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Hierarchically Structured ZnO Film for Dye-Sensitized Solar Cells
with Enhanced Energy Conversion Efficiency**

By Tammy P. Chou, Qifeng Zhang, Glen E. Fryxell, and Guozhong Cao*

The interest in dye-sensitized solar cells has increased due to
reduced energy sources and higher energy production costs. For
the most part, titania (TiO2) has been the material of choice for
dye-sensitized solar cells and so far have shown to exhibit the
highest overall light conversion efficiency ∼ 11 %.[1] However,
zinc oxide (ZnO) has recently been explored as an alternative
material in dye-sensitized solar cells with great potential.[2] The
main reasons for this increase in research surrounding ZnO ma-
terial include: 1) ZnO having a bandgap similar to that for TiO2

at 3.2 eV,[3] and 2) ZnO having a much higher electron mobility
∼ 115–155 cm2 V–1 s–1[4] than that for anatase titania (TiO2),
which is reported to be ∼ 10–5 cm2 V–1 s–1.[5] In addition, ZnO
has a few advantages as the semiconductor electrode when com-
pared to TiO2, including 1) simpler tailoring of the nanostruc-
ture as compared to TiO2, and 2) easier modification of the sur-
face structure. These advantages[6] are thought to provide a
promising means for improving the solar cell performance of
the working electrode in dye-sensitized solar cells.

It was reported[7] that the surface structure, the particle size
and shape, and the porosity are all important factors for opti-
mizing the solar cell performance of dye-sensitized solar cells.
With ZnO, these factors can easily be tailored through the mod-
ification of solution growth and wet-chemical methods to fabri-
cate various nanostructures. In addition, the surface structure
and crystallinity of ZnO for dye-sensitized solar cells can be
easily modified through the use of aqueous solution methods to
increase the surface area.[8] For example, aligned ZnO nano-
wires can be prepared by electrochemical deposition, VLS or
nucleation growth, or thermal evaporation; whereas, the growth
of TiO2 nanowires are less likely to occur and much more diffi-
cult to obtain using such solution growth methods.

So far, the highest overall light conversion efficiency ob-
tained for ZnO nanoparticle film has been ∼ 5 %[9] by utilizing
additional compression methods for better particle packing.
With typical nanoparticle film processing techniques, the
highest overall light conversion efficiency obtained for ZnO
has been ∼ 1.5 %.[10]

Here, we describe solar cells consisting of ZnO films with
primary nanoparticles and secondary colloidal spheres, fabri-
cated by way of solvothermal processing, and compare the
overall light conversion efficiency to that of ZnO films fabri-
cated from commercially-available nanoparticles. Figure 1 de-
picts the hierarchical structure of the ZnO film.[11] It is
thought that hierarchically-structured ZnO particles would
promote light scattering through the presence of secondary
colloidal spheres, thus, enhancing photon absorption to im-
prove the short-circuit current density and the overall light
conversion efficiency.

There has been numerous research groups who have
achieved higher short-circuit current densities and higher
overall light conversion efficiencies by promoting light
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Figure 1. Schematic of the hierarchically-structured ZnO film consisting
of secondary ZnO colloids ∼ 300 nm in diameter that are made up of pri-
mary ZnO nanoparticles ∼ 20 nm in diameter.



scattering. For example, it has been reported[12] that the addi-
tion of larger SiO2 or TiO2 particles with sizes in the microme-
ter or submicrometer scale into a network of TiO2 nanoparti-
cles enhanced the scattering of light and thus obtained higher
energy conversion efficiencies. In another example, one group
reported[13] that the incorporation of a layer of TiO2 inverse
opals[14] into conventional TiO2 nanoparticle film resulted in
an increase in the short-circuit current density by ∼ 26 %,
which was shown to be mainly due to multiple scattering
events.

However, incorporating the TiO2-SiO2 system into solar
cells would not be favorable since the transparency and insu-
lating behavior of SiO2 would not be advantageous for photon
absorption and electron transport. The addition of SiO2 would
also take up volume, reducing the amount of TiO2, and would
introduce resistance into the TiO2 film. Furthermore, the con-
version efficiencies of TiO2 inverse opal structures were
shown to be low and showed better photovoltaic responses in
ordered areas than that in non-ordered areas.[15]

Thus, the hierarchical structure of the ZnO film would be
an ideal system to promote light scattering, and to enhance
photon absorption for increased electron-hole generation
since the hierarchical structure of ZnO with ∼ 300 nm diame-
ter colloidal spheres made up of ∼ 20 nm diameter nanoparti-
cles is assumed to have the same scattering effects with an or-
dered hierarchical orientation without utilizing two materials.

The crystallinity and crystal size of the hierarchically-struc-
tured ZnO films were analyzed using XRD. Figure 2 shows
the XRD peaks of ZnO. It can be seen that the ZnO structure
is present, showing the (100), (002), (101), and (102) peaks.
Using the Scherer equation,[16] the crystal size of the primary
nanoparticles was estimated using the shown peaks. It was
found that the crystal size of the commercially-obtained ZnO
powder was ∼ 24 nm in diameter, and that the crystal size of
the primary nanoparticles of the hierarchically-structured
ZnO powder was ∼ 22 nm in diameter after 450 °C heat treat-
ment.

Additional SEM analysis was used to examine the mor-
phology and to also estimate the crystal size of the secondary
colloidal spheres in the hierarchically-structured ZnO film. In
addition, SEM analysis was also performed on the commer-
cially-obtained ZnO film for structural comparison. Figure 3
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Figure 2. XRD peaks of ZnO films on FTO, comparing the peaks for hier-
archically-structured ZnO and commercially-obtained ZnO particle pow-
ders after 450 °C heat treatment.

a

b

c

Figure 3. SEM images of a) commercially-obtained ZnO film after heat
treatment at 450 °C, b) hierarchically-structured ZnO film before heat treat-
ment, and c) hierarchically-structured ZnO film after 450 °C heat treatment.
All SEM images are at 50 000× magnification. Both insets, each showing a
single particle, are at 150 000× with a length bar scale of 100 nm.



shows SEM images of the commercially-obtained ZnO parti-
cles after heat treatment, and the hierarchically-structured
ZnO particles before and after heat treatment. It can be seen
that the smaller particles ∼ 24 nm in diameter in the commer-
cially-obtained ZnO film are randomly agglomerated, form-
ing a random network of much larger clusters. For the hier-
archically-structured ZnO film, secondary colloidal spheres
with a diameter between 200–250 nm were formed from nu-
merous primary nanoparticles ∼ 22 nm in diameter, as seen on
the surface of the secondary spheres. The size of the primary
nanoparticles was too small to conclusively determine the
diameter from the SEM images; therefore, the crystal sizes
obtained from the XRD results were used as the estimated
diameters.

With additional 450 °C heat treatment performed on the
hierarchically-structured ZnO film, the size of the secondary
colloidal spheres slightly increased to a diameter estimated to
be between 200–300 nm. Furthermore, it can be seen that the
primary nanoparticles are also shown to be fused together
with improved connectivity. It was observed that 450 °C was a
sufficient sintering temperature for treating all the ZnO films
for solar cell analysis. However, it was also observed that even
with heat treatment, the particle packing was not close-
packed, resulting in partial packing and numerous cracks in
the film. This type of poor packing may have resulted in low
interparticle connectivity between colloids, as shown in the
SEM image, which may have influenced the solar cell perfor-
mance of the film.

Solar cells consisting of films with hierarchically-structured
ZnO particles were tested under illumination with
100 mW cm–2 intensity, and compared to films with commer-
cially-available ZnO nanoparticles. Figure 4 compares the
solar cell response and the absorption behavior of the hier-
archically-structured ZnO film and the commercially-
obtained ZnO film. Figure 4a shows the I–V characteristics of
each solar cell consisting of 1) hierarchically-structured ZnO
film sintered at 450 °C, and 2) commercially-obtained ZnO
film also sintered at 450 °C. Table 1 summarizes the measured
and calculated values obtained from each I–V curve in
Figure 4a. It can be seen that the short-circuit current density
and the overall light conversion efficiency of the ZnO film
with hierarchical structure was higher than that of the ZnO
film with commercially-obtained ZnO nanoparticles. One fac-
tor for the increase in short-circuit current density is the en-
hanced absorption behavior associated with the presence of
large secondary colloidal spheres, resulting in higher photon
absorption by way of light scattering, as shown in Figure 4b.

Figure 4b compares the variation in the absorption behav-
ior of hierarchically-structured ZnO film with that of commer-
cially-obtained ZnO film, normalized to the thickness of the
films (3 lm). It can be seen that an absorption peak at
∼ 390 nm is present for both films, representing the bandgap
of ∼ 3.2 eV, which is equivalent to the wavelength of
∼ 387 nm. By comparing the absorption spectra of the two
films, it can be seen that an additional absorption peak is
shown at ∼ 440 nm for the hierarchically-structured ZnO film,
which is not seen for the commercially-obtained ZnO film.
This additional absorption peak could be due to light scatter-
ing, caused by the presence of larger secondary colloidal
spheres, which is in good agreement with the literature.[14,17]

Typically, light scattering[18] occurs with particles > 100 nm in
diameter. Thus, with the presence of secondary spheres
∼ 200–300 nm in diameter, the light scattering ability of the
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Figure 4. Plot of a) the I–V behavior of solar cells consisting of ZnO
films, comparing the solar cell performance of hierarchically-structured
ZnO film with that of dispersed ZnO film obtained commercially, and
b) the absorption behavior of ZnO films on FTO, comparing the absorp-
tion peaks of hierarchically-structured ZnO film with that of dispersed
ZnO film obtained commercially.

Table 1. Summary of the open-circuit voltage, short-circuit current den-
sity, maximum voltage and current output, fill factor, power output, and
overall light conversion efficiency relative to the type of ZnO film.

ZnO Film Voc

(mV)

Jsc

(mA/cm2)

Vmax

(mV)

Jmax

(mA/cm2)

FF

(%)

g

(%)

Hierarchically -structured 670 10.9 420 8.35 48.1 3.51

Commercially -obtained 570 1.65 410 1.45 63.2 0.60



larger spheres would enhance the ability of the hierarchically-
structured ZnO film to absorb more of the photons, resulting in
an increase in the generation of electron-hole pairs and an in-
crease in the short-circuit current density, which is in accordance
to previous reports.[13] The short-circuit current density for the
hierarchically-structured ZnO film and for the commercially-
obtained ZnO film were ∼ 11 mA cm–2 and ∼ 1.7 mA cm–2, re-
spectively. The short-circuit current density for the ZnO film
with hierarchical structure was increased by ∼ 9 mA cm–2.

The open-circuit voltage was shown to be ∼ 700 mV for the
hierarchically-structured ZnO film and ∼ 600 mV for the com-
mercially-obtained ZnO film. This difference in the open-
circuit voltage between the two types of film could be the
result of different processing techniques used to fabricate the
films, as the open-circuit voltage is dependent on the potential
difference established by comparing the voltage of the film
with that of the Pt counter electrode, where the surface chem-
istry of the ZnO material may influence the open-circuit volt-
age. Since the processing of the ZnO nanostructures are not
optimized at this point, some deviation in the open-circuit
voltage is expected. Furthermore, the fill factor for the hier-
archically-structured ZnO film and the commercially-
obtained ZnO film was shown to be ∼ 48 % and ∼ 68 %, re-
spectively. The lower fill factor value associated with the hier-
archically-structured ZnO film could be due to poor particle
packing and cracking, as previously shown in the SEM images.
The dispersed ZnO particles obtained commercially were also
uniform in size ∼ 24 nm in diameter; whereas, the hierarchi-
cally-structured ZnO particles obtained through chemical
processing were shown to vary in size. The variation in parti-
cle size may have caused incomplete particle packing and
cracking after sintering, which would result in low connectiv-
ity between particles.

Having a similar behavior as the short-circuit current den-
sity, a higher overall light conversion efficiency was also ob-
served for the hierarchically-structured ZnO film, when com-
pared to the commercially-obtained ZnO film. The overall
light conversion efficiency for the hierarchically-structured
and commercially-obtained ZnO films were ∼ 0.6 % and
∼ 3.5 %, respectively. This difference in the overall light con-
version efficiency is expected since a similar difference was
found for the short-circuit current density. A higher short-cir-
cuit current density would result in a higher overall light con-
version efficiency since the overall light conversion efficiency
is partly dependent on the short-circuit current density.

Since the commercially-obtained ZnO film mainly consists
of ∼ 24 nm diameter particles, the increase in the short-circuit
current density and the overall light conversion efficiency
shown in hierarchically-structured ZnO film was due to:
1) the hierarchical structure consisting of ∼ 22 nm primary
nanoparticles and ∼ 200–300 nm secondary colloidal spheres,
and 2) the light scattering effects of secondary colloidal
spheres, resulting in more photon absorption and electron-
hole generation.

In conclusion, it was found that ZnO film with hierarchical
structure consisting of primary nanoparticles ∼ 20 nm in diam-

eter and secondary colloidal spheres ∼ 200–300 nm in diame-
ter resulted in a higher short-circuit current density of
∼ 10.9 mA cm–2 and a higher overall efficiency of ∼ 3.5 %,
resulting in ∼ 83 % improvement, as compared to the values
obtained for commercially-obtained ZnO film. The increase
in short-circuit current density by ∼ 9.3 mA cm–2 and the
increase in overall light conversion efficiency by ∼ 2.9 % may
have been due to the presence of larger secondary colloidal
spheres. The presence of larger secondary spheres promotes
enhanced light scattering for increased photon absorption.

Experimental

Zinc oxide (ZnO) colloidal solution was prepared from precursor
materials by way of solvothermal processing. The chemicals used in
making a colloidal solution of ZnO were zinc acetate (98 %, Alfa-
Aesar, Ward Hill, MA), diethylene glycol (98 %, Sigma-Aldrich, St.
Louis, MO), and deionized water (DI-H2O). Commercially-available
ZnO nanoparticles (99.99 %, Alfa-Aesar, Ward Hill, MA) were also
obtained for comparison. Films were fabricated on fluorine-tin-oxide
(FTO, TCO10-10, Rs ∼ 10X/�, Solaronix SA, Switzerland) coated
glass substrates.

The ZnO colloidal solution was prepared by hydrolyzing 0.01 mol
of zinc acetate [(CH3CO2)2Zn] in 100 mL diethylene glycol
[(HOCH2CH2)2O], as described by Jezequel et al. [11]. The reaction
occurred when the mixed solution was heated under reflux to 160 °C
for ∼ 24 h. The as-synthesized solution was then placed in a centrifuge
tube. The solution was centrifuged at a rate of ∼ 1400 revolutions per
minute (RPM) for ∼ 5 h. After centrifugation, the precipitation of
ZnO colloids segregated to the bottom of the tube. Part of the super-
natant was removed and the colloids were then redispersed in ethanol
by sonication for ∼ 10 minutes. The resultant ZnO colloidal spheres
were sealed and stored at room temperature. The colloidal spheres
produced by this method have been reported to be monodispersed
with a diameter size of ∼ 300 nm, and consist of many primary nano-
particles with a diameter of ∼ 20 nm.

To fabricate ZnO films, the conductive glass substrates were first
hydrolyzed in boiling DI-H2O at 90–100 °C for ∼ 30 min and air-dried.
Parallel edges of each substrate were covered with ∼ 10 lm-thick
scotch tape to control the thickness of the film. A few drops of the
resultant ZnO colloidal spheres were then placed onto the glass sub-
strates and the films were formed by a doctor-blading process. The
films were then immediately heat treated at a temperature of 450 °C
for 1 h, forming a layer of white film during the quick evaporation of
the solvent. The thickness of the film was estimated to be ∼ 10 lm,
which is the same thickness as the spacers. The films consisting of
commercially-obtained ZnO nanoparticles were also fabricated in the
same manner, where the nanoparticles were also dispersed in ethanol.

Before solar cell testing, the ZnO films were heated to 70 °C and
sensitized with standard ruthenium-based N3 red dye, cis-bis(iso-thio-
cyanato)bis(2,2′-bipyridyl-4,4′-di-carboxylato)ruthenium(II) (Solterra
Fotovoltaico SA, Switzerland). The heated films were immersed in N3
dye with a concentration of ∼ 5 × 10–4

M in ethanol for ∼ 20 min. The
samples were then rinsed with ethanol to remove excess dye on the
surface and air-dried at room temperature.

Colloidal liquid silver (Ted Pella Inc., Redding, CA) was placed at
the electrical contacts to improve the contact points and allowed to
cure for 30 min at room temperature. Sheets of weigh paper
∼ 30–40 lm thick were cut into small pieces ∼ 1 mm × 4 mm in dimen-
sion and used as spacers. A spacer was placed at each edge of the
ZnO film electrode and the counter electrode consisting of a plati-
num-coated silicon (Pt-Si) substrate with a Pt layer thickness of
∼ 180 nm was placed on top, with the Pt-coated side of each Si sub-
strate facing the ZnO film electrode. The two electrodes were then
sandwiched together with two heavy duty clips.

C
O

M
M

U
N

IC
A
TIO

N

Adv. Mater. 2007, 19, 2588–2592 © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.advmat.de 2591



An iodide-based solution was used as the liquid electrolyte, consist-
ing of 0.6 M tetra-butylammonium iodide (Sigma-Aldrich, St Louis,
MO), 0.1 M lithium iodide (LiI, Sigma–Aldrich, St Louis, MO), 0.1 M

iodine (I2, Sigma–Aldrich, St Louis, MO), and 0.5 M 4-tert-butyl pyri-
dine (Sigma–Aldrich, St Louis, MO) in acetonitrile (Mallinckrodt Ba-
ker, Phillipsburg, NJ). Right before analysis, drops of the liquid elec-
trolyte were introduced to one edge of the sandwich, where capillary
force was used to spread the liquid electrolyte in between the two
electrodes. The light source was placed next to each solar cell device,
allowing light to penetrate through the FTO back-contact to the ZnO
film electrode with a constant light source intensity of ∼ 100 mW cm–2.
A diagram of the solar cell device and the analysis setup is shown be-
low.

X-Ray Diffraction (Philips PW1830 Diffractometer) and JADE
software (MDI JADE 7 Materials Data XRD Pattern Processing,
Identification, and Quantification) were used to verify the phase and
crystal structure of the ZnO films. The diffractometer was set at
40 kV working voltage and 20 mA working ampere. All samples were
scanned from 20–80° 2h at a rate of 0.02 scans/second using X’Pert
Industry Philips XRD software.

Scanning Electron Microscopy (JEOL JSM-5200, JEOL 840A,
JSM-7000) was used to study the morphology of the ZnO particles
and films. The samples were placed on an aluminum SEM stub, using
either conductive carbon tape or a layer of silver paste for attachment.
All samples were sputter-coated with a thin layer of Au/Pd or Pt prior
to SEM observation. The images were obtained at 15 kV from 5000×
up to 150 000× magnification, depending on the sample.

Optical absorption (Perkin Elmer Lambda 900 UV/VIS/IR Spec-
trometer) was used to analyze the absorption peaks of the ZnO films.
The films prepared on FTO substrates were placed in the analysis
chamber and scanned from 900 nm to 300 nm wavelengths using UV
L900 WinLab software. The FTO substrates were used as the back-
ground sample.

Electrical characteristics and photovoltaic properties of each solar
cell were measured using simulated AM1.5 sunlight illumination with
100 mW cm–2 light output. An Ultraviolet Solar Simulator (Model
16S, Solar Light Co., Philadelphia, PA) with a 200 W Xenon Lamp
Power Supply (Model XPS 200, Solar Light Co., Philadelphia, PA)
was used as the light source, and a Semiconductor Parameter Analyz-
er (4155A, Hewlett-Packard, Japan) was used to measure the current
and voltage. The intensity of the light source provided by the Xenon
lamp was measured with a Photometer/Radiometer (PMA2200, Solar
Light Co., Philadelphia, PA) connected with a full spectrum Pyran-
ometer (PMA2141, Solar Light Co., Philadelphia, PA).

The resulting current–voltage curves of the cells in the dark and as
a function of incident light intensity (Psource) were used to derive the
open-circuit voltage (Voc) and the short-circuit current density (Jsc).
A spot size of ∼ 1 cm2 was used in all measurements and was taken as
the active area of each solar cell sample. All the current–voltage
(I–V) measurements of the solar cells were obtained in the dark and
under illumination, where a voltage range from –0.3 V to 2 V was
used during each measurement. The I-V characteristics as a function
of incident light intensity was used to obtain the open-circuit voltage
(Voc), short-circuit current density (Jsc), the maximum voltage point
(Vmax), and the maximum current density point (Jmax). The values
found from the I–V curves were then used to derive values for the fill
factor (FF), the maximum power output density (Pmax), and the over-
all power conversion efficiency (g) for each solar cell, using the fol-
lowing equations [1,3]:

FF (%) = [(Vmax × Jmax) / (Voc × Jsc)] × 100 (1)

Pmax (mW cm–2) = Vmax × Jmax (2)

g (%) = [(FF × Voc × Jsc) / Psource] × 100 (3)
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