ZnO
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between trap states on neighboring particles[99]

or by diffusive transport within extended states
slowed down by trapping/detrapping
events.[21,30] An electron is estimated to cross
103–106 particles when traveling in the photo-
electrode film.[99] While an 11% efficiency has
been achieved on dye-sensitized TiO2 nano-
crystalline films, the nanoparticulate oxides do
possess deficiencies. Electron transport
becomes more difficult with an increase in
photocurrent due to the also-increased recom-
bination between the electrons and the
oxidized dye or redox mediator in the electro-
lyte.[100] Recombination, intrinsically, arises
from the absence of a depletion layer at the
TiO2 nanoparticle–electrolyte interface. In
DSCs with a film in the form of nanoparticles,
the recombination has been found to be a
crucial factor that causes energy loss and limits
the further increase of conversion effi-
ciency.[101]

In the past few years, a variety of one-
dimensional nanostructures based on differ-
ent oxides have been developed so as to reduce
the recombination rate in DSCs.[102] These
one-dimensional nanostructures are usually
single crystal or quasi single crystal and can,
im Adv. Mater. 2009, 21, 4087–4108
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therefore, serve to increase the electron diffusion length by
providing a direct pathway for electron transport from the point of
electron injection to the substrate of the collection electrode. In
other words, the transport of electrons occurs in the interior of a
continuous crystal and, consequently, the electrons would not
suffer any grain-boundary scattering. This is different from the
case of nanoparticulate films in a DSC configuration, where
electrons, during their traversal, take a random walk among the
nanoparticles and undergo numerous collisions at the grain
boundary or the semiconductor/electrolyte interface. Among all
the oxides with one-dimensional nanostructures, ZnO has been
the most reported due to the ease of controllable anisotropic
growth and, especially, the development of physical or chemical
techniques that allow for a flexible tailoring of ZnO morphology
(for example, shape, diameter, length, density, etc.). Typical
one-dimensional ZnO nanostructures used for DSCs involve
types of nanowires/nanorods, nanotubes, nanotips, and other
derivatives, synthesized through vapor–liquid–solid processes,[55]

metal–organic chemical vapor deposition (MOCVD),[103,104]

thermal evaporation,[104,105] chemical-solution synthesis at low
temperature,[106] electrodeposition,[107,108] and chemical-spray
pyrolysis.[109] In general, the vapor-phase or physical-deposition
methods possess an inherent advantage in forming both thin and
long one-dimensional nanostructures with a high degree of
crystal quality while affording the ability to precisely control the
growth rate. Chemical-solution-based methods possess the
capability for large-scale mass production at low temperatures
and, therefore, a flexible substrate can be used.

3.1. ZnO Nanowires

ZnO nanowire arrays were first used in DSCs by Law et al. in 2005
with the intention of replacing the traditional nanoparticle film
with a consideration of increasing the electron diffusion
length.[110,111] A schematic of the construction of a nanowire
DSC is shown in Figure 5a. Arrays of ZnO nanowires were
synthesized in an aqueous solution using a seeded-growth
process. This method employed fluorine-doped tin oxide (FTO)
substrates that were thoroughly cleaned by acetone/ethanol
sonication. A thin film of ZnO quantum dots (dot diame-
ter¼ 3–4 nm, film thickness¼ 10–15 nm) was deposited on the
substrates via dip coating in a concentrated ethanol solution.
Figure 5. ZnO-nanowire dye-sensitized solar cells. Reproduced with permis
diagram of the cell with a photoelectrode comprised of the ZnO-nanowire arra
performance of nanowire and nanoparticle cells.
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Nanowires were grown by immersing the seeded substrates in
aqueous solutions containing 25mM zinc nitrate hydrate, 25mM

hexamethylenetetramine, and 5–7mM polyethylenimine (PEI) at
92 8C for 2.5 h. After this period, the substrates were repeatedly
introduced to fresh solution baths in order to obtain continued
growth until the desired film thickness was reached. The use of
PEI, a cationic polyelectrolyte, is particularly important in this
fabrication, as it serves to enhance the anisotropic growth of
nanowires. As a result, nanowires synthesized by this method
possessed aspect ratios in excess of 125 and densities up to
35 billion wires per square centimeter. The longest arrays reached
20–25mm with a nanowire diameter that varied from 130 to
200 nm. These arrays featured a surface area up to one-fifth as
large as a nanoparticle film. Figure 5b shows a typical SEM
cross-section image of an array of ZnO nanowires. It was found
that the resistivity values of individual nanowires ranged from
0.3 to 2.0V cm, with an electron concentration of
1–5� 1018 cm�3 and a mobility of 1–5 cm2 V�1 s�1. Conse-
quently, the electron diffusivity could be calculated as
0.05–0.5 cm2 s�1 for a single nanowire. This value is several
hundred times larger than the highest reported electron diffusion
coefficients for nanoparticle films in a DSC configuration under
operating conditions, that is, �10�7–10�4 cm2 s�1 for TiO2 and
�10�5–10�3 cm2 s�1 for ZnO. This, to some extent, demonstrates
the very good electrical conductivity of ZnO nanowires. (It must
be noted, however, that the electron diffusivity and the electron
diffusion coefficient reflect different charge transport processes
in individual nanowires and nanoparticle films, respectively.
Moreover, these two parameters are usually obtained through
different methods, that is, by employing the Einstein equation
with the measured Hall mobility to calculate the electron
diffusivity for individual nanowires and using, for example,
intensity-modulated photocurrent experiments to measure the
collection time of electron diffusion and then calculate the
electron diffusion coefficient for nanoparticle films.[47,112]) At a
full sun intensity of 100� 3 mW cm�2, the highest-surface-area
devices with ZnO nanowire arrays were characterized by
short-circuit current densities of 5.3–5.85mA cm�2, open-circuit
voltages of 610–710mV, fill factors of 0.36–0.38, and overall
conversion efficiencies of 1.2–1.5%.

The superiority of ZnO nanowires as a direct pathway for
electron transport is illustrated by Figure 5c, in which the
short-circuit current densities as a function of the internal
sion from [110]. Copyright 2005, Nature Publishing Group. a) Schematic
y. b) Cross-sectional SEM image of the ZnO-nanowire array. c) Comparative
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roughness factor (defined as the ratio of actual surface area to the
projected surface area) are compared for cells with ZnO
nanowires, TiO2 nanoparticles, and ZnO nanoparticles. The plot
shows that a rapid saturation and a subsequent decline in the
short-circuit current density can be observed on the cells built
with either 12-nm TiO2 nanoparticles or 30-nm and 200-nm ZnO
nanoparticles. This confirms that the transport efficiency of
nanoparticle films falls off above a certain film thickness due to
critical recombination. However, the nanowire films show a
nearly linear increase in the short-circuit density that maps
almost directly onto the TiO2 data even though the films are as
thick as �25mm, indicating a highly efficient transport of
electrons in nanowires with decreased recombination rate. In
addition, the nanowire cells generate considerably higher current
densities than the ZnO nanoparticle cells over the accessible
range of roughness factors (approximately 55–75% higher at a
roughness of 200, as shown in Fig. 5c). This is also a confirmation
that the nanowires offer better electron transport when compared
to nanoparticles. The mechanism has been attributed to both the
high crystallinity of nanowires and an internal electric field within
the nanowires that can assist carrier collection by separating
injected electrons from the surrounding electrolyte and sweeping
them towards the collection electrode. The establishment of an
internal electric field within the nanowires is due to the existence
of charge diffusion at the semiconductor–electrolyte interface and
the formation of a space-charge layer in the nanowires around the
inner surface. In oxide semiconductors, the Debye screening
length, which is defined as the distance over which significant
charge separation can occur, has been estimated to be roughly
one-third of the thickness of the space-charge layer.[110] As for
ZnO with a carrier concentration of 1018 cm�3, the Debye
screening length is about 4 nm. It is important that the dimension
of the as-discussed ZnO nanowires ismuch larger than the Debye
screening length so that an internal electric field can be
established. Owing to the upward band bending in the nanowires
around the inner surface, the internal electric field is thought to
be able to (1) corral the injected electrons so as to reduce the
recombination rate, and (2) accelerate the diffusion of injected
electrons towards the interior of the nanowires. Moreover, the
axial field may serve to sweep the electrons to the collection
electrode. Similar investigations can be found elsewhere in
literature regarding the application of ZnO nanowires in DSCs
even with the attainment of higher conversion efficien-
cies.[113–118] However, it seems that the results are quite
dependent on the experimental conditions, specifically on the
synthesis method, substrate treatment, growth parameters,
geometrical structure of the nanowires and array (pattern,
diameter, length, density, etc.), and the measuring method
(sensitization process, electrolyte composition, light-source
intensity, and active area of photoelectrode film, etc.).

Besides the one-dimensional structure of nanowires/nanor-
ods, the feature of nanowire/nanorod arrays with vertically
aligned growth on the FTO substrate is also addressed as one of
important aspects that provide the direct pathway for electron
transport in DSCs. This has been demonstrated convincingly in
previous research. For example, one study found that a ZnO
nanorod array led to a ten-fold increase in the photovoltaic
efficiency when compared to a randomly oriented nanorod
film.[119] However, the insufficient surface area of nanowire/
� 2009 WILEY-VCH Verlag Gmb
nanorod arrays seems to be the primary factor that limits the
amount of dye adsorption as well as the conversion efficiency of
the cells. Many attempts have been made to solve this problem.
One such approach is to reduce the diameter size of the
nanowires/nanorods, thus increasing the density of the
array.[113,116,117] Gao et al. reported a simple method that
employed ammonium hydroxide to change the supersaturation
degree of Zn2þ precursors during the process of solution-based
growth of a ZnO nanowire array. This served to regulate the
length-to-diameter aspect ratio of the individual nanowires. The
resulting nanowires possessed an aspect ratio of about 100–200
with a length of 14mm and a diameter of 120–150 nm. This lead
to an overall DSC conversion efficiency of 1.7%, which is almost
three times that obtained for ZnO nanorod arrays with relatively
low aspect ratios (about 500 nm in diameter and 10mm in
length).[120] By blending the nanowires with nanoparticles, ZnO
nanowire–nanoparticle-composite films have been also proved to
be effective in optimizing the surface area. Ku et al. reported a
significant promotion in the overall DSC conversion efficiency
from 0.84% to 2.2% when ZnO nanoparticles with diameters of
5–30 nmwere added to ZnO nanowires.[121] As for the fabrication
of nanowire–nanoparticle-composite films, a pretreatment per-
formed by immersing the ZnO nanoparticle powder in a
methanol solution containing 2% titanium isopropoxide and
0.02 M acetic acid has proved to be favorable for the attachment of
nanoparticles onto nanowire surfaces.[122]
3.2. ZnO Nanotubes

Nanotubes differ from nanowires in that they typically have a
hollow cavity structure. An array of nanotubes possesses high
porosity and may offer a larger surface area than that of
nanowires. The synthesis of ZnO nanotube arrays can be
achieved by using a modified method for the aqueous growth of
ZnO nanowires at low temperatures.[56,123] An overall conversion
efficiency of 2.3% has been reported for DSCs with ZnO
nanotube arrays possessing a nanotube diameter of 500 nm and a
density of 5.4� 106 per square centimeter.[124] ZnO nanotube
arrays can be also prepared by coating anodic aluminum oxide
(AAO)membranes via atomic layer deposition (ALD). However, it
yields a relatively low conversion efficiency of 1.6%, primarily due
to the modest roughness factor of commercial membranes.[125]
3.3. ZnO Nanotips

By using MOCVD processing methods, ZnO nanotip arrays with
different lengths can be synthesized. The DSC performance of
these nanotips has been investigated in previous studies.[126,127]

The results confirmed that the energy-conversion efficiency of the
cells increased with the length of the ZnO nanotips due to the
increase in surface area of the photoelectrode film. An overall
conversion efficiency of 0.55% was obtained for 3.2-mm-long
ZnO nanotips. It has been reported that ZnO nanotips present a
maximum overall conversion efficiency at higher light intensities
than in the case of TiO2 nanoparticles. This implies a
nontrap-limited electron transport in the respect that the nanotips
provide a faster conduction pathway for electron transport. This
H & Co. KGaA, Weinheim Adv. Mater. 2009, 21, 4087–4108
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Figure 6. Flower-like ZnO nanostructures. a) A schematic to indicate the difference in light
harvest for films with nanowires and nanoflowers. b) SEM images of a ZnO-nanoflower film.
Reproduced with permission from [128]. Copyright 2007, American Institute of Physics.
feature allows for the use of ZnO nanotips in the fabrication of
more stable and efficient DSCs under high illumination. It has
also been demonstrated that the overall conversion efficiency
could be increased to 0.77% by combining the ZnO nanotips with
a Ga-doped ZnO film as a transparent conducting layer.[127]
3.4. ZnO ‘‘Nanoflowers’’

The use of ZnO films with ‘‘nanoflowers’’ consisting of
upstanding nanowires and outstretched branches have been
also reported for application in DSCs. This is based on the
consideration that the nanowires alone may not capture the
photons completely due to the existence of intervals inherent in
the morphology. Nanoflower structures, however, have nanoscale
branches that stretch to fill these intervals and, therefore, provide
both a larger surface area and a direct pathway for electron
transport along the channels from the branched ‘‘petals’’ to the
nanowire backbone (Fig. 6). Nanoflower films can be grown by a
hydrothermal method at low temperatures, typically by employ-
ing a 5mM zinc chloride aqueous solution with a small amount of
ammonia.[128] These as-synthesized nanoflowers, as shown in
Figure 6b, have dimensions of about 200 nm in diameter. The
solar-cell performance of ZnO nanoflower films was character-
ized by an overall conversion efficiency of 1.9%, a current density
of 5.5mA cm�2, and a fill factor of 0.53. These values are higher
than the 1.0%, 4.5mA cm�2, and 0.36 for films of nanorod arrays

with comparable diameters and array densities
that were also fabricated by the hydrothermal
method.[129]
Figure 7. Dendritic ZnO nanowires for DSC application. a) Cross-sectional SEM image of a film
with dendritic ZnO nanowires (after two generations of growth). b) Semi-log plot of short-circuit
current (filled squares) and efficiency (open circles) versus nanowire growth generation,
with insets showing images of nanowire morphology for generations 0–2. Reproduced with
permission from [103]. Copyright 2005, Elsevier.
3.5. Dendritic ZnO Nanowires

Dendritic ZnO nanowires, which possess a
fractal structure more complicated than that of
nanoflowers, are formed by a nanowire back-
bone with outstretched branches, on which the
growth of smaller-sized nanowire backbones
and branches is reduplicated. Baxter et al.
described a MOCVD fabrication for dendritic
ZnO nanowires by using a route of so-called
multiple-generation growth.[103] They first
Adv. Mater. 2009, 21, 4087–4108 � 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Wein
grew 100-nm-diameter ZnO nanowires with
20-nm secondary nanowire branches that
nucleated and grew from the primary nano-
wire backbone. It was indicated that each of the
nanowires was crystalline with grain bound-
aries separating secondary nanowires from the
primary nanowire. The substrate with both
primary nanowires and secondary nanowire
branches was then used to continue the
nanowire growth, called ‘‘secondary genera-
tion’’ growth. During the growth of a second
generation of nanowires, the outstretched
nanowire branches act as new nucleation sites
for nanowire growth. The growth can also be
continued for third and fourth generations for
the attainment of a dendrite-like branched ZnO nanostructure
(Fig. 7). DSC characterization showed that the short-circuit
density increased with increasing growth generation due to the
larger surface area, which in turn led to increased adsorption of
dye molecules. A total improvement of over 250 times in current
density and over 400 times in efficiency has been observed when
the film morphology was changed from smooth nanowires to
branched second-generation nanowires (Fig. 7b). The efficiencies
obtained using fourth-generation dendritic nanowire films with a
branched nanostructure and a 10-mm thickness displayed an
overall conversion efficiency of 0.5%, a more than 600-fold
improvement over smooth nanowires. By integrating ZnO
nanoparticles within the film of dendritic nanowires, the specific
surface area was increased, leading to an improved conversion
efficiency of 1.1% for these cells.

The dendritic ZnO nanowires are intentionally developed to
increase the specific surface area of the photoelectrode film by
multiple-generation growth of ZnO nanowires. However, the
photovoltaic efficiency, 0.5%, obtained for dendritic ZnO
nanowires is lower than the 1.5% value for ZnO nanowire
arrays achieved by Law et al. This is possibly due to the lower
nanowire density and the insufficient nanowire length (or aspect
ratio) of dendritic ZnO nanowires. Another possible cause is the
difference in the crystallinity of nanowires produced by different
fabrication methods, that is, MOCVD for dendritic ZnO
nanowires and seed-assisted solution-based epitaxy growth for
ZnO nanowire arrays.
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Figure 8. Schematic of a typical TiO2�ZnO core–shell structure used in
DSCs. The ZnO shell provides an energy barrier at the interface between
the TiO2 and the dye or electrolyte to reduce the recombination of electrons
with oxidized dye molecules or those accepting species in the electrolyte.
Reproduced with permission from [130]. Copyright 2004, American
Chemical Society.
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4. Core–Shell Structures with ZnO Shell for
Reduced Recombination Rate

Core–shell structures are a configuration designed for electrode
films in DSCs to reduce the recombination rate at the electrode/
electrolyte interface. A core–shell nanostructured electrode
usually consists of a nanoporous TiO2 matrix that is covered
with a shell of another metal oxide or salt (Fig. 8).[130] The
conduction-band potential of the shell should be more negative
than that of the core semiconductor (TiO2). This establishes an
energy barrier which hinders the reaction of electrons in the core
with the oxidized dye or redox mediator in the electrolyte.[131]

Several shell materials such as ZnO, Al2O3, SiO2, Nb2O5, WO3,
MgO, SrTiO3, and CaCO3 have been reported to form an energy
barrier (or a surface dipole layer) on TiO2, enhancing the solar-cell
performance by providing a 35% increase in the overall
conversion efficiency.[132–143] Among all those materials studied,
ZnO has been attracting the most attention in view of its low
electron affinity, high isoelectric point, and more negative
conduction-band edge when compared to TiO2.
4.1. Fabrication of Core–Shell Structures and Influence of Shell

Thickness

There have been several reports on the fabrication of ZnO shells
for the TiO2 surface. In general, the fabrication approach of
core–shell structures can be classified into two cases. One
involves the initial synthesis of core–shell structured TiO2�ZnO
nanoparticles and then application onto a conducting substrate so
as to obtain a film.[135,144] The consequence of this fabrication
method is the formation of an energy barrier not only at the
electrode–electrolyte interface but also between the individual
TiO2 particles. Thus, at least conceptually, resistance to the
transport of photoinjected electrons through the TiO2 network
should increase. In a second approach, a nanoporous TiO2

electrode film is fabricated. This film then serves as a matrix for
coating of a thin ZnO shell layer.[145,146] As a result, the core
particles are connected directly to each other, allowing for electron
transport through the TiO2 network.
� 2009 WILEY-VCH Verlag Gmb
Wang et al. reported a hydrothermal method for the formation
of TiO2�ZnO nanoparticles with a core–shell structure.[135] The
researchers mixed 0.5mol % ZnCl2 with 2M TiCl4 aqueous
solution and adjusted the pH value to 5 with KOH. After
hydrothermal growth at 170 8C and annealing of the precipitates
at 450 8C, 0.46mol % ZnO was found in the TiO2�Zn product.
Transmission electron microscopy (TEM) images revealed the
TiO2 nanoparticles to be about 10 nm in diameter and that the
covering layer of ZnO had no influence on the growth of TiO2

nanoparticles. X-ray diffraction (XRD) analysis indicated that the
ZnO-covered TiO2 was still in the pure anatase phase and no
separated ZnO phase (or other phase) was detected. Therefore,
the possibility of Zn2þ substituting the lattice position of Ti4þwas
excluded and it was inferred that the Ti4þ ions were first
precipitated, followed by the precipitation of Zn2þ on the TiO2

surface. The Zn2þ forms ZnO after annealing. Based on a similar
mechanism, Kim et al. also reported a simple route to obtain a
ZnO shell on TiO2 nanoparticles by directly soaking the TiO2

powder (Degussa, P25) in a 10mM solution of ZnCl2 in absolute
ethanol. This suspension solution was then sprayed into liquid
N2. A powder sample was finally obtained after a freeze-drying
process, followed by sintering at 500 8C.[144] The thickness of the
ZnO layer synthesized by this method was measured to be
�0.50 nm, which was thin enough for electron tunneling in the
process of particle-to-particle transport.

By first preparing the TiO2 nanocrystalline film and then
depositing theZnO shell using a layer-by-layer technique, Han et al.
made a series of systematic studies on the construction of ZnO
shells with varying thicknesses.[145,147] The influence of this
parameter was evaluated with regards to DSC performance. It was
found that, for TiO2 photoelectrodes coatedwith a 30-nm-thickZnO
layer, the overall conversion efficiency reached 4.51%, while it was
3.31% for bare TiO2 without modification. The thickness of the
ZnO shell could significantly affect the short-circuit density, which
decreased when the shell thickness turned out to be larger than
30nm, partially because of the small effective mass of electrons
(�0.3 me) in ZnO.[148,149] A radio frequency (RF)- magnetron
sputtering method was also reported for the deposition of a ZnO
coating layer on the TiO2 nanocrystalline films.[150] It was
demonstrated that the conversion efficiency of TiO2 DSCs was
improved from 4.76% to 6.55% due to the ZnO modification.
4.2. The Role of the ZnO Shell

As for core–shell structures in DSC applications, the role of the
ZnO shell has most often been demonstrated to provide an
energy barrier at the interface between the TiO2 and the dye or
electrolyte, so as to reduce the recombination of electrons with
oxidized dye molecules or those accepting species in the
electrolyte. Fig. 9 presents an energy-level diagram that
schematically indicates the function of the ZnO shell in a
TiO2�ZnO core–shell structure.[147] That is, the bottom of
conduction band (�4.0 eV) and the top of valence band (�6.8 eV)
of ZnO are lower than the lowest unoccupied molecular orbital
(LUMO, �3.8 eV) and the highest occupied molecular orbital
(HOMO, �5.4 eV) energy levels of the dye, and are also higher
than those of �4.2 eV and �7.4 eV for TiO2, respectively. Those
photogenerated electrons in the dye molecules with high kinetic
H & Co. KGaA, Weinheim Adv. Mater. 2009, 21, 4087–4108
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Figure 9. Schematic diagramof the energy levels of a core–shell-structured
(TiO2�ZnO) photoelectrode in DSCs. Reproduced with permission from
[147]. Copyright 2006, American Institute of Physics.
energy can readily tunnel through the ZnO shell and inject into
the TiO2. However, the transport of electrons in the reverse
direction may be blocked due to the presence of an energy barrier
provided by the ZnO shell, thereby reducing the recombination
rate of photogenerated electrons.

Although the energy-barrier model can sufficiently explain the
enhanced DSC performance by ZnO-coated TiO2, Zaban
et al.[131,137] and Bandara et al.[151] believe that this enhancement
results from the conduction-band-shift mechanism, rather than
the formation of an energy barrier at the surface. The shift of the
TiO2 conduction band is attributed to the existence of a dipole
layer at the electrode–electrolyte interface due to the differences
between the shell and core materials with respect to the higher
isoelectric point and lower electron affinity of ZnO compared to
TiO2. Thus, the TiO2 conduction band is moved towards a
relatively negative direction, resulting in a higher open-circuit
voltage for the DSCs. Some arguments insist that the enhance-
ment of the ZnO shell with regards to the DSC performance is a
result of the prolonged lifetime of photogenerated electrons in
ZnO over that in TiO2. Hagfeldt et al. studied charge-transport
properties in a nanostructured ZnO thin-film electro-
de–electrolyte system with time-resolved laser-flash-induced
photocurrents and compared with results on TiO2. They observed
that the electrons existed longer in ZnO than in TiO2, and thus
the electron losses to acceptors in the electrolyte were less for
ZnO than for TiO2.

[152,153] In addition, the ZnO shell has been
proposed to increase the free-electron concentration in the
conduction band with respect to pure TiO2 based on an
experimental observation that the electrode of TiO2 with a
ZnO coating presents an optical absorbance larger than that for
TiO2 alone.[135] It is thought that the optical absorbance is
proportional to the concentration of free electrons in the
conduction band of the semiconductor while the electrode is
characterized by using a variable-potential spectroscopy techni-
que developed by Rothenberger et al.[154]

However, opinions can also be found in literature that deny the
improvement in efficiency of TiO2-based DSCs by forming
outer-shell structures of insulator or semiconductor materi-
als.[130,155] These viewpoints originate from experimental phe-
nomena showing that ZnO modification of nanocrystalline TiO2

may indeed increase the open-circuit voltage, but may also
Adv. Mater. 2009, 21, 4087–4108 � 2009 WILEY-VCH Verlag G
simultaneously cause a decrease in the short-circuit current
density, ultimately resulting in a reduced conversion efficiency.
This has been explained by either poor dye adsorption to zinc sites
on the TiO2 surface or a low electron-injection efficiency due to
the buildup of a thin insulating ZnO surface layer. As such, the
role of the ZnO shell on the TiO2 surface is still under discussion.
The difference in the observed effects of the ZnO shell is perhaps
due to the dye adsorption and the electron injection process that
are both sensitive to the surface or interface of semiconductors.
Also, the status of the ZnO shell is quite dependent on the
fabrication method as well as other experimental variables.
5. Light Scattering Enhancement Effect

In DSCs, the dynamic competition between the generation and
recombination of photoexcited carriers has been found to be a
bottleneck restricting the development of higher conversion
efficiencies. That is, the film thickness was expected to be larger
than the light-absorption length so as to capture more photons.
Furthermore, the film thickness was constrained to be smaller
than the electron-diffusion length so as to avoid or reduce
recombination.[31,32] The approaches outlined above serve mostly
to overcome the recombination by either using one-dimensional
nanostructures that provide a direct pathway for electron
transport or using core–shell structures with an oxide coating
on TiO2 to minimize the recombination rate. Besides those
approaches, a series of methods that address the generation of
photoexcited carriers by combining nanostructured films with
optical effects (light scattering or optical confinement)[156] have
also been demonstrated to be effective in enhancing the
light-harvesting capability of the photoelectrode film so as to
improve DSC performance.

Usami,[157] Ferber and Luther,[158] and Rothenberger et al.[159]

theoretically demonstrated that the optical absorption of
dye-sensitized nanocrystalline TiO2 films could be promoted
by additionally admixing large-sized TiO2 particles as the
light-scattering centers. The light-scattering efficiency has been
shown to correlate with both the size of the scattering centers and
the wavelength of the incident light.[160] The scattering reaches a
maximum when the size of the scattering centers is about kl,
where k is a constant and l is the wavelength. Experimentally, it
has been verified that the performance of DSCs can be
significantly improved when the TiO2 nanocrystalline films are
combined with large-sized SiO2, Al2 O3, or TiO2 particles.

[161–165]

By coupling a photonic-crystal layer to conventional TiO2

nanocrystalline films for light scattering, Nishimura et al.[166]

and Halaoui et al.[167] also succeeded in enhancing the
light-harvesting capability of the photoelectrode. However, the
introduction of large-sized particles into nanocrystalline films has
the unavoidable effect of lowering the internal surface area of the
photoelectrode film. This serves to counteract the enhancement
effect of light scattering on the optical absorption, whereas the
incorporation of a photonic-crystal layer may lead to an
undesirable increase in the electron transport length and,
consequently, increase the recombination rate of photogenerated
carriers. A recently reported hierarchically structured film with
ZnO aggregates, which provides the photoelectrode with both a
large surface area and efficient light-scattering centers, can, to
mbH & Co. KGaA, Weinheim 4097
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some extent, resolve such an inconsistency. When this type of
nanostructured film was used for DSCs, a very impressive
enhancement in the overall conversion efficiency was
observed.[168–170]
5.1. ZnO Aggregates

Hierarchically structured ZnO films consist of submicrometer-
sized ZnO aggregates. The synthesis of ZnO aggregates can be
achieved by hydrolysis of zinc salt in a polyol medium at
160 8C.[168] By adjusting the heating rate during synthesis and
using a stock solution containing ZnO nanoparticles of 5 nm in
diameter, ZnO aggregates with either a monodisperse or
polydisperse size distribution can be prepared.[169,170] Fig. 10
shows the morphology of a hierarchically structured ZnO film
and the structure of the aggregates. It can be seen that the film is
Figure 10. ZnO-aggregate dye-sensitized solar cells. a) Cross-sectional SEM i
film. b) Magnified SEM image of an individual ZnO aggregate. c) Schemati
microstructure of aggregated ZnO comprised of closely packed nanocrystallites
of N3-dye-adsorbed ZnO-film samples with differences in the degree of aggrega
Optical absorption spectra for (d). f) Schematic of light scattering and photon
consisting of submicrometer-sized aggregates. g) Dependence of the overall co
size and size distribution of aggregates in dye-sensitized ZnO solar cells. Rep
from [169,170]. Copyright 2008, Wiley-VCH.
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well packed by ZnO aggregates with a highly disordered stacking,
while the spherical aggregates are formed by numerous
interconnected nanocrystallites that have sizes ranging from
several tens to several hundreds of nanometers (Fig. 10b and c).
The structural features of the aggregates are their possession of a
porosity and geometrical size comparable with the wavelengths of
visible light. Four kinds of ZnO films, differing in the degree of
aggregation, were prepared for a comparison of their DSC
performance. Sample 1 is comprised of well-packed polydisperse
ZnO aggregates, sample 2 consists of aggregates with slight
distortion of the spherical shape, sample 3 includes parts of
aggregates and nanocrystallites, and sample 4 is constructed with
no aggregates but dispersed nanocrystallites alone. It has been
demonstrated that all these samples present approximately the
same crystallite size of about 15 nm and similar specific surface
area of �80 m2 g�1. However, their photovoltaic behaviors exhibit
a significant difference in the short-circuit current density,
mage of a ZnO-aggregate
c diagram illustrating the
. d) Photovoltaic behavior
tion of nanocrystallites. e)
localization within a film
nversion efficiency on the
roduced with permission
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resulting in a difference of overall
conversion efficiency. Typically, a max-
imum short-circuit current density of
19mA cm�2 and conversion efficiency
of 5.4% are observed for sample 1, while
minimum values of 10mA cm�2 and
2.4% respectively are observed for
sample 4. Intermediate current densities
and efficiencies are found for samples 2
and 3 (Fig. 10d). An obvious trend is that
the overall conversion efficiency
decreases as the degree of the spherical
aggregation is gradually destroyed. In
other words, the aggregation of ZnO
nanocrystallites is favorable for achiev-
ing a DSC with high performance.

Figure 10e shows the optica-
l-absorption spectra of the four kinds
of ZnO films previously discussed after
being sensitized with N3 dye. All the
ZnO samples exhibit an intrinsic
absorption with similar absorption
intensity below 390 nm, caused by the
ZnO semiconductor with electron
transfer from the valence band to the
conduction band. However, absorption
at wavelengths above 400 nm varies
significantly, revealing the highest
intensity for sample 1, a lower intensity
for samples 2 and 3, and minimum
intensity for sample 4. In the spectra
shown in Figure 10e, only sample
4 presents an absorption peak centered
around 520 nm. This corresponds to the
visible t2!p* metal-to-ligand charge
transfer (MLCT) in N3 dye,[69] but
compared with that of pure N3, the
absorption peak is slightly shifted to
shorter wavelengths (a blue-shift) due to
the electronic coupling between N3 and
ZnO. All the other samples show a
monotonic increase in the absorption
Adv. Mater. 2009, 21, 4087–4108
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intensity as the wavelength varies from visible to ultraviolet. This
portion of the absorption is contributed by the dye molecules that
are adsorbed on the ZnO surface, and the difference in the
absorption intensity implies that the absorption is structure
related. It has been suggested that the difference in the absorption
of samples 1–3 arises from the submicrometer-sized aggregates
that cause the light scattering. This weakens the transmittance of
the films and causes pseudo absorption in the spectra. The
performance of the solar cell is improved due to the presence of
light scattering in hierarchically structured ZnO films, by which
the traveling distance of light within the photoelectrode film can
be significantly extended (Fig. 10f). As such, the opportunities for
incident photons to be captured by the dye molecules are
increased. The difference in the optical absorption of the four
kinds of film implies that an improvement in the degree of
aggregation of nanocrystallites would induce more effective light
scattering in the visible region. A photon-localization effect may
also occur on these films due to their highly disordered structure
that confines the light scattering in closed loops.

Further studies reinforce the light-scattering mechanism. It
has been demonstrated that the performance of DSCs with
hierarchically structured ZnO films can be significantly affected
by either the average size or the size distribution of aggre-
gates.[170] The films with polydisperse aggregates, which result in
a more disordered structure and achieve better packing, establish
higher conversion efficiencies than those with monodisperse
aggregates. The enhancement effect becomesmore intense when
the maximum size of the aggregates in polydisperse films, or the
average size of the aggregates in monodisperse films, increases to
be as large as, or comparable to, the wavelength of visible light
(Fig. 10g). These results confirm the rationality of enhanced
solar-cell performance arising from light scattering, generated by
hierarchically structured ZnO films and promoting the light-
capturing ability of the photoelectrode.

Compared with those using large-sized TiO2 particles or
photonic-crystal layers reported elsewhere,[162,166,167] the method
using controlled ZnO aggregation of nanocrystallites in DSCs
presents obvious advantages in the generation of light scattering,
without causing detrimental loss in the internal surface area of
the photoelectrode film. That is, the size of these aggregates is on
a submicrometer scale comparable to the wavelength of visible
light, so that efficient scattering of the incident light would
be established within the photoelectrode film and thus extend the
traveling distance of photons, leading to increased opportunity for
the photons to be absorbed by dyemolecules. Meanwhile, the film
with aggregates consisting of interconnected nanosized crystal-
lites provides a highly porous structure, ensuring a large specific
surface area for dye adsorption, unlike the large-sized TiO2

particles with solid cores that consume the internal surface area
or the photonic-crystal layer that is added to generate light
scattering but with increased film thickness as well as electron
diffusion length.

5.2. One-Dimensional ZnO Nanostructures for Light

Scattering

Recently, the enhancement effect of light scattering on DSC
performance was also observed in films consisting of one-
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dimensional ZnO nanostructures.[171] The films were typically
fabricated using a spray deposition technique, where
10-nm-diameter ZnO nanoparticles dispersed in 1-butanol were
prepared as a precursor. Based on such a precursor, various
nanostructures (nanorods, nanoflakes, or nanobelts) had been
produced by an electric-field-induced self-assembly process,
which could cause dipole–dipole interactions of nanoparticles.
Films fabricated through this technique displayed large surface
areas. Moreover, it was speculated that these highly disordered
structures contributed to the light-harvesting efficiency of the
photoelectrodes by causing random multiple light scattering, as
well as possible photon localization because of the formation of
optical traps. Typically, an overall conversion efficiency of 4.7%
was achieved on films with randomly oriented nanorods.
6. Limitation on ZnO-Based DSCs

It has been demonstrated that ZnO has approximately the same
band gap and band position as TiO2. Furthermore, ZnO
possesses a high electron mobility, low combination rate, and
good crystallization into an abundance of nanostructures. Many
efforts have been made on ZnO-based DSCs with either
nanocrystalline films or films consisting of various nanostruc-
tures that are highly efficient in electron transport and/or photon
capture. However, so far, the results obtained for dye-sensitized
ZnO solar cells have still shown relatively low overall conversion
efficiencies when compared with TiO2-based systems. The
limited performance in ZnO-based DSCs may be explained by
the instability of ZnO in acidic dye (i.e., protons from the dyes
cause the dissolution of Zn atoms at ZnO surface, resulting in the
formation of excessive Zn2þ/dye agglomerates) and the slow
electron-injection kinetics from dye to ZnO.
6.1. Instability of ZnO in Acidic Dyes
6.1.1. Formation of Zn2þ/Dye Complex

Commercially available dyes such as N3, N719, or ‘‘black’’ dye
derived from ruthenium–polypyridine complexes have been
widely used as a sensitizer for TiO2-based DSCs. The molecules
of these dyes have carboxyl groups that connect with TiO2.
However, direct use of these dyes with ZnO is difficult because
the surface structure of the ZnO crystals may be destroyed when
they are soaked in an acidic dye solution containing a Ru complex
for an extended period of time. By preparing N3-adsorbed
ZnO-nanoparticle films and comparing the transient absorption
and fluorescence spectra of those films immersed in dye solution
for different durations of time, Horiuchi et al. studied the
formation of the Zn2þ/dye-complex layer on ZnO nanoparticle
surface.[172] They found that such a complex layer could always be
observed if the immersion time was longer than 3 h. Below an
immersion time of 10min, no complex was formed. Westermark
et al.[173] and Chou et al.[174] verified that a short sensitization time
may be favorable to avoid the formation of Zn2þ/dye complex.
However, the formation of the Zn2þ/dye complex seems to be
very sensitive to the experimental conditions, resulting in a
mbH & Co. KGaA, Weinheim 4099
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considerable difference in the optimization of the sensitization
time. The Zn2þ/dye complex can agglomerate to form a thick
covering layer instead of a monolayer, and is therefore inactive for
electron injection. This means that the sensitization time of ZnO
in acidic dyes is limited by its stability, resulting in insufficient
dye adsorption and electron injection and thus poor performance
of DSCs.

The spatial images of both the distribution of dye adsorbed on
semiconductor surface and the electron-injection process from an
excited dye into nanocrystallites can be reflected by transient
absorption microscopy, a newly developed technique for studying
heterogeneous photochemical systems.[175] A typical example of
using transient absorption microscopy for the study of
N3-adsorbed ZnO films is based on the experimental observa-
tions that (1) ZnO films immersed in dye for an extremely short
time (3min) can obtain an adsorbed monolayer of dye molecules
on the surface, whereas a long-time immersion (12 h) leads to
serious agglomeration of the Zn2þ/dye complex, (2) the images of
ground-state absorption are not homogeneous across the films,
revealing that the ground-state absorption is not due solely to N3
dye directly adsorbed on the ZnO surface, but also due to the dye
in the agglomerates, (3) fluorescence emission can only be
obtained for concentrated N3/ZnO film, instead of diluted N3/
ZnO film, indicating that the fluorescence emission originates
from the excited Zn2þ/dye agglomerates, which is consistent with
the observed heterogeneous image, and (4) the image of transient
absorption, in which the intensity is proportional to the efficiency
of electron injection, is shown to be homogeneous in the film
region. That is, in spite of the heterogeneity of the distribution of
Zn2þ/dye agglomerates, the electron injection is distributed
homogeneously on the ZnO film. In other words, those Zn2þ/dye
agglomerates are inactive for electron injection. Accordingly, a
model is proposed to exhibit the structure of dye adsorption on
ZnO and the distribution of Zn2þ/dye agglomerates (Fig. 11).
With this model, a monolayer of dye molecules is formed
homogeneously on the ZnO-nanoparticle surface. These dyes are
active and contribute to electron injection. On the exterior of the
monolayer, agglomeration of Zn2þ/dye complex is evenly yielded
to form micrometer-sized crystals. These agglomerates are
inactive since those photogenerated electrons in the agglomerates
are separated from the ZnO semiconductor by the layer of active
dyes.

The formation of Zn2þ/dye complex has been attributed to the
dissolution of surface Zn atoms by the protons released from the
dye molecules in an ethanolic solution. The instability of ZnO
Figure 11. Proposed structure of a N3-dye-sensitized ZnO film with
Zn2þ/dye agglomerates. Reproduced with permission from [183].
Copyright 2006, American Chemical Society.
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results from its surface properties in acidic dyes. In general, in a
solution, the surface of the oxide is predominantly positively
charged at a pH below the point of zero charge and negatively
charged above this value, while the point of zero charge of metal
oxides is defined as the pH at which the concentrations of
protonated and deprotonated surface groups are equal. For the
ZnO sensitization process with Ru-complex dye, the pH (pH¼ 5)
is much lower than the point of zero charge of ZnO (�9). That
means that the ZnO surface is positively charged. Thus, the
protons adsorbed on the ZnO surface will dissolve the ZnO.[73]

Bahnemann has shown that dissolution of ZnO colloids occurs
below pH 7.4.[176] Theoretical investigations by Persson et al. also
indicate that adsorption of formic acid (HCOOH) on the ZnO
(1010) surface may increase the bond length between Zn and O
atoms, and thus weaken the Zn�O bond, resulting in the
dissolution of surface Zn atoms.[177] Another recent study reports
that temperature may have an effect on the adsorption and
aggregation of dye on the surface of ZnO.[178] A higher
temperature can effectively reduce the occurrence of dye
aggregation and increase the amount of dye adsorbed on the
ZnO.

6.1.2. Coating on ZnO for Improved Stability

In order to avoid the formation of Zn2þ/dye complexes, many
core–shell structures have been developed to improve the stability
of ZnO in acidic dye solution by coating a buffer layer on the ZnO
surface. SiO2 has been demonstrated to be a very effective shell
material on ZnO, preventing the generation of Zn2þ/dye
agglomerates due to the strong interaction between Si4þ and
O2� ions. Typically, when 5-nm-diameter ZnO nanoparticles were
coated with a SiO2 layer (molar ratio of Si to Zn around 0.2), for a
13-mm-thick film, an overall conversion efficiency of 5.2% was
achieved.[179] The role of the SiO2 shell was demonstrated to
(1) suppress the formation of Zn2þ/dye agglomerates and
establish adequate dye adsorption on the electrode surface, and
(2) reduce the recombination sites at ZnO surface.

TiO2 is also a representative material that may be used for the
surface modification of ZnO to prevent the surface Zn atoms
from being dissolved and forming Zn2þ/dye agglomerates. A
simple route for coating a TiO2 layer on ZnO can be implemented
by directly soaking or dip coating ZnO film in a solution of 10mM

titanium alkoxide (Ti(OBu)4) dissolved in 2-propanol, followed by
heat treatment at 400 8C.[180] It can also be achieved by
electrochemical deposition in a solution containing 0.15 M LiNO3,
0.005M Zn(NO3)2 hydrate, and 0.05 M ZnCl2 in propylene
carbonate.[181] However, these methods are not without their
drawbacks on account of the fact that the film thickness is hard to
control. ALD is a newly developed technique for thin-film
fabrication and has been also reported for coating TiO2 layers on
the surface of nanostructured ZnO.[182] With the ALD technique,
the growth rate as well as the shell thickness can be precisely
controlled on the order of 1 nm. Figure 12 shows typical TEM
images of ZnO�TiO2 core–shell nanowires and nanotu-
be-structured TiO2 shells prepared by the ALD method.[183]

The crystal phase of the deposited TiO2 shell has been
demonstrated to be dependent on its thickness, being completely
amorphous for less than 5 nm and polycrystalline anatase for
thicker films. Besides the protection effect of the TiO2 shell
H & Co. KGaA, Weinheim Adv. Mater. 2009, 21, 4087–4108
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Figure 12. Characterization of a ZnO�TiO2 core–shell-structured nano-
wire and nanotube-structured TiO2 shell prepared by ALD. Reproduced
with permission from [183] Copyright 2006, American Chemical Society.
a) TEM image of a core–shell structure with ZnO-nanowire core and TiO2

shell. b) Selected-area electron diffraction pattern of the core–shell struc-
tured nanowire. c) Energy-dispersive spectroscopy (EDS) elemental profile
along the dashed line in (a). d) TEM image of a nanotube-structured TiO2

shell, where the ZnO-nanowire core was removed using 1 M aqueous HCl.
(which may improve the stability of ZnO nanowires in acidic dye
and, therefore, avoid the formation of Zn2þ/dye agglomerates),
the TiO2 shell is also believed to play a role in suppressing the
recombination rate by passivating the recombination sites on
the ZnO surface and by forming an energy barrier that prevents
the injected electrons from approaching the nanowire surface. As
a result, solar cells with TiO2-coated ZnO nanowire arrays have
demonstrated significant enhancements in both the open-circuit
voltage and fill factor, leading to as much as doubly improved
overall conversion efficiencies. Typically, it was reported that the
overall conversion efficiency was increased from 0.85% for bare
ZnO nanowire array to 1.7–2.1% with a crystalline TiO2 coating
layer (10–35 nm thick) on ZnO.[183] In a related set of
experiments, amorphous Al2O3 was also studied as a coating
material on ZnO nanowires. However, in contrast to the case
using TiO2

[183] or the result reported for ZnO nanoparticles
coated with SiO2,

[179] the Al2O3 shell was proven to act as an
insulating barrier, leading to a slight increase in the open-circuit
voltage (VOC) of the cell but a larger decrease in short-circuit
current density (JSC) with increasing shell thickness and,
ultimately, a decrease in the power-conversion efficiency of the
solar cells. The increase in VOC was attributed to the Al2O3 shell
having the capacity to passivate the recombination sites on the
surface of ZnO nanowires, whereas the decrease in JSC was
because the Al2O3 shell could simultaneously lower or block
electron injection at the semiconductor–electrolyte interface.

Although the use of oxides, such as SiO2, TiO2, and Al2O3, as
shells on ZnO is based on a basic consideration of improving the
surface stability of ZnO in acidic dye, the resultant effect on the
photovoltaic efficiency by these materials is obviously different. It
seems that better insight into how to select the shell material for
ZnO and achieve an optimal enhancement of the photovoltaic
efficiency is still in need of further investigation. However, in
general, it is believed that the surface-modification effect is related
to (1) the chemical bonding between O2� ions and the cations (i.e.,
Si4þ, Ti4þ, or Al3þ), which may lead to a difference in interface
states and thus affect the electron-injection process, and (2) the
methods used for the formation of oxide shells. As mentioned
Adv. Mater. 2009, 21, 4087–4108 � 2009 WILEY-VCH Verlag G
above, these methods, which can be greatly different, typically
include soaking ZnO nanoparticles in tetramethylorthosilicate
(TMOS) for the coating of SiO2 or using the ALD technique for the
deposition of a TiO2 or Al2O3 layer on ZnO nanowires. These
processes are likely to result in different qualities of the coating
layer in terms of, for example, the crystallinity, the surface
roughness, and the coverage density. Furthermore, the enhance-
ment effect is also thought to be related to the morphology of the
nanostructures. For example, in the case of ZnOmentioned above,
the nanoparticles and nanowire arrays possess different specific
surface areas and porosities and, therefore, the dye-diffusion and
adsorption dynamics would be different. This would lead to a
difference in the degree of photovoltaic-efficiency enhancement
after being coated with a SiO2 or TiO2 shell.

6.2. Low Electron-Injection Efficiency

Electron-injection efficiency describes the probability of photo-
generated electrons transferring from the dye molecules to
semiconductor. In term of DSC performance, the electron
injection efficiency, winj, and the incident photon-to-current
conversion efficiency (IPCE) are related by IPCE(l)¼ L-
LHE(l)�winj� hC, where LHE(l) is the light-harvesting effi-

ciency, l is the wavelength of incident light, and hC is the

collecting efficiency for injected electrons at the back contact.[69]

The electron-injection efficiency is, above all, determined by the

electronic coupling between the dye and semiconductor, and it is

also judged by the relative energy levels of the dye and

semiconductor, the residential lifetime of photogenerated

electrons in the dye molecules, and the density of electro-

n-accepting states in the semiconductor. In particular, for ZnO

sensitized with Ru-complex acidic dyes, it has been demon-

strated that the injection process may also be influenced by the

formation of Zn2þ/dye-complex agglomerates, resulting in a low

electron-injection efficiency.

For either ZnO or TiO2, the injection of electrons from
Ru-based dyes to a semiconductor shows similar kinetics that
include a fast component of less than 100 fs and slower
components on a picosecond time scale.[184–189] Such biphasic
kinetics are caused by competition processes between the
ultrafast electron injection and molecular relaxation.[190] How-
ever, for ZnO with Ru-based dyes, the electron injection is
dominated by slow components, whereas for TiO2 it is dominated
by fast components, leading to a difference of more than
100 times in the injection rate constant. Based on a two-state
injection model[186] and using ultrafast infrared transient
absorption spectroscopy, a quantitative study has been given to
describe the electron-injection dynamics from Ru–polypyridyl
complexes to nanocrystalline ZnO or TiO2 film, revealing that the
injection time scales from unthermalized and relaxed excited
states to ZnO are estimated to be 1.5 and 150 ps, respectively, both
of which are one order of magnitude slower than those of
TiO2.

[184] The different injection dynamics most likely originate
from the conduction-band structures of the semiconductors. That
is, the ZnO conduction bands are largely derived from the
empty s and p orbitals of Zn2þ, while the TiO2 conduction band is
comprised primarily of empty 3d orbitals from Ti4þ.[190] The
difference in band structure results in a different density of states
and, possibly, different electronic coupling strengths with the
mbH & Co. KGaA, Weinheim 4101
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adsorbate. Enright et al. estimated that the density of conduction-
band states near the band edge is as much as two orders of
magnitude higher in TiO2 by reason of the larger effective mass of
the conduction-band electron in TiO2 (5–10me) than that in ZnO
(�0.3me).

[149]

The slower electron-injection dynamics for ZnOwith Ru-based
dyes is also proposed to be a result of the electron injection
proceeding stepwise via intermediate states, as described by[191]

N3þ ZnO �!hv N3� þ ZnO �!<100fs
intermediate

�!�150ps
N3þ þ e�CB

where N3* and N3þ represent the excited and oxidized states,

respectively, and eCB
– indicates a conducting electron in ZnO.

The origin of the intermediate states has been ascribed to the

interaction between the photoexcited dye and localized surface

states on the ZnO surface. The electron transfer is considered to

occur slowly due to the existence of intermediate states and

therefore results in a low injection efficiency.

6.3. New Types of Photosensitizers for ZnO

In view of the instability of ZnO in acidic dyes, the development
of new types of photosensitizers for use in ZnO DSCs is a subject
that has already been widely investigated. These photosensitizers
are expected to be chemically bonded to the ZnO semiconductor,
be charge transferable with a high injection efficiency, and be
effective for light absorption in a broad wavelength range. New
types of dyes have already been developed with the aim of
fulfilling these criteria. Examples include heptamethine-cyanine
dyes adsorbed on ZnO for absorption in the red/near-infrared
(IR) region,[192,193] and unsymmetrical squaraine dyes with
deoxycholic acid, which increase photovoltage and photocurrent
by suppressing electron back transport.[194] Mercurochrome
(C20H8Br2HgNa2O) is one of the newly developed photosensi-
tizers that, to date, is most suitable for ZnO, offering an IPCE as
high as 69% at 510 nm and an overall conversion efficiency of
2.5%.[195,196] It was also reported that mercurochrome photo-
sensitizer could provide ZnO DSCs with a fill factor significantly
larger than that obtained with N3 dye, where the latter device was
believed to possess a higher degree of interfacial electron
recombination due to the higher surface-trap density in the
N3-dye-adsorbed ZnO.[197] Eosin Y is also a very efficient dye for
ZnO-based DSCs, with 1.11% conversion efficiency for nano-
crystalline films.[66] When eosin Y is combined with a nanoporous
film, overall conversion efficiencies of 2.0–2.4% have been
obtained.[198,199] Recently, Senevirathne et al. reported that the
use of acriflavine (1,6diamino-10-methylacridinium chloride) as a
photosensitizer for ZnO could generate photocurrents that are an
order of magnitude higher than in the case of TiO2.

[200]

As an alternative to organic dyes, semiconductor quantum dots
have also been studied as photosensitizers for application in
DSCs, which are accordingly sometimes called semiconductor-
sensitized solar cells (SSSCs). Quantum dots take the form of
nanocrystals of compound semiconductors and, therefore, offer
the advantage of stability over the metallorganic or even pure
organic dyes. Moreover, quantum dots present the ability to
match the solar spectrum better because their absorption-
� 2009 WILEY-VCH Verlag Gmb
wavelength range can be tailored by size quantization. More
recently, it was reported that the quantum dots were able to
generate multiple electron-hole pairs per photon, which would be
greatly beneficial in terms of photovoltaic devices possibly
attaining extremely high conversion efficiencies.[201,202] Up to
now, the highest overall conversion efficiency of TiO2 sensitized
with quantum dots is about 2.8%.[203,204] A few attempts have also
been made on ZnO. One example is to combine ZnO nanowires
with CdSe quantum dots for a photoelectrochemical cell, which
has demonstrated an internal quantum efficiency of 50–60%,
comparable to the results obtained for similar ZnO nanowires
sensitized with Ru-complex dye.[205]

7. Conclusions

Nanostructures of ZnO have been demonstrated to be advanta-
geous for use as the photoelectrode film in DSCs. To review, these
nanostructures can offer larger specific surface areas for dye
adsorption than bulk film material, direct pathways for electron
transport, and light-scattering effects that extend the traveling
distance of light within the photoelectrode film. Core–shell
structures, typically with a ZnO shell on a TiO2 core, are
demonstrated for reduced recombination rates. Table 2 sum-
marizes themajority of recent results obtained for DSCs based on
ZnO nanostructures. Among these nanostructures, ZnO aggre-
gates feature a structure with aggregation of nanosized crystallites
and thus combine a relatively large surface area with efficient
light-scattering centers. As a result, ZnO aggregates possess the
highest conversion efficiency of 5.4%, which is more than double
the 2.4% obtained for dispersed ZnO nanocrystallites. This is a
desirable scenario found in ZnO, indicating that the performance
of DSCs based on nanoparticulate films can be further improved
via the route of aggregates. As such, it would be anticipated that
this approach can also work for nanocrystalline TiO2 films, which
have already achieved the maximum conversion efficiency of
around 11%.

Actually, there are already quite a few investigations on the use
of the light-scattering effect for TiO2-based DSCs. The afore-
mentioned methods introduce light scattering by admixing the
nanocrystalline film with large-sized TiO2 particles or by
incorporating a photonic-crystal layer. Amore frequently reported
method is to place a layer of 400-nm TiO2 particles above the
nanocrystalline film, motivating light scattering and reducing the
reflection loss of incident light. Typically, the photoelectrode
includes a 12–14-mm-thick nanocrystalline film and a scattering
layer around 2–5-mm thick. The scattering layer should be
effective in increasing the harvesting of light. However, the
disadvantage of such a configuration is that, even though a
light-scattering layer is used, the thickness of the nanocrystalline
film is still expected to be larger than the light-absorption length
(a�1, a is the absorption coefficient). This is so that most of the
incident photons can be captured. In this case, recombination is
unavoidable and may be very serious since the film thickness is
larger than the electron diffusion length. Moreover, the presence
of a scattering layer located between the nanocrystalline film and
electrolyte is likely to affect the regeneration of the oxidized dye.
This is due to the possible reduction in the concentration of redox
couples in the electrolyte around the TiO2 nanoparticles. The
situation is very different for the hierarchically structured films
H & Co. KGaA, Weinheim Adv. Mater. 2009, 21, 4087–4108
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Table 2. Summary of DSCs based on ZnO nanostructures.

Structure Photosensitizer Efficiency Ref. Structure Photosensitizer Efficiency Ref.

Nanoparticles N719 0.44%, 2.1%

(0.06 sun), 2.22%

[72,77,115] Nanotips N719 0.55%, 0.77% [126,127]

N719 5% (0.1 sun) [73,74] Nanotubes N719 1.6%, 2.3% [124,125]

N3 0.4%, 0.75%, 2%

(0.56 sun), 3.4%

[67,76,80,93] Nanobelts N719 2.6% [95]

heptamethine

cyanine

0.16%, 0.67 [192,193] Nanosheets N719 2.61%, 3.3% [91,94]

unsymmetrical

squaraine

1.5% [194] N3 1.55% [93]

eosin-Y 1.11% [66] Nanotetrapods N719 1.20%, 3.27% [96,97]

acriflavine 0.588% [200] Nanoflowers N719 1.9% [128]

mercurochrome 2.5% [195,196] Core–shell nanoparticles

(ZnO�TiO2)

N719 1.78% [180]

Nanoporous films N3 5.08% (0.53 sun) [85] Core–shell nanoparticles

(ZnO�SiO2)

N719 5.2% [179]

N719 3.9%, 4.1% [88,90] Core–shell nanoparticles

(TiO2�ZnO)

N3 4.3%,

4.51%, 9.8%

[135,146,147]

N719 0.23%(hybrid ZnO/N719) [62]

D149 4.27% [92] N719 6.55% [150]

eosin-Y 2.0%, 2.4% [198,199] N3 1.21% (0.2 sun,

flexible substrate)

[144]

eosin-Y 3.31% (0.1 sun) [198] Core–shell nanoporous

films (ZnO�TiO2)

N719 1.02% [61]

Nanowires N3 0.73%, 2.1%, 2.4%, 4.7% [113,117,171,197] Core–shell nanowires

(ZnO�TiO2)

N719 2.25% [183]

N719 0.3%, 0.6%, 0.9%,

1.5%, 1.54%

[110,115,116,118,119] Core–shell nanowires

(ZnO�Al2O3)

N719 # [183]

QDs (CdSe) 0.4% [205] Core–shell nanotubes

(TiO2�ZnO)

N719 0.704% [181]

Dendritic nanowires N719 0.5%, 1.1% [103,129] Aggregates N3 3.51%,

4.4%, 5.4%

[168–170,174]

Nanowire/nanoparticle

composite films

N719 0.9% ;(flexible substrate) [122]

Mercurochrome 2.2% [121]
with ZnO or TiO2 aggregates. These films have the capability to
generate light scattering within the photoelectrode film so as to
enhance the light-harvesting efficiency. In this case, it is possible
to use a photoelectrode film with a reduced thickness. The
light-absorption length may remain unchanged, or even increase,
due to the extended light-traveling distance caused by the
light-scattering actions of the aggregates. This would result in a
decreased recombination rate so as to benefit the photocurrent
density as well as the power-conversion efficiency of a solar cell.

However, when a similar light-management strategy to the
ZnO case is employed with TiO2, it is hampered by the availability
of synthesis methods in the production of appropriate nanos-
tructures. Although the mechanism of growth in ZnO aggregates
has been proposed to be a result of the dipole nature of ZnO
nanocrystallites in a supersaturation colloidal solution,[206] it
seems to be unsuitable for TiO2. As an outlook, we would like to
propose several possible methods that are intended for the
synthesis of TiO2 aggregates, including (1) surface modification
of ZnO aggregates using TiO2, (2) hydrothermal growth of
TiO2-nanoparticle aggregates, (3) emulsion-assisted aggregation
of TiO2 nanostructures, (4) electrostatic spray deposition using
colloidal TiO2, and (5) synthesis of porous-structured TiO2

spheres.
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7.1. Surface Modification of ZnO Aggregates – An Indirect

Method for TiO2 Aggregates

The modification of ZnO aggregates with TiO2 is a task that can
be achieved by simply utilizing the already-achieved aggregate
structure of ZnO to serve as light scattering centers and, at the
same time, attain a TiO2 surface for dye adsorption. Many
physical- or chemical-deposition methods can be used for this
purpose. However, the recently developed ALD technique
distinguishes itself by offering atomic-level thickness as well as
large-area uniformity.[207] ALD is actually a self-limiting process
of vapor–solid deposition, in which film formation takes place in a
cyclic manner through a series of saturated surface reactions
between the adsorbed precursor and the species left on the
surface, and, moreover, multilayer adsorption is, by definition,
excluded. In this method, the film thickness can be precisely
controlled by adjusting the number of deposition cycles and
growth rate.[183] As for the deposition of TiO2, many titanium
salts, such as titanium chloride (TiCl4),

[208] titanium isopropoxide
(Ti(OiPr)4),

[209,210] titanium ethoxide (Ti(OEt)4),
[211,212] and tita-

nium methoxide (Ti(OMe)4),
[213] can be adopted as the

titanium-oxide precursor due to the fact that they are liquids
and also present a moderate vapor pressure, which is convenient
mbH & Co. KGaA, Weinheim 4103



R
E
V
IE

W

www.advmat.de

Figure 13. The morphology and structure of flower-like TiO2 nanostruc-
tures. Reproduced with permission from [215]. Copyright 2008, Elsevier.
a) SEM image of spherical aggregates with an average diameter of
�300 nm. b) TEM image revealing that the aggregates that consist of
needle-like nanoparticles.

4104
to handle. It has been reported that both the crystal structure and
phase of TiO2 are predominately determined by the deposition
temperature.[213] For example, when using Ti(OMe)4 as the
titanium precursor, TiO2 films typically deposited at 200 8C are
amorphous, whereas those deposited at 250 8C or above are
polycrystalline with anatase phase.[214]
7.2. Hydrothermal Growth of TiO2 Nanoparticle Aggregates

A recent study reported on the synthesis of flower-like TiO2

nanostructures by hydrothermal treatment of titanium tetrabut-
oxide (Ti(OBu)4) aqueous solution under strongly acidic condi-
tions.[215] These flower-like nanostructures were aggregated by
needle-like TiO2 nanoparticles and possessed a spherical shape
with a size of about 300 nm (Fig. 13). These structures appear to
be promising as efficient light scatterers for DSCs. The formation
of flower-like nanostructures has been ascribed to the hydrolysis
of Ti(OBu)4 with high concentration, which leads to a large
amount of needle-like nanoparticles of Ti(OC4H9)4–n(OH)n.
These nanoparticles are homogenously adsorbed at the active
sites around the surface of TiO2 nuclei generated at the primary
stage of hydrolysis, resulting in radial growth from the center. It
was mentioned that a major proportion of the as-synthesized
nanostructures were rutile-phase TiO2 due to the strongly acidic
conditions in the presence of Cl�.[216]
Figure 14. Schematic of the emulsion-assistedmethod for the synthesis of
spherical TiO2 aggregates with nanoparticles. (TRITC¼ tetramethylrhoda-
mine isothiocyanate). Reproduced with permission from [217]. Copyright
2008, Wiley-VCh.

� 2009 WILEY-VCH Verlag Gmb
7.3. Emulsion-Assisted Synthesis of TiO2 Nanostructure

Aggregation

Emulsion-assisted synthesis is an easy route towards the creation
of colloidal aggregates by means of water-in-oil emulsion
droplets. In this technique, the colloidal nanoparticles are
encapsulated in water droplets that provide confined geometries.
When the water is removed from the droplets by drying, the
colloidal nanoparticles spontaneously assemble to form spherical
aggregates (Fig. 14).[217–221] The size of the aggregates can be
readily controlled by tuning the tip size of the micropipette that
emulsifies the suspension or changing the weight fraction of
nanoparticles in suspension. Kim et al. illustrated the preparation
of TiO2microspheres by using the emulsion-assisted method.[217]

It was demonstrated that the size of the microspheres, dm, could
be estimated by the relation dm / dt’

1=3
w , where dt is the inner

diameter of themicropipette, and ww is the weight fraction of TiO2

nanoparticles in suspension.
Compared with other methods of preparing colloidal aggre-

gates, the emulsion-assisted method possesses the advantage that
it does not have any requirement towards the properties of the
constituent materials provided that they are dispersed in a liquid
medium, on the nanometer scale, in a stable manner. The
technological importance of this method is its viability for the
spherical aggregation of other TiO2 nanomaterials, such as TiO2

nanotubes, which exhibit a huge potential for highly efficient
DSCs.[222–224]
7.4. Electrostatic-Spray-Deposition Fabrication of TiO2

Aggregates

ESD is a process in which a colloidal solution (containing
nanoparticles, binder, and solvent) is atomized into charged
droplets through a capillary needle by an electrohydrodynamic
force and a film is formed on the substrate with heat treatment for
solvent evaporation (see Section 2.1.2.).[80,225] This technique
allows the packaging of nanoparticles into droplets, and the size
of the droplets can be adjusted in a wide range from a few
nanometers up to hundreds of micrometers. It is, therefore, a
promising method that may be employed for the fabrication of
TiO2 aggregates consisting of nanocrystallites.
7.5. Synthesis of Porous-Structured TiO2 Spheres

Porously structured TiO2 spheres with submicrometer sizes have
a structure similar to that of nanocrystallite aggregates, thus
enabling efficient light scattering and large surface areas to be
attained simultaneously. The synthesis of porous-structured TiO2

spheres can be achieved using a template-free method via a
sol–gel process combined with the inverse miniemulsion
technique. In this method, droplets are generated by a dispersed
aqueous phase that consists of a precursor material of titania
mixed with a continuous organic phase containing surfactants.
During hydrolysis and condensation, each droplet acts as a
nanoreactor for the encapsulation of colloidal TiO2. Unlike
conventional emulsion, in which diffusion processes take place
and lead to an exchange of reactants, a miniemulsion is stabilized
H & Co. KGaA, Weinheim Adv. Mater. 2009, 21, 4087–4108



R
E
V
IE

W

www.advmat.de
against diffusion and coalescence so that both the droplet size and
size distribution can be well controlled.[226] Rossmanith et al.
reported on the fabrication of porous-structured TiO2 by using
glycol-modified titanate (bis(2-hydroxyethyl)titanate, EGMT) as
the precursor material and an amphiphilic block copolymer (P(E/
B-b-EO)) as the surfactant.[227] The size of the synthesized TiO2

spheres is typically about 200 nm in diameter. Impressively, these
spheres are formed by interconnected nanocrystallites with the
size of several nanometers, leading to a high specific surface area
of more than 300m2 g�1.
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