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ABSTRACT: Upright-standing nanoporous nanosheets of
iodine-doped ZnO (ZnO:I) nanocrsytallites were grown
hydrothermally at low temperature and studied as dye-
sensitized solar-cell electrodes. The highest overall energy-
conversion efficiency of ∼6.6% was achieved with the film
consisted of nanosheets of ZnO:I nanocrystallites. This
efficiency was significantly improved than the 3.2% achieved
for ZnO:I films only including nanosized crystallites, and
higher than the 2.4% for undoped ZnO nanosheet film. The
nanosheets of ZnO:I nanocrsytallites were proven to be
positive in causing light scattering in a broad wavelength region and, therefore, enhancing the light harvesting capability of the
photoelectrode film and thus, promotes the solar cell performance. The fabricated cells exhibited highly durable cell
performances, even after a month under atmospheric conditions. Electrochemical impedance spectroscopy (EIS) data confirmed
that iodine doping was helpful to lower the recombination resistance and prolonged electron lifetime of the ZnO:I cells, hence
diminishing the recombination process. The efficiency achieved for the best DSSC in this work was much better than ever
reported for a ZnO-based DSSC.
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1. INTRODUCTION

Dye-sensitized solar cells (DSSCs) have been promising for the
conversion of solar energy to electricity because of their easy
manufacturing process, low fabrication cost, and relatively high
efficiency.1 The idea of DSSCs is based on the optical excitation
of a dye that injects an electron into the conduction band of a
wide band gap nanostructured metal oxide. The oxidized dye
molecule is afterward regenerated back to its ground state by
gaining one electron from a redox couple that is found in an
electrolyte around the sensitized metal oxide nanostructured
film. The transport of charge carriers and light harvesting are
thus separated by using a suitable combination of three
materials: metal oxide, dye, and electrolyte.2 Currently, the
primary photovoltaic (PV) material for DSSCs is titanium
dioxide (TiO2), for which the considerable power conversion
efficiency of 12.3% have been successfully accomplished.3 In
contrast, other metal oxide semiconductors such as zinc and tin
oxides, have received less attention even of these materials have
the comparable band gap widths and photoelectrochemical
properties to TiO2.

4−8 Zinc oxide (ZnO) has higher electron
mobility (∼205−1000 cm2 V−1 s−1) than TiO2 (∼0.1− 4 cm2

V−1 s−1), enabling faster diffusion transport of photoinjected
electrons when it is used as the electrode material in DSSCs.9

In addition, ZnO is a convenient material for the mesoporous
electrode in DSSCs, which has a band gap of 3.2 eV and a

conduction band edge position of −4.3 eV, both of which are
similar to TiO2.

2 Moreover, ZnO can be easily processed into
various nanostructures, such as nanoparticles,10 nanowires,5,6

nanotubes,4 and tetrapods,11 providing numerous alternatives
for optimizing the electrode morphology so as to enhance the
charge collection. However, the conversion efficiency of ZnO-
based DSSCs reported so far still remains lower than those
fabricated from TiO2, leaving plenty of room to improve the
efficiency through structural and morphology modification of
the electrode.
Competition between the generation and recombination of

photoexcited carriers in DSSCs is a main obstacle for
developing higher conversion efficiency.12 One possible
solution is to use one-dimensional (1D) nanostructures that
are able to support a direct pathway for the rapid collection of
photogenerated electrons and, hence, reduce the degree of
charge recombination.13−16 However, such 1D nanostructures
seem to have insufficient internal surface area, which limits their
energy conversion efficiency to a relatively low level, for
example, 1.5% for ZnO nanowires13 and 4.7% for TiO2

nanotubes.15 Another way to increase efficiency is to increase
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the light-harvesting capability of the photoelectrode film by
utilizing optical enhancement effects, which can be accom-
plished by light scattering by means of scatterers installed into
the photoelectrode film. It is well-known that nanoporous TiO2
film that was reported by Grätzel and co-workers17,18 can lead
to very high solar-to-electric energy conversion efficiency
(above 10%). Therefore, the preparation of nanoporous ZnO
film is also a key to improve the performance of ZnO-based
DSSCs. In addition, hierarchical structure of ZnO aggregates,
composed of submicrometer sized crystallites can be used as
efficient light scatters, offering relatively large specific surface
area framework, and removing the adverse effect caused by the
lowered adsorption of dye-molecules in the film. For the case of
employing the polydisperse aggregation of ZnO nanocrystal-
lites, an overall energy-conversion efficiency of up to 5.4% has
been achieved.19 In addition, an unprecedented photo-
conversion efficiency of 7.5% for ZnO-based DSSCs was
achieved for a photoelectrode consisting of polydispersed ZnO
aggregates of nanocrystallites over a compact ZnO buffer layer
at a firing temperature of 450 °C.20 However, the drawback was
that the nanoporous films and employment of these particles
into nanocrystalline films will inevitably lower the internal
surface area of the photoelectrode film and, thus, counteract the
enhancement effect of light scattering on the optical absorption,
which in turn will increase the recombination rate of
photogenerated carriers. On the other hand, either poor
injection and/or strong recombination are indeed responsible
for the limited performance of ZnO nanowire arrays in a DSSC.
It was reported that vertically aligned ZnO nanowire arrays
sensitized with highly absorbing dyes can reach good solar light
harvesting in spite of the low surface area, but care should be
taken to control recombination and electron losses from the
substrate.21

Particularly, ZnO nanosheets are quasi-two-dimensional
structures for which the performance of the solar cell is also
believed to benefit from a high degree of crystallinity, larger
surface area and, therefore, low resistance with regards to
electron transport. To achieve these characteristics, the two-
dimensional (2D) ZnO nanosheets have been investigated as
the photoanodes of DSSCs.22−26 Hosono et al. studied the
chemical bath deposition method for the preparation of DSSC
based on ZnO porous nanosheets. However, the cells exhibited
an efficiency of only 3.9% because of the lower surface area for
the adsorption of dye.27 Xu et al. used the electrodeposited
ZnO nanosheets for the preparation of the photoanode of a
DSSC,28 but the cell showed an efficiency of only 2.3%; this cell
efficiency was limited because of a low surface area for dye
adsorption and as well as the high thickness of nanosheets. In
addition, the best energy-conversion efficiency (η) obtained
with a mosaic structure composed of ZnO nanosheets was
5.41%.23 In the case of aforementioned studies, film deposition
methods like chemical bath deposition, doctor-blade, and
electrodeposition were utilized with difficulty of operation,
varying degrees of expenses, and sophistication to fabricate the
thin films of ZnO nanosheets. The presented two-step method
has many advantages such as low cost, environmental
friendliness, scalability, and its applicability to a variety of
substrates such as silicon, sapphire, and glass. In addition, the
improved control over the morphology by means of different
conditions (chemicals selection, precursor concentration,
growth time, and synthesis temperature) is the key benefit of
this process. Typically, visible response of ZnO nanomaterials
can be realized by doping nonmetal elements such as N, S, and

C, as previously reported for the photocatalytic degradation of
pollutants and photoelectrochemical water splitting, where
ZnO was used as the photocatalysts.29,30 The non-metal-doping
not only narrows the band gap so as to be responsible for
visible light, but also inhibits the recombination of photo-
generated electrons and holes.30 Combination of all these
features will likely produce higher efficiency for ZnO-based
DSSCs.
In this study, we reported a hierarchically structured PV

nanomaterial based on upright-standing nanoporous nano-
sheets of iodine-doped ZnO nanocrystalline (denoted as
ZnO:I) exhibiting higher conversion efficiency, large internal
surface area as well as strong light scattering property, which
can be used as an effective photoanode in DSSCs. The
nanosheets were sub-micrometer-sized and thus can function as
efficient light scatterers, whereas the nanocrystallites provide
the films with the necessary nanoporous structure and large
internal surface area. The proposed multifunctional ZnO:I
nanosheets produced an efficiency of 6.6%, almost more than
double of undoped ZnO nanosheets (2.4%), much higher than
0.5−1.5% for ZnO nanowires films,13,14,31 1.5−2.4% for ZnO
nanocrystalline films,32−34 and 2.7−3.5% for uniform ZnO
aggregate films.35 The enhancement effect was anticipated to be
equally applicable to achieving a higher efficiency for other
oxide semiconductor-base DSSCs.

2. EXPERIMENTAL SECTION
2.1. Synthesis of Nanoporous Nanosheets of ZnO and ZnO:I

Nanocrystallites. In the two-step method, ZnO seed layers were
deposited onto the heated fluorine-doped tin oxide (FTO) substrates
by applying the electrostatic spray deposition method.36 The
preparation process and experimental conditions were similar to our
previous report.37

In the second stage of deposition, nanoporous nanosheets of ZnO:I
nanocrystallites were grown in a sealed reaction vessel via hydro-
thermal decomposition of hexamethylenetetramine (HMT) and zinc
nitrate hexahydrate (Zn(NO3)2·6H2O) solutions based on a modified
method.38 An iodine(I) dopant was added in the form of iodic acid
(HIO3) with doping concentration of 2.2 at % into the equimolar
solution of 0.01 M Zn(NO3)2·6H2O/HMT. The seeded substrates
were suspended inside the sealed reaction vessel with 0.01 M of
equimolar solution & I dopant and were heated to 50, 60, 70, and 80
°C, respectively, for the growth of sample 1 (upright-standing well-
stacked nanoporous nanosheets of ZnO:I nanocrystallites synthesized
at 50 °C), sample 2 (slight destruction of the standing nanosheets
synthesized at 60 °C), sample 3 (partial nanosheets synthesized at 70
°C) and sample 4 (primary nanocrystallites without any nanoporous
nanosheets synthesized at 80 °C). Another equimolar solution of 0.01
M Zn(NO3)2·6H2O/HMT was prepared without the addition of I
dopant for growing the nanosheets of ZnO nanocrystallites. Similarly,
the ZnO seeded substrates were suspended inside the sealed reaction
vessel with 0.01 M of equimolar solution without I dopant and were
heated to 50, 60, 70, and 80 °C, respectively for the growth of four
different samples (sample 5 (at 50 °C), 6 (at 60 °C), 7 (at 70 °C), and
8 (at 80 °C)) of undoped ZnO nanosheet films. The FTO substrates
containing eight different samples, were removed from vessel and
washed with distilled water after 10 h of growth in order to remove the
residual zinc salts and they were dried in a stream of air before further
analysis. Unless mentioned, the synthesis temperature of 50 °C was
kept constant and the solar cell performance was checked after zero
days.

2.2. ZnO and ZnO:I Cell Preparation. Nanoporous nanosheets
of ZnO and ZnO:I nanocrsytallites were washed with DI water and
baked in air at 350 °C for 30 min in order to remove any residual
organics and optimize solar cell performance. The nanosheets films
were then sensitized by dipping them into 0.5 mM ethanolic solution
of the ruthenium complex cis-[RuL2(NCS)2] (commercially known as
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N3 dye) for approximately 30 min. The sensitization time was
controlled strictly to avoid the dissolution of surface Zn atoms and the
formation of Zn2+/dye complexes, which might block the electron
transport from the dye to the semiconductor. To remove the
additional dye, we then washed the films of nanosheets with ethanol.

The Pt-coated thin films on the FTO, which served as counter
electrodes, were constructed by dropping 0.35 mM H2PtCl6 solution
on the FTO, followed by annealing at 400 °C for 15 min in air. The
electrolyte solution consisted of 0.3 M LiI, 0.06 M I2, 0.5 M t-BPy, and
1.0 M DMPII in acetonitrile. The active area of the resulting cell

Figure 1. (a) FE-SEM image of as-prepared ZnO:I nanosheets (sample 1), and (b) a magnified FE-SEM image of nanosheets.

Figure 2. (a) EDS spectrum of ZnO:I nanosheet film (sample 1). Strong Zn peaks, as well as weak I atomic peaks at around 3.95 keV, were detected
in the EDS spectrum, and (b) EDS results obtained by scanning nanosheets of ZnO:I nanocrystallites in different areas.
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exposed in light was approximately 0.25 cm2 (0.5 cm × 0.5 cm). For
comparison, ZnO cell was also constructed according to a similar
procedure as mentioned above.
2.3. Characterization. The crystal structure of the nanosheets

films was analyzed by using an X-ray diffaractrometer (D/MAX-2500
Rigaku Co.) using Cu kα radiation (λ = 1.5405 Å). For the surface
morphology of the nanosheets films, field-emission scanning electron
microscopy (FE-SEM) was performed by using a Magellan 400
microscope coupled with an X-ray energy dispersive spectrometer
(EDXS) DX-4, which further revealed the elementary composition of
the nanosheets. The current density versus voltage (J−V) character-
istics of the cells were measured using a solar simulator (Newport) and
a black metal mask with an aperture area of 0.215 cm2 under steady
illumination AM1.5 spectral filter, and the intensity was adjusted to
provide 1 sun (100 mW cm−2) using a calibrated silicon solar cell. A
1000 W xenon lamp (Thermo Oriel, America) was served as the light
source. Monochromatic light in the range of 400−800 nm was
obtained by using a series of filters. The incident photo to current
conversion efficiency (IPCE) was measured as a function of
wavelength from 400 to 800 nm on a Keithley model 2000
SourceMeter under short circuit conditions using a tungsten source.
The BET data of doped and undoped ZnO nanosheet-based samples
was obtained with the help of an ASAP 2010 surface area analyzer. The
amount of dye adsorbed on the photoanode was determined by
measuring the absorption spectra of dye desorbed by immersing the
photoanode into 1.0 M NaOH solution (50:50, V/V). The absorption
spectra were measured using an ultraviolet visible-near-infrared (UV−
vis−NIR) spectrophotometer (UV-3101PC), with an integrating
sphere to capture directly the transmitted light and forward scattered
light. The electrochemical impedance spectroscopy (EIS) measure-
ments were performed by applying a bias of the open-circuit voltage of
the ZnO and ZnO:I-based cells with AC amplitude of 10 mV and a
frequency ranging from 1 × 10−1 to 1 × 105 Hz under 100 mW cm−2

illumination.

3. RESULTS AND DISCUSSION

The scanning electron microscopy (SEM) image (Figure 1a)
indicates that the film was well stacked with nanoporous
nanosheets of ZnO:I nanocrystallites with diameters ranging
from several tens to several hundreds of nanometers (Figure
1b); the magnified SEM image of nanosheets of ZnO:I
nanocrystallites reveals that the ZnO nanosheets consist of
packed nanocrystallites. This ZnO:I film had a hierarchical
structure, which stems from the combined architecture of the
film formed by secondary nanosheets with primary nano-
crystallites. The sample synthesized at 50 °C was denoted as
sample 1, which also demonstrates the porous features provided
by the nanosheets of nanosized crystallites. Energy-dispersive
spectroscopy (EDS) measurement demonstrates the existence
of I in ZnO nanosheets (Figure 2a). By scanning nanosheets of
ZnO:I nanocrystallites in different areas, the average concen-
tration of I was estimated to be ∼2.1 at % (Figure 2b).
Similarly, the EDS and the estimation of average concentration
I of was performed for all other ZnO:I nanosheet film samples.
Those results revealed that I also exists in the nanosheet films.
Figure 3 exhibits the X-ray diffraction (XRD) pattern of the

ZnO:I nanosheet films (sample 1) and pure ZnO nanosheet
film (sample 5), where all the major peaks can be well assigned
to those of wurtzite (hexagonal) ZnO with lattice constants of a
= 0.325 nm and c = 0.521 nm (JCPDS: 36−1451). It was
observed that the intensity of (0 0 2) peak was much stronger
than that of other peaks, demonstrating that the (0 0 1) crystal
face might be the primary face of the nanosheets. The inset of
Figure 3 exhibits the comparison of the XRD pattern of iodine-
doped and undoped ZnO nanosheets in the range 2θ = 31−37°
corresponding to (1 0 0), (0 0 2), and (1 0 1) peaks. By

observing the peak positions, it was observed that peaks had a
slight shift toward the smaller angle side. The peak shift was
resulted from the lattice expansion caused by doping. The
evaluated c-axis lattice constant of the iodine-doped nanosheets
was 0.5240 ± 0.0005 nm, which was much larger than that of
pure ZnO (c = 0.5109 nm). These results demonstrated that I
was successfully occupied into the ZnO lattice.
Additionally, three more ZnO:I nanosheets films (samples 2,

3, and 4) with various morphologies were fabricated at 60, 70,
and 80 °C, respectively. Figure 4 shows the typical FE-SEM
images of these three samples, explaining the steady depravity
in the degree of upright-standing position of nanosheets of
nanocrystallites by increasing synthesis temperature. Sample 2,
synthesized at 60 °C, was similar to sample 1 and contained the
nanoporous nanosheets of ZnO:I nanocrystallites, but sample 2
exhibited a slight degradation of the standing nanosheets
(Figure 4a). Sample 3, which was synthesized at 70 °C (Figure
4b) contained only partial nanosheets. It was clear in sample 3,
that most of the nanosheets had lost their standing position.
When the temperature increased up to 80 °C, the obtained
ZnO:I film (sample 4, Figure 4c) only exhibited the primary
nanocrystallites without any nanoporous nanosheets. More-
over, XRD analysis demonstrated that all the four different
ZnO:I films had the hexagonal wurtzite structure, despite the
various morphologies and the synthesis temperatures. The
primary nanocrystallite size, estimated from the full width at
half-maximum of the (0 0 2) peak using the Scherrer equation
revealed that the ZnO:I nanocrystallites were 25 nm in
diameter, and there was no considerable difference in
nanocrystallite size for all the samples regardless of the various
morphologies observed by FE-SEM.
The ZnO:I nanosheet film (sample 1) of approximately ∼1.2

± 0.3 μm in thickness was grown using a hydrothermal method
onto a FTO coated glass at 50 °C as shown in Figure 5a. For
comparison, undoped ZnO film of nanosheets (sample 5) with
thickness of ∼1.2 ± 0.3 μm identical to that of the ZnO:I film
was also grown, and it was examined that the two films
maintained the analogous morphology and structure (Figure 5b
and 5c). Moreover, for other undoped ZnO and ZnO:I samples

Figure 3. XRD patterns of iodine-doped and pure nanosheets of ZnO
crystallites. The inset shows the XRD comparison of both samples
showing the peak shifting because of the doping in the range 2θ = 31−
37°.
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the films of nanosheets had the same thickness of about ∼1.2 ±
0.3 μm.
The fabricated solar cells based on ZnO:I and undoped ZnO

nanosheet films were further identified by measuring their
current−voltage behavior while the cells were irradiated by AM
1.5 simulated sunlight with a power density of 100 mW cm−2.
Figure 6 displays the typical current density versus voltage (J−
V) curves of the four different ZnO: I samples and one
undoped ZnO sample. In the case of undoped ZnO (sample 5)
based cell, the short-circuit current density (JSC) of 9.5 mA/
cm2, open-circuit voltage (VOC) of 595 mV and energy-
conversion efficiency (η) of 2.4% were obtained. After doping
with iodine, the JSC and η were enhanced significantly, reaching
a maximum of up to 20.0 mA/cm2 and 6.6%, respectively. The
highest η of ZnO:I cell conformed to a more than 100%
increment of undoped ZnO cell. Moreover, sample 1 that
contains the near perfect up-right standing nanosheets
structure, accomplished the highest JSC and, thus, the highest
η, whereas sample 4, composed of only ZnO nanocrystallites,
showed the lowest current density and the lowest energy
conversion efficiency among all four samples. Table 1 outlines
the VOC, JSC, fill factors (FF), η, synthesis temperature,
approximate film thickness, surface area and the amount of
absorbed dye for all four different ZnO:I samples and an
undoped ZnO sample. All samples revealed the similar open-
circuit voltages of approximately 600 mV; but, the short-circuit

current density was decreased significantly from 20 mA/cm2 for
sample 1 to 12.4 mA/cm2 for sample 4. As a result, the energy
conversion efficiency varied systematically from 6.6% for
sample 1 to 3.2% for sample 4, decreasing as the degree of
standing of nanosheets decreased. In a DSSC, the current
density was decided based on the injection efficiency of
electrons from dye molecules to semiconductor, the recombi-
nation rate between the injected electrons and oxidized dye or
redox species in the electrolyte, and the initial number of
photogenerated carriers. It was reasonable to assume the same
injection efficiency and recombination rate for the given ZnO/
N3/electrolyte systems, so that the initial number of photo-
generated carriers may be significantly affected by the variation
in the light-harvesting capability of photoelectrodes with
different film structures. Thus, the enhanced performance of
ZnO:I cells can be reasonably believed to be arising from the
sunlight harvesting, photon-to-electron transfer process of the
cells, as well as the intrinsic components of the films. The dye
loading of the films was measured to investigate the surface
concentration of dye molecules adsorbed on ZnO:I and
undoped ZnO nanosheet films. The results showed a slight
decrease in the surface concentration, with the values of 6.36 ×
10−8, 6.1 × 10−8, 5.5 × 10−8, and 4.3 × 10−8 molcm−2 for the
samples 1−4, respectively, when the film morphology had
alteration gradually from standing nanosheets to nano-
crystallites, which may have different capability for dye

Figure 4. FE-SEM images presenting the morphology evolution of ZnO:I nanosheets films synthesized at different temperatures: (a) 60 °C (sample
2), (b) 70 °C (sample 3), and (c) 80 °C (sample 4).
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adsorption and therefore, a different porosity. In addition, all
four different samples of ZnO:I exhibited a specific surface area
of 75 ± 2 m2 g−1. Similar trend was observed in undoped ZnO

nanosheet films with the values of 6.2 × 10−8, 5.8 × 10−8, 5.0 ×
10−8, and 3.7 × 10−8 molcm−2 for samples 5−8, respectively,
when the change in the film morphology was observed from
upright-standing nanosheets to nanocrystallites formation. On
the other hand, it was also observed that the amount of dye
absorbed in the films before (6.2 × 10−8 mol cm−2) and after
iodine doping (6.36 × 10−8 mol cm−2) was almost identical,
which was in good agreement with their analogous BET data
(74.0 and 76 m2 g−1 for undoped ZnO and ZnO:I, respectively)
as well as film texture framework.
To investigate the reasons behind the higher photocurrent

resulted from ZnO:I-based solar cells, we also performed the
incident photon to current conversion efficiency (IPCE) for the
ZnO:I and undoped ZnO cells to investigate the photoactive
wavelength regime (Figure 7a). Particularly, the IPCE spectra
of the ZnO:I film-based cells exhibited a red shift, promoting
the employment of sunlight in the full spectrum range. The
maxima of IPCE in the visible region committed by the dye
absorption were situated at approximately 520 nm with values
of 78, 73, 68, and 58% for samples 1−4, respectively. Hence,
the IPCE measured for the sample 1 film with standing
nanosheets was almost 1.35 times that of the sample 4 films
with only nanocrystallites. Furthermore, IPCE examined for

Figure 5. (a) Typical cross-sectional FE-SEM image of the ZnO: I film, showing approximately 1.2 ± 0.3 μm in thickness; FE-SEM image of (b)
ZnO (sample 5), and (c) ZnO:I nanosheets films (sample 1). Both the ZnO-based films were stacked with nanoporous nanosheets of ZnO
nanocrystalline particles.

Figure 6. A comparison of photovoltaic behaviors of undoped ZnO
and ZnO:I samples 1−4.
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sample 1 was almost 1.75 times higher than undoped ZnO
sample. Optical absorption spectra for ZnO:I and undoped
ZnO films with dye sensitization revealed the difference in
light-harvesting capabilities of the films. The red shift was also
examined in UV−vis absorption spectroscopy measurements
(Figure 7b). Also, IPCE profile of ZnO:I cell was found to be
broadened and strengthened over the entire wavelength region
compared to that of undoped ZnO cell. The absorption spectra
demonstrates that the ZnO nanosheet films with better
standing position can promote more efficient photon capturing

in the visible region and also suggest the existence of a strong
light scattering effect. In addition, such an effect might be
helpful for the partial scattering of the incident light and
weaken the transmittance of the films, and thus produces the
pseudo-absorption deviating from that of adsorbed dye.
In the DC mode, the photocurrent was measured under the

illumination of monochromatic light with a fixed photon flux
which is normally 1014 cm−2 s−1. The generated photocurrent
may be 3 orders of magnitude smaller than that generated
under AM 1.5G solar light. Therefore, it was hard to measure
the IPCE of DSSCs precisely with such small photon flux, so
the photon flux of the monochromatic light was increased to 1
× 1016 cm−2 s−1.39 Figure 8a exhibits the IPCE spectra of a
ZnO:I (sample 1) based DSC measured under the AC mode (2
Hz) and the DC mode with fixed photon flux of 1 × 1016 cm−2

s−1, respectively. In the range of 600 to 900 nm, the IPCE
values of the two modes were very close to each other. The
same trend was observed for other samples.
In addition, it is crucial to justify that the JSC obtained from

J−V measurement was compatible with the value estimated
from IPCE spectra, because JSC can be expressed by integrating
the product of the incident photon flux density [F(λ)] and
IPCE (λ) of the cell over the wavelength (λ) of the incident
light, expressed as40

∫ λ λ λ λ= −J qF r d( )(1 ( ))IPCE( )SC (1)

where q is the electron charge and r(λ) the incident light loss in
light absorption and reflection by the conducting glass.
Figure 8b demonstrates the relationship between JSC

calculated from eq 1 and JSC measured from J−V characteristics
(Figure 6), for an undoped ZnO (sample 5) and ZnO:I samples
1−4 at 700 nm. In the calculation, [F(λ)] was assumed to be
AM 1.5 standard spectrum. A linear relationship was obtained
between the calculated and measure JSC. The slope of the line
was close to 1, suggesting that IPCE could be accurately
measured under DC mode, which revealed that the IPCE
spectra measured in the DC mode could be reliable if the
measurement conditions were properly analyzed. The DC
mode would only be valid when JSC has a linear relationship as a
function of light intensity. However, for DSSCs with a
nonlinear relationship, such as the DSSCs based on ionic
liquids, the DC mode was not reliable anymore.41,42 Hence, we
also measured the IPCE spectrum in the AC mode at a
frequency low enough for the illumination of simulated solar
light.
To obtain the information about the recombination

properties and electron transport for ZnO:I cells, we measured
the electrochemical impedance spectroscopy (EIS) (Figure 9)
at an applied bias of VOC under illumination. The Nyquist plots
(see the inset of Figure 9) showed a well-defined semicircle in
the low-frequency region (100−1 Hz) resulting from electron

Table 1. Summary of the Photovoltaic Characteristics for the Undoped ZnO and ZnO:I-Based Dye-Sensitized Solar Cellsa

samples
synthesis

temperature (°C)
film thickness

(μm) VOC (mV) JSC (mA/cm2) FF (%) η (%)
surface area
(m2g−1)

absorbed dye (× 10−8

mol cm−2)

undoped
ZnO

50 1.2 ± 0.3 595 ± 3 09.5 ± 0.2(09.4) 42.4 ± 0.2 2.4 ± 0.2 74 ± 2 6.20 ± 0.2

1 50 1.2 ± 0.3 640 ± 2 20.0 ± 0.1(19.9) 51.7 ± 0.2 6.6 ± 0.1 76 ± 2 6.36 ± 0.2
2 60 1.2 ± 0.2 610 ± 2 16.5 ± 0.2(16.3) 49.6 ± 0.2 5.0 ± 0.2 75 ± 1 6.10 ± 0.1
3 70 1.2 ± 0.3 620 ± 1 16.0 ± 0.3(15.8) 44.3 ± 0.2 4.4 ± 0.2 75 ± 1 5.50 ± 0.3
4 80 1.2 ± 0.3 605 ± 2 12.4 ± 0.2(12.3) 42.1 ± 0.2 3.2 ± 0.2 75 ± 1 4.30 ± 0.1
aAverage performance (mean values) has been calculated for 10 devices. JSC values in brackets were calculated from IPCE.

Figure 7. (a) Comparison of IPCE spectra of undoped ZnO (sample
5) and ZnO:I samples 1−4 measured in DC mode, and (b) absorption
spectra of undoped ZnO and ZnO: I films, exhibiting that the presence
of I dopant successfully induces the red-shift of the nanocrystalline
absorption.
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transfer at the ZnO/dye/electrolyte interface which governs the
impedance of the DSSC, and was recognized as the
characteristic shape of recombination through the semi-
conductor.8 No current passes through the external circuit
under the VOC condition and the injected electrons into the
ZnO or ZnO:I must be recombined by redox electrolyte at the
ZnO/dye/electrolyte interface. The electron lifetime (τe) in the
ZnO-based films can be obtained from the maximum frequency
of the low-frequency peak ( fmax) value following the equation
τe = 1/ωmax = 1/2πfmax.

43−45

Bode phase plots (Figure 9) demonstrated that I doping in
ZnO leads to a decrease in the fmax values, and τe was found to
be 4.5 and 11.8 ms for ZnO and ZnO:I cells, respectively which
demonstrated that the transfer of electrons over a longer
distance was unblocked to a larger span across the ZnO:I/dye/
electrolyte interface, directing to a larger collection of electrons
and effective capture. In addition, the decrease in charge
recombination and the increase in τe which was observed for
ZnO:I cell, could be the consequence of I doping, that acts as
charge trapping site for the separation of electron−hole, and

therefore, contributes to the enhancement of photon-to-
electron conversion efficiency.9,43−46

Another impressive perspective of the ZnO-based DSSC
system is its high durability of the device performance
compared to other liquid junction solar cells. Practically, the
liquid junction solar cells are known to have the low stability
originated from the leakage currents, corrosion of quantum
dots and side reactions at the electrolyte/counter electrode
interface. In view of stability, ZnO-based DSSCs is advanta-
geous due to its ability to work at wider angles, robustness to
corrosion, capability to operate at lower internal temperatures,
mechanically robustness, air stability, and nonvolatility. Figure
10 shows the cell performance durability for 35 days. The
undoped ZnO and ZnO:I nanosheet-based cell performance
was measured every 7 days in the presence of air, and the
results exhibited that it was not degraded even after 35 days.
The dependence of the current density, open circuit voltage, fill
factor and the overall conversion efficiency on time durations
showed a decrease by only ∼5−6% even after 35 days. This
high stability for cell performances of our ZnO and ZnO:I
nanosheet-based DSSCs has a great potential as a next-
generation solar cell.

4. CONCLUSIONS
In conclusion, the upright-standing nanoporous nanosheets of
undoped ZnO and ZnO:I nanocrystallites have been
demonstrated as an effective approach to generate light
scattering within the photoelectrode film of DSSCs while
retaining the desired specific surface area for dye-molecule
adsorption. The maximum energy conversion efficiency of 6.6%
was achieved on photoelectrode films that consisted of well
stacked up-right standing nanosheets of ZnO: I nanocrystallites.
This efficiency is enhanced more than 100% over the 2.4%
achieved for undoped ZnO films. In addition, IPCE spectra of
ZnO:I cell exhibited a significant enhancement in light
harvesting, especially in the visible region. Therefore, ZnO:I
may be developed as a promising photoelectrode material for
high-efficiency DSSCs. EIS data and analysis results further
proved that I doping lowered the recombination resistance and

Figure 8. Comparison of IPCE spectra of ZnO:I (sample 1) measured
under AC mode with AM 1.5 simulated sunlight and DC mode
without simulated sunlight, (b) Relationship between JSC calculated
from eq 1 and JSC measured from J−V characteristics for an undoped
ZnO (sample 5) and ZnO:I samples 1−4.

Figure 9. Bode phase plots of undoped ZnO (sample 5) and ZnO:I
(sample 1)-based DSSCs measured at the Voc under 100 mW cm−2

illumination. The inset displays the Nyquist plots of the corresponding
two cells.
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prolonged electron lifetime of the ZnO:I nanosheet films,
therefore diminishing the recombination process. The
fabricated cell showed remarkable durability in cell perform-
ance; the cell efficiency decreased by only a few percent in air
over 35 days. The proposed growth process is a simple and low-
cost approach for the large scale production of nanomaterials
with high conversion efficiency to fabricate DSSCs and hybrid
solar cells. This method is also anticipated to be equally
applicable to other semiconductor photoelectrodes in DSSCs
and organic−inorganic hybrid solar cells.
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