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This paper includes an overview of general approaches and efforts to enhance the power conversion
efficiency in dye-sensitized solar cells (DSC) and then the recent development of hierarchically structured
photoelectrodes for DSC. Hierarchically structured photoelectrodes are made of submicron-sized aggre-
gates of ZnO nanocrystallites. Such structured photoelectrodes retain the desired large surface area and
crystal facets for dye molecule adsorption and possess the ability to scatter the visible light within the
photoelectrodes, so as to enhance light adsorption and thus lead to more efficient photon capturing. In
ZnO DSC, hierarchically structured photoelectrodes demonstrated over 200% enhancement in power
conversion efficiency.
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INTRODUCTION

The tremendous challenges faced regarding energy

and natural resources are now widely recognized. Based on

some recent studies,1,2 the annual world-wide energy con-

sumption of energy is currently estimated to be 4.1 � 1020

joules, or 13 trillion watts (13 terawatts (TW)). Among the

energy supply, 35% is from oil, 23% is from coal, and 21%

is from natural gas, with a total of 80% from fossil energy.

Biomass contributes only 8% of the energy supply, nuclear

energy 6.5%, and hydropower 2%. The world population is

predicted to reach 9 billion by 2050, and with aggressive

conservation and new technology development, the energy

demand is predicted to double to 30 TW by 2050, and triple

to 46 TW by the end of the century. At the same time, the oil

production that is now the dominant energy resource is pre-

dicted to peak in 10 to 30 years. If the main energy supply is

switched to coal, the United States may have enough re-

serve to last for another 100 years. However, this approach

presents new challenges. Dealing with the carbon release

from the burning the fossil fuels would require technolo-

gies to capture and store 25 billion metric tons of CO2

produced annually.

The impact of human activities on the environment is

also of great concern. Within 200 years of industrialization,

the CO2 content level has already increased from 280 ppm

to 380 ppm. Industrial activities, mainly power generation

from coal, has increased the total mercury flux from 1,600

tons/year in the preindustrial era to the current 5,000 tons/

year, with 3,000 tons of mercury being deposited in land,

and 2,000 tons in the marine environment.3 Both, the change

in the climate and the aggressive measures to harness exist-

ing and alternative energy in developing countries has

caused unprecedented problems in the preservation of the

environment and natural resources. In a study by the Na-

tional Research Council, an estimated 1.1 billion people are

without access to safe drinking water and 2.2 billion people

are without access to proper sanitation. In the year 2000

alone, 2.2 million deaths were attributed to water and hy-

giene-related problems. By 2050, 4 to 7 billion people will

face water scarcity.4

With regards to energy and environmental preserva-

tion, there exists no single solution to the daunting chal-

lenges. Significant progress has been made in the develop-

ment of renewable energy technologies such as solar cells,

fuel cells, and bio-fuels.5-10 Although these alternative en-

ergy sources have been marginalized in the past, it is ex-

pected that new technology could make them more practi-

cal and price competitive with fossil fuels. This would en-

able an eventual transition away from fossil fuels as our

primary energy sources. Almost all alternative energy tech-
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nologies are limited by the properties of current materials.

For example, poor charge carrier mobility and narrow light

absorption in current semiconductors limit the energy con-

version efficiency of photovoltaic cells.11-19 Thermoelec-

tric (TE) materials typically possess a figure of merit less

than 2.5.20-22 Portable electronic power sources, such as

batteries and fuel cells, have low energy and power densi-

ties due largely to poor charge and mass transport proper-

ties.23,24 Fundamental advances in the synthesis, process-

ing, and control of multiscale structure and properties of

advanced materials would usher in more efficient energy

conversion devices and high densities in energy/power

storage.25 Nanotechnology and nanostructured materials

are expected to have a great impact on semiconductors in

the energy, environmental, biomedical and health sci-

ences.26 When a material is reduced to the dimensions of

the nanometer, its properties can be drastically different

from the bulk regime. Nanomaterials and novel designs

based on nanomaterials have demonstrated very promising

results for energy conversion and storage.27,28

SOLAR CELLS AND DYE-SENSITIZED SOLAR

CELLS (DSC)

Solar energy, as the primary source of energy for all

living organisms on earth, is considered the ultimate solu-

tion to the energy and environmental challenge as a car-

bon-neutral energy source. Many photovoltaic devices that

fulfill the energy conversion from sunlight to electricity

have already been developed over the past five decades.

However, widespread usage is still limited by two signifi-

cant challenges; namely conversion efficiency and cost.

One of the traditional photovoltaic devices, single crystal-

line silicon solar cells, were invented more than 50 years

ago and currently make up 94% of market. Single crystal-

line silicon solar cells operate on the principle of p-n junc-

tions formed by joining p-type and n-type semiconductors.

The electrons and holes are photogenerated at the interface

of p-n junctions, separated by an electrical field across the

p-n junction, and collected through the external circuits.

However, single crystalline silicon solar cells suffer from

both high materials costs and energy-intensive production

processes. Amorphous thin film silicon is a good replace-

ment candidate because the defect energy levels can be

controlled by hydrogenation and the band gap can be re-

duced so that the light absorption efficiency can be much

higher than that of crystalline silicon. However, amorphous

silicon tends not to be stable and can lose up to 50% effi-

ciency within the first hundred hours. Bridging the gap be-

tween single crystalline silicon and amorphous silicon is

the polycrystalline silicon film, for which a conversion ef-

ficiency of around 15% is obtained. Compound semicon-

ductors such as gallium arsenide (GaAs), cadmium tellu-

ride (CdTe) and copper indium gallium selenide (CIGS)

have received much attention because they present a direct

energy gap, can be doped to either p-type or n-type, have

band gaps matching the solar spectrum, and possess high

optical absorbance. These devices have demonstrated con-

version efficiencies of 16-32%. Although photovoltaic de-

vices 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 ($0.4/kWh).29-34

Dye-sensitized solar cells (DSCs) based on oxide

semiconductors and organic dyes have recently emerged as

promising approach to efficient solar energy conversion at

a low cost. The DSCs are a photo-electrochemical system

which incorporates a porous-structured oxide film with ad-

sorbed dye molecules as the photosensitized anode. A plati-

num-coated silicon wafer 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 electrodes.35,38-42 Photons are captured by

the dye monolayer, creating excitons that are rapidly split at

the nanocrystallite surface of oxide film; electrons are in-

jected into the oxide film and holes are released by the re-

dox couples in the liquid electrolyte (Fig. 1a). Compared

with conventional single crystal silicon-based or com-

pound semiconductor thin film solar cells, the DSCs are

thought to be advantageous as a photovoltaic device pos-

sessing both practical high efficiency and cost effective-

ness. To date, the most successful DSC was based on a TiO2

nanocrystalline film (Fig. 1b) combined with ruthenium-

polypyridine complex dye as first reported by O’Regan and

Grätzel in 1991.43 A certified overall conversion efficiency

of 11% was achieved on TiO2-RuL’(NCS)3 (namely “black

dye”) system, in which the spectral response of the com-

plex dye was extended to the near-infrared region so as to

absorb far more of the incident light.35,36,44,45 The porous

nature of nanocrystalline TiO2 films drives their use in

DSCs due to the high surface area available for dye mole-

cule adsorption. Meanwhile, the suitable relative energy

levels at the semiconductor-sensitizer interface, i.e., the po-
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sition 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.

The achievement of acceptable power conversion ef-

ficiencies instilled much confidence in the ability of DSCs

to challenge the high costs of commercially available solar

cells based on silicon or compound semiconductors. How-

ever, further increases in power conversion efficiency has

been limited by the energy loss due to the recombination

between electrons and either the oxidized dye molecules or

electron accepting species in the electrolyte during the

charge transport process.46-48 Such a recombination origi-

nates predominately from the lack of a depletion layer on

TiO2 nanocrystallite surface. This scenario would become

significantly serious when the thickness of photoelectrode

film was increased.

In DSCs, the dynamic competition between the gen-

eration and recombination of photoexcited carriers has

been clarified to be a bottleneck for developing higher con-

version efficiency, i.e., the film thickness was desired to be

larger than the light absorption length so as to capture all

the photons (optically dense). Meanwhile, the film thick-

ness was impelled to be thinner than the electron diffusion

length with respect to avoiding or reducing recombina-

tion.46,47 A variety of approaches have been explored to

overcome the recombination by using either one-dimen-

sional nanostructures that provide a direct pathway for

electron transport or using core-shell structures with an ox-

ide coating on TiO2 to minimize the recombination rate.

Aside from those approaches, a series of methods that ad-

dress the generation of photoexcited carriers by combining

nanostructured films with optical effects (light scattering

or optical confinement)49 has also been demonstrated to be

effective in enhancing the light-harvesting capability of the

photoelectrode film so as to improve the DSC performance.

Usami, Ferber, and Luther, and Rothenberger et al.

predicted that the optical absorption of dye sensitized TiO2

nanocrystalline films could be enhanced by admixing large

sized TiO2 particles as the light scattering centers.50-52 The

light scattering efficiency has been shown to correlate with

both the size of the scattering centers and the wavelength of

incident light.53 The scattering reaches a maximum when

the size of the scattering centers is about k�, where k is a

constant and � is the wavelength. Experimentally, it has

been verified that the performance of DSCs can be signifi-
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Fig. 1. (a) Schematic of the construction and opera-

tional principle of the device, (b) SEM image of

an oxide (TiO2) electrode film with nanocrys-

tallites (~20 nm), and (c) Electron transport in

electrodes, in which photoexcited electrons are

injected from the dye to the conduction band

(denoted as “c.b.”) of the nanocrystallite (1),

the dye is regenerated by electron transfer from

a redox couple in the electrolyte (3), a recombi-

nation may take place between the injected

electrons and the dye cation (2) or redox couple

(4). (4) is normally believed to be the predomi-

nant loss mechanism. Electron trapping in the

nanocrystallites (5) is also a mechanism that

causes energy loss. LUMO and HOMO repre-

sent the lowest unoccupied molecular orbital

and the highest occupied molecular orbital of

the dye, respectively.35-37



cantly improved when the TiO2 nanocrystalline films are

combined with large-sized SiO2, Al2O3, or TiO2 parti-

cles.54-58 By coupling a photonic crystal layer to conven-

tional TiO2 nanocrystalline films for light scattering,

Nishimura et al. and Halaoui et al. also succeeded in en-

hancing the light-harvesting capability of the photoelec-

trode.59-60 However, the introduction of large-sized parti-

cles 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 in-

corporation of a photonic crystal layer may lead to an unde-

sirable increase in the electron diffusion length and, conse-

quently, increase the recombination rate of photogenerated

carriers. In spite of the extensive research and excellent

progresses made in DSCs in the past decades, the power

conversion efficiency remains relatively low when com-

pared to single crystalline silicon solar cells.

HIERARCHICALLY SRUCTURED

PHOTOELECTRODES

Our recent study has unambiguously demonstrated

the fact that, compared to a nanoparticulate film, hierarchi-

cally structured ZnO photoelectrodes can significantly en-

hance the power conversion efficiency when all other pa-

rameters are kept constant.61-64 Hierarchically structured

ZnO films consist of submicron-sized ZnO aggregates. The

synthesis of ZnO aggregates can be achieved by a hydroly-

sis of zinc salt in a polyol medium at 160 �C.61 By adjusting

the heating rate during synthesis and using a stock solution

containing ZnO nanoparticles of 5-nm in diameter, the ZnO

aggregates with an either monodisperse or polydisperse

distribution in size can be prepared.62,63 Fig. 2 shows the

morphology of a hierarchically structured ZnO film and the

structure of the aggregates. It can be seen that the film is

well packed by ZnO aggregates with a highly disordered

stacking, while the spherical aggregates are formed by the

numerous interconnected nanocrystallites that have sizes

ranging from several tens to several hundreds of nano-

meters (Fig. 2b and 2c). The structural features of the ag-

gregates 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

have been prepared for a comparison of their DSC perfor-

mance. 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 nanocrystal-

lites 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. However,

their photovoltaic behaviors exhibit a significant differ-

ence in the short-circuit current density, resulting in a dif-

ference of overall conversion efficiency. Typically, a maxi-

mum short-circuit current density of 19 mA/cm2 and con-

version efficiency of 5.4% are observed for sample 1, while

minimum values of 10 mA/cm2 and 2.4% respectively are

observed for sample 4. Intermediate current densities and
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Fig. 2. ZnO aggregate dye-sensitized solar cells.62,63

(a) Cross sectional SEM image of a ZnO aggre-

gate film, (b) a magnified SEM image of an in-

dividual ZnO aggregate, (c) a schematic dia-

gram illustrating the microstructure of aggre-

gated ZnO comprised of closely packed nano-

crystallites, (d) photovoltaic behaviors and (e)

optical absorption spectra of N3 dye adsorbed

ZnO film samples with difference in the degree

of aggregation of nanocrystallites, (f) sche-

matic of light scattering and photon localiza-

tion within a film consisting of submicron-

sized aggregates, and (g) dependence of overall

conversion efficiency on the size and size dis-

tribution of aggregates in dye-sensitized ZnO

solar cells.



efficiencies are found for samples 2 and 3 (Fig. 2d). An ob-

vious trend is that the overall conversion efficiency becomes

decreased as the degree of the spherical aggregation is

gradually destructed. In other words, the aggregation of

ZnO nanocrystallites is favorable for achieving a DSC with

high performance.

Fig. 2e shows the optical absorption spectra of the

four kinds of ZnO films previously discussed after sensi-

tized with N3 dye. All the ZnO samples exhibit an intrinsic

absorption with similar absorption intensity below 390 nm,

caused by the semiconductor of ZnO with the electron

transfer from valence band to conduction band. However,

the absorption at wavelengths above 400 nm varies signifi-

cantly, revealing the highest intensity for sample 1, a lower

intensity for samples 2 and 3, and minimum in intensity for

sample 4. In the spectra shown in Fig. 2e, only sample 4

presents an absorption peak centered around 520 nm. This

corresponds to the visible t2 � �* metal-to-ligand charge

transfer (MLCT) in N3 dye,65 but with a slight blue-shift

than adsorption of pure N3 due to the electronic coupling

between N3 and ZnO. All the other samples show a mono-

tonic increase in the absorption intensity as the wavelength

varies from visible to ultraviolet. This portion of absorp-

tion is contributed by the dye molecules that are adsorbed

on the ZnO surface, and the difference in the absorption in-

tensity implies that the absorption is structure-related. It

has been suggested that the difference in the absorption of

samples 1-3 arises from the submicron-sized aggregates

that cause the light scattering. This weakens the transmit-

tance of films and causes a pseudo absorption in the spec-

tra. The solar cell performance is improved due to the pres-

ence of light scattering in hierarchically structured ZnO

films, by which the traveling distance of light within the

photoelectrode film can be significantly extended (Fig. 2f).

As such, the opportunities of incident photons being cap-

tured by the dye molecules are increased. The difference in

the optical absorption of the four kinds of films implies that

an improvement in the degree of aggregation of nanocrys-

tallites 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 mecha-

nism. It has been demonstrated the performance of DSCs

with hierarchically structured ZnO films can be signifi-

cantly affected by either the average size or the size distri-

bution of aggregates.63 The films with polydisperse aggre-

gates, which result in more disordered structure and achieve

better packing, establish higher conversion efficiencies

than those with monodisperse aggregates. The enhance-

ment effect becomes more intensive when the maximum

size of the aggregates in the polydisperse films or the aver-

age size of aggregates in monodisperse films increases to

be as large as or comparable to the wavelength of visible

light (Fig. 2g). These results confirm the rationality of en-

hanced solar cell performance arising from light scattering,

generated by hierarchically structured ZnO films and pro-

moting the light capturing ability of photoelectrode.

Compared with those large-sized TiO2 particles or

photonic crystal layer ever reported elsewhere,55,59-60 the

method using controlled ZnO aggregation of nanocrystal-

lites in DSCs presents obvious advantages in the genera-

tion of light scattering meanwhile without causing detri-

mental loss in internal surface area of the photoelectrode

film. That is, the size of these aggregates is on submicron

scale comparable to the wavelength of visible light, so that

an efficient scattering to the incident light would be estab-

lished within photoelectrode film and thus extends the trav-

eling distance of photons being absorbed by dye molecules

with more opportunities. Meanwhile, the film with aggre-

gates consisting of interconnected nano-sized crystallites

provides a highly porous structure, ensuring large specific

surface area for dye adsorption, unlike the large-sized TiO2

particles with solid core 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.

In spite the fact that ZnO has the similar electronic

structure to and higher electron mobility than that of ana-

tase TiO2,66 ZnO based DSC demonstrated much lower

power conversion efficiency than that of TiO2 based DSC.

The relatively lower power conversion efficiency in ZnO

DSC can be at least partly attributed to the relative instabil-

ity of ZnO when exposed to dye solutions for the dye load-

ing as ZnO readily reacts with dye molecules to form insu-

lating complexes.67-69

One way to improve the power conversion efficiency

of ZnO DSC is to modify the surface chemistry as a form of

core/shell structure.70 Atomic layer deposition (ALD) would

be an ideal technique for the core/shell structure due to its

unique self-limiting nature and low growth temperature,

which make it possible to apply ultra-thin layer on the core,
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even it is a porous structure.71,72 ALD has been used to de-

posit ultra-thin TiO2 layer on the porous structure of the

film made of ZnO aggregates and demonstrated much en-

hanced PCE of ZnO DSC with photoelectrodes made of

submicron-sized aggregates of ZnO nanocrystallites. As il-

lustrated schematically in Fig. 3a, 3b, and 3c, TiO2 ultra-

thin layer deposited by ALD would form a complete and

conformal coverage on the surface and even inside pores of

ZnO that would otherwise be exposed to dye electrolyte

during the dye loading. Consequently, all the dye mole-

cules would adsorb onto the surface of TiO2 coating. Such

an ultra-thin and conformal ALD coating would not change

the morphology the underline ZnO structures as shown in

Fig. 3e and 3f. The coating of TiO2 layer on the surface of

ZnO by ALD is presumably so thin that would not affect

any detectable change in the morphology by means of

SEM. Based on the literatures, the thickness of TiO2 grown

by ALD for 10 cycles is estimated to be 0.3-0.6 nm.73,74 In

addition, the connections between adjacent ZnO nanocrys-

tallites would retain to ensure a favorable electron motion

through ZnO (as suggested in Fig. 3d). Such structure

would improve the surface stability with enhanced dye

loading on the ZnO surface, while retain the advantage of

high electron mobility in ZnO. BET results demonstrate

that micropores inside each aggregate still remain after

ALD, indicating the porous structure of ZnO is preserved.

The preservation of the porous structure is very important

to achieve the higher performance of DSCs in terms of the

surface area. The slight decrease in the size and volume of

the micropore was observed due to the introduction of

ALD-TiO2 layer. The ultra-thin ALD-TiO2 layer did not

cause any morphological change of ZnO aggregates, in-

cluding their micropore structure. This ZnO core/TiO2

shell structure is expected to suppress recombination due to

the formation of n-n+ heterojunction at the ZnO/TiO2 inter-

face.75 Electrochemical impedance spectroscopy (EIS)

showed the suppressed recombination at the aggregate/

electrolyte interface due to the introduction of ALD-TiO2

layer. It is known that the suppressed recombination also

increases a fill factor (FF).76 Therefore, the introduction of

the TiO2 ultra-thin layer results in more than 20% enhance-

ment in the PCE from 5.2% to 6.3%.77 The ALD-TiO2 layer

increased both the open circuit voltage and the fill factor as

a result of the suppressed surface charge recombination.

CONCLUSION

There have been great efforts to advance the funda-

mental understanding and the materials and device technol-

ogies of DSCs. Submicron-sized aggregation of nanoparti-

cles has been demonstrated to be an effective way to en-

hance the photon capturing through the internal light scat-

tering while retain the desired high specific surface area for

dye molecule adsorption. In ZnO-based DSC, the con-

trolled aggregation of ZnO nanocrystallites resulted in >

200% PCE enhancement. ALD is introduced to coat the

surface of ZnO with sub-nanometer thin TiO2 layer to im-

prove the surface chemistry so as to prevent the formation

of insulating ZnO-dye complex. It is obvious that submi-

cron-sized aggregates of TiO2 nanocrystallites with desired

porous structure and surface chemistry would lead to a

further improvement in DSC PCE.
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