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a b s t r a c t

Developments of metal oxide nanostructures for simultaneous improvements in light harvesting and
charge collection can lead to a significant technical progress in various applications such as photoelec-
trodes for photoelectrochemical cells and various types of solar cells. Here we present an array of three-
dimensional titanium dioxide (TiO2) nanohelixes infiltrated with TiO2 nanoparticles as a multifunctional
photoanode for dye sensitized solar cells (DSSCs). The unique geometry and the near-single crystallinity
of the vertically aligned TiO2 nanohelix array results simultaneously in strong light scattering and
enhanced carrier transport and collection, while maintaining a comparable surface area accessible for
dye molecules by the infiltrated TiO2 nanoparticles. Consequently, despite a �40% reduction in dye
loading, the overall photon conversion efficiency of the DSSC with the nanoparticle-infiltrated
nanohelix-array photoanode is enhanced by 6.2% in comparison with the DSSC with the conventional
nanoparticle photoanode.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Dye sensitized solar cells (DSSCs) have received great attention
as one of the potential replacements for conventional solar cells
due to their cost-effectiveness and ease of fabrication [1–5].
Recently, the record power conversion efficiency (PCE) of greater
than 12% has been obtained [6], which may satisfy the require-
ments of most applications, yet leaves a room for further improve-
ment towards the theoretical maximum PCE of �20% [7]. Two
strategies are typically considered for improving the PCE of solar
cells: (i) improving the light harvesting efficiency to increase the
number of photo-generated carriers, and (ii) promoting the charge
collection that is determined by two competing processes – the
transport and the recombination of the photo-generated carriers.
However, there is a trade-off between the light harvesting and the
charge collection efficiencies in general, which may require unsa-
tisfactory compromises when designing an optimized solar cell.

Optical, electrical, and structural properties of photoelectrodes
can strongly affect light harvesting as well as charge collection
processes in various optoelectronic devices including photoelec-
trochemical cells, organic photovoltaics, and DSSCs. Especially in
DSSCs, the geometry of a photoanode determines the amount of
dye molecules accessible to the photoanode, as well as the
scattering of incident light, thus affecting the overall light harvest-
ing efficiency. In addition, the charge collection efficiency is
strongly influenced by the micro-structural properties of the
photoanode, i.e. whether the photoanode can provide photo-
generated carriers with “express ways” for efficient transport with
little recombination loss. Sintered networks of TiO2 mesoporous
nanoparticles (NP) have been widely used as photoanodes for
conventional DSSCs due to their large surface area enabling
adsorption of large amount of dye molecules for efficient light
harvesting. However, light scattering is negligible because the size
of typical NPs (about 10–20 nm) is much smaller than the
wavelengths of solar spectrum [8], which calls for a thick photo-
anode to enable sufficient light absorption. On the other hand,
entangled complex networks of sintered NPs with numerous grain
boundaries obstruct efficient transport of the photo-generated
carriers [9–12], which makes a thin photoanode desirable. One
dimensional nanostructures such as arrays of nanowires [13–16],

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/solmat

Solar Energy Materials & Solar Cells

http://dx.doi.org/10.1016/j.solmat.2014.08.007
0927-0248/& 2014 Elsevier B.V. All rights reserved.

n Corresponding author.
nn Corresponding author.
E-mail addresses: lutts@skku.edu (J.H. Park), kimjk@postech.ac.kr (J.K. Kim).

Solar Energy Materials & Solar Cells 132 (2015) 47–55

www.sciencedirect.com/science/journal/09270248
www.elsevier.com/locate/solmat
http://dx.doi.org/10.1016/j.solmat.2014.08.007
http://dx.doi.org/10.1016/j.solmat.2014.08.007
http://dx.doi.org/10.1016/j.solmat.2014.08.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.solmat.2014.08.007&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.solmat.2014.08.007&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.solmat.2014.08.007&domain=pdf
mailto:lutts@skku.edu
mailto:kimjk@postech.ac.kr
http://dx.doi.org/10.1016/j.solmat.2014.08.007


nanorods [11,17,18] or nanotubes [19–22] have been introduced to
promote charge collection by providing direct electron pathways
with reduced number of grain boundaries [19]. However, the PCE
of the DSSCs with such photoanodes remains lower than that of
conventional DSSCs due to a limited light harvesting caused by the
much small surface area and little light scattering. Recently,
combinations of one-dimensional nanostructures with NPs and

hierarchically structured nanotubes or nanowires were reported to
improve the dye loading capacity, and thus light harvesting, while
maintaining the enhanced carrier collection [23–29].

In this study, we present a new type of photoanode consisting
of a three-dimensional TiO2 nanohelix (NH) array infiltrated
with TiO2 NPs (the NH-NP photoanode) for simultaneous improve-
ments in the light-harvesting and the charge-collection efficiencies.

Fig. 1. Schematic illustrations of fabrication steps for a DSSC with TiO2 NHs infiltrated with TiO2 NPs; (a) formation of NH by oblique angle deposition with tilting angle of
and rotating speed of Φ, (b) spin coating for infiltration of NPs into the empty spaces between the NHs, (c) dye adsorption, and (d) assembly of a sandwich type cell with a Pt
coated counter electrode and injection of electrolyte. (e) Schematic description of light scattering and electron transport in a NH-NP photoanode. Incident light entering from
the FTO glass substrate can be strongly scattered by the three-dimensional TiO2 NHs, improving the light harvesting efficiency. The magnified view shows an enhanced
transport of electrons generated from dye molecules, through the infiltrated TiO2 NPs followed by a TiO2 NH. Such a NH-NP photoanode can simultaneously improve the light
harvesting and the carrier collection efficiency in photochemical cells including DSSCs.
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The unique geometry of the vertically aligned TiO2 NH array,
fabricated by a facile method called oblique angle deposition, causes
a strong light scattering effect as expected from the finite-element-
method-based simulations. In addition, micro-structural analyses by
X-ray diffraction (XRD) and high-resolution transmission electron
microscopy (TEM) reveal near-single crystallinity of the TiO2

NHs, resulting in strongly enhanced carrier transport. Consequently,
the DSSC with the NH-NP photoanode shows an enhanced PCE
despite much less dye loading than the DSSC with a conventional NP
photoanode.

2. Fabrication of DSSCs

Fig. 1a–d shows the fabrication steps of a DSSC with a NH-NP
photoanode. At first, the active region was defined on a FTO glass
substrate by using a shadow mask, followed by the deposition of
the TiO2 NH array by oblique angle deposition [30,31]. A random
fluctuation of the depositing material on the substrate at the initial
stage of the oblique angle deposition produces shadow regions
where subsequent incident vapor flux cannot reach, resulting in
the creation of an array of slanted nanorods. By controlling the
substrate rotation (Ф) as well as the vapor flux incidence angle (θ),
a variety of three-dimensional arrays of nanostructures including
NH can be fabricated in an easy, simple, and micro-fabrication-
compatible way. For the formation of 3 μm-thick NH arrays on the
active region (H3), the substrate was rotated while maintaining
the oblique angle of 801 (Fig. 1a). Then, diluted TiO2 NP paste with
average diameter of 20 nm in ethanol was spin-coated on the NH
arrays several times for infiltrating the empty space between the
NHs with NPs (Fig. 1b). After infiltrating the 3 μm-thick NH arrays,
additional 1 μm (H3P1) and 7 μm (H3P7) NP layers were added on
top of the 3 μm NH-NP photoanodes by spin coating for a
systematic investigation of various photoanodes. For comparison,
DSSCs with conventional 10 μm-thick mesoporous NP layer (P10)

having the same active layer thickness as the H3P7 sample was
prepared as well. All the samples (H3, H3P1, H3P7, P10) were
furnace-annealed at 500 1C for 30 min to form sintered networks
of NPs and NH-NP, as well as to crystallize the as-grown amor-
phous TiO2 NHs. Then, the samples were dyed in N719 dye ethanol
solution (Fig. 1c) and a platinum deposited counter electrode was
assembled to fabricate sandwich type DSSCs. Iodide/triiodide-
based electrolyte was injected into the empty space between the
two electrodes through holes on the counter electrode (Fig. 1d).
More experimental details of the fabrication including the materi-
als are described in the Supplementary material (S1). Fig. 1e shows
a schematic description of how the NH-NP photoanode on a FTO
substrate interacts with incident light to generate photocurrent
efficiently. The TiO2 NH array fulfils two important functions;
scattering centers of the incident light and efficient pathways for
photo-generated carriers while the infiltrated TiO2 NPs provide a
large surface area for dye adsorption. The enlarged view schema-
tically shows how the NH-NP photoanode facilitates the efficient
transport of electrons. Photo-generated electrons from dyes initi-
ally transport through the sintered network of TiO2 NPs, and once
entering a neighboring TiO2 NH, the transport becomes much
faster with much less probability of recombination than transport
through a sintered network of TiO2 NPs [32,33].

3. Results and discussion

Fig. 2a–d shows cross-sectional SEM images of the 3 μm NH
array (H3), 3 μm NH-NP with additional 1 μm NP layer (H3P1),
3 μm NH-NP with additional 7 μm NP layer (H3P7), and the 10 μm
NP-only layer (P10), respectively. As a consequence of the oblique
angle deposition, an array of randomly distributed 3 μm-thick
TiO2 NHs was formed on the FTO glass substrate, as shown in
Fig. 2a. Detail information on the dimension of the NHs and its
possible effect on the performance of DSSCs are discussed in

Fig. 2. Cross-sectional view of SEM images of the (a) 3 μm of NH array on FTO glass substrate (H3). (b, c) Combined photoanodes consist of infiltrated NH array with NPs with
(b) additional 1 μm of NP layer (H3P1), (c) additional 7 μm of NP layer (H3P7), and (d) 10 μm of NP layer as reference. All scale bars indicate 2 μm.
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Supplementary material (S2). The porosity of the 3 μm-thick NH
film was estimated to be �63% by using a linear effective medium
approximation of the measured refractive index. Note that TiO2

NPs can be penetrated into high density of empty spaces between
NHs to form the NH-NP layer, mitigating the drawback of less
surface area than NP-only layer (Fig. 2b and c). Some empty spaces
between the NHs are shown in Fig. 2b, c because parts of the
infiltrated NP have been chipped off during cleaving the samples
for cross-sectional SEM measurements.

In order to compare the dye loading capacity of each photo-
anode, dye molecules attached on the photoanodes were desorbed
and dissolved in a 0.1 M of NaOH solution [34], and the relative
amount of dye molecules was estimated by measuring the absorp-
tion spectra of the dissolved solution as shown in Fig. 3. Dye
molecules desorbed from the H3 shows the lowest absorption, and
thus, the lowest dye adsorption density (1.85�10�8 mol/cm2)
among the photoanode samples, indicating that the surface area
for dye adsorption is the smallest, as expected. As the surface area
of photoanodes increases by infiltrating and overcoating NPs (H3P1
and H3P7), absorbance values, and hence dye adsorption densities
(4.76�10�8 and 9.81�10�8 mol/cm2) increase as well. The con-
ventional NP photoanode (P10) shows the highest absorbance and

dye adsorption density (1.61�10�7 mol/cm2), indicating that con-
ventional NP photoanode is superior to any other types of the
photoanodes in terms of the dye loading capacity. Note that the
H3P7 shows �40% less dye adsorption density than the P10 despite
the same thickness of active layer (10 μm). In order to achieve an
enhanced PCE by using a nanostructured photoanode that offers
improved charge collection efficiency, the vulnerable point in light
harvesting caused by less dye loading should be mitigated or even
overcome by a concomitant favorable optical effect, e.g., enhanced
light scattering.

It is expected that light scattering by three-dimensional nanos-
tructures is much larger than that by a conventional NP layer and
one-dimensional nanostructures. In order to estimate the effect of
geometric shapes of photoanodes on light scattering, the light-
propagation behaviors through various TiO2 nanostructures were
calculated by using commercial finite element method software
(COMSOL Multiphysics). Details of the simulation are provided in
the Supplementary material (S3). Fig. 4a–d shows the amplitude
(in color scale) and the direction (black arrows) of the electric field
at the surface of a vertically stacked NPs, a nanorod, a nanotube,
and a NH when an x-polarized plane electromagnetic wave with
650 nm wavelength propagates from bottom to top (i.e. along the
z-direction). For the conventional NP stack shown in Fig. 4a, the
directions of scattered fields are nearly unchanged from the
incident field – indicating that light scattering is negligible – and
the amplitude of the electric fields is lower than for other
nanostructures (Fig. 4b–e). The negligible light scattering for the
NP stack is attributed to the size of TiO2 NPs (typically �20 nm),
which is much smaller than the wavelength (λ) of incident light
[8], while other structures having sizes comparable to λ. The
combination of small NPs for high dye loading and large NPs for
enhanced light scattering effect were reported [35,36], and it is fair
to compare light scattering effect by nanostructures with similar
dimension. Therefore, vertically stacked NPs with diameter of
150 nm comparable to that of the NH were also calculated
(Fig. 4b). The highest amplitude of electric field and the most
dynamic changes in the direction of scattered field are found in
the three-dimensional NH (Fig. 4e), which is attributed to
increased interface area between curled TiO2 NHs and air where
the incident light can be scattered - in other words, the light
scattering cross-section for the NH array is much larger than that
for larger size NPs stack and one-dimensional nanostructures.
Video clips showing time-dependent propagation of electric fields

Fig. 3. Measured absorption spectra of dye molecules (N719) in 0.1 M NaOH
solution desorbed from different photoanode structures.

Fig. 4. The amplitude (in color scale) and the direction (black arrows) of the electric field at the surface of (a) a vertically stacked 20 nm size-NPs (magnified), (b) a vertically
stacked larger size NPs (diameter of 150 nm), (c) a nanorod, (d) a nanotube, and (e) a NH when an x-polarized plane electromagnetic wave with 650 nm wavelength
propagates from bottom to top (i.e. along the z-direction).
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through various photoanodes are presented in the Supplementary
material (S3-a).

In order to experimentally verify the enhanced light scattering
by the three-dimensional TiO2 NH arrays, both diffuse and spec-
ular reflectance curves were measured, as shown in Fig. 5. The
inset shows a schematic measurement configuration; monochro-
matic light (λ¼650 nm) is incident on top of the NP layer and the
NH array at two angles of incidence (AOI), 71 and 301, and the
reflected light is measured by scanning a photodetector as a
function of angle of detection (AOD). Specular reflectance (when
AODEAOI) of the NH array is lower while the diffuse reflectance
of the NH array is much higher than that of the NP layer. Enhanced
diffuse reflectance yet reduced specular reflectance indicates that
the incident electromagnetic radiation spreads – i.e., scatters – into
wide range of directions by the three-dimensional NH array,
consistent with the simulation results shown in Fig. 4. Such an
enhanced light scattering by the photoanode increases the prob-
ability of the interaction between photons and dye molecules even
in a very thin active layer, which allows one to use a thin active
region for improving charge collection efficiency. In addition, the
enhanced light scattering by the NH array can mitigate the poor
dye adsorption caused by the small surface area for one- and
three-dimensional nanostructured photoanodes, while maintain-
ing the efficient transport property of photo-generated carriers.

Micro-structural properties of TiO2 NHs were characterized by
XRD and TEM. The XRD patterns of a TiO2 NH array obtained
before and after annealing are shown in Fig. 6a. No diffraction peak
is observed in the XRD pattern of the as-deposited TiO2 NHs,
indicating that the TiO2 NHs were deposited in the amorphous
state. After annealing the TiO2 NHs at 500 1C for 30 min, diffraction
peaks appear in the XRD pattern, all of which can be indexed as
those of the anatase phase of TiO2. Fig. 6b presents a TEM image of
the annealed TiO2 NHs which shows pronounced diffraction
contrast, indicating a high degree of crystallization. Note that the
vertically aligned NHs remain stable after the crystallization
process.

The preferred orientation of the anatase TiO2 NHs was quanti-
tatively evaluated from the XRD pattern by calculating

P ¼ IðhklÞ
∑IðhklÞ

∑I0ðhklÞ
I0ðhklÞ

where I(hkl) is the measured peak intensity from (hkl) plane, and I0

(hkl) is the calculated peak intensity from the same plane of a
randomly oriented powder sample [37]. The calculated P values,
summarized in the inset of Fig. 6a, suggest that the preferred
orientations of the vertical axis of NHs are ranked in the order of
the (103), the (101), and the (004). Most of the anatase TiO2 NHs
investigated by TEM also revealed that the axis of helix is parallel

Fig. 5. Measured reflectance versus the difference between the angle of detector (AOD) and the angle of incidence (AOI) for the NP layer and the NH array samples with
(a) AOI of 71 and (b) AOI of 301. The inset shows schematic measurement configuration.

Fig. 6. (a) X-ray diffraction (XRD) patterns of as-deposited and annealed TiO2 NH array. Calculated preferred orientations from the XRD data are shown in the inset. (b) TEM
image of TiO2 NHs array showing pronounced diffraction contrast.
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to the [103] or the [101] (Fig. 7a), which agrees well with the
XRD data.

Fig. 7a and b shows a pair of bright-field and dark-field TEM
images of TiO2 NHs. While small granular contrast is observed
along the edges of NHs, large grains spanning over �500 nm are
frequently observed along the axis of NHs. The dark-field image
formed by using the (101) diffracted beam highlights such a large
grain. We investigated many NHs and observed the existence of
such large grains in most of the NHs. (See Supplementary material
S4) Interestingly, the average grain size along the axis of helix
was comparable to 1.5 pitches of the helix, where one pitch
corresponds to 413725 nm. Fig. 7c shows a high-angle annular

dark-field scanning TEM (HAADF-STEM) image recorded at the
edge of such a large grain. The atomic columns are clearly
resolved, demonstrating the high crystallinity of such large grains
in TiO2 NHs. The large grain size coupled with the near-single
crystallinity of TiO2 NHs ensures that the carrier transport through
such TiO2 NHs can be enhanced significantly in comparison with
that through a network of NPs where the grain boundaries
between NPs act as recombination and scattering centers for carrier
transport.

In order to investigate the contribution of the NH array to the
electron transport properties in the NH-NP photoanodes, we
evaluated the electron transport time and electron diffusion

Fig. 7. (a) A bright field image of TiO2 NHs after annealing. The dotted lines drawn parallel to the edge trace one of the possible planes estimated from the diffraction pattern
shown in (b). The two major preferred orientations of NHs, the [101] and the [103], were shown in the inset. (b) A dark field image of the same NHs in (a) obtained by
selecting the (101) diffracted beam. The [�1�11] zone axis diffraction pattern is shown in the inset. (c) STEM-HAADF of the TiO2 NH at low magnification (left) and a
magnified view of the white-squared region (right) showing the lattice image of the anatase TiO2.

S.H. Lee et al. / Solar Energy Materials & Solar Cells 132 (2015) 47–5552



coefficients (Dn) by analyzing intensity modulated photocurrent
spectroscopy data acquired under the illumination of a 530 nm
light source with varying light intensities from 5 to 100 W/m2.
Symbols in Fig. 8a show measured electron transport time of
various photoanodes as a function of the incident light intensity.
The H3 sample shows much shorter electron transport time than
the NH-NP and conventional NP photoanodes, because photo-
generated electrons transport only through near-single crystalline
NHs with much less grain boundaries than other photoanodes
containing an entangled network of NPs. As the amount of TiO2

NPs increases by infiltrating and overcoating additional TiO2 NPs,
the electron transport time becomes longer and approaches the
values of the conventional NP-only photoanode. Fig. 8b shows that
diffusion coefficient (Dn) calculated by Dn¼d2/4τc [30,38] where d
is the thickness of film in which electrons travel and τc is electron
transport time. The diffusion coefficient in the NH array is more
than 3 times higher than that in the NP layer, showing much
enhanced carrier transport along the near-single crystalline TiO2

NHs. In addition, electrochemical impedance spectroscopy result
showing the enhanced performance of carrier transportation is
provided in Supplementary material (S5). In order to elucidate the
mechanism of electron transport in NH-NP photoanodes, we

developed an analytic model to estimate the transport time.
Details of the model are described in Supplementary material
(S6). The dotted lines in Fig. 8a show calculated transport times
with incident light intensity based on our analytic model for each
photoanode, very consistent with experimentally obtained trans-
port times. As the thickness of overcoated TiO2 NPs increases, the
electron transport time approaches the values of the NP-only
photoanode, indicating that the transport-rate-determining step
in the NH-NP photoanodes is the transport through the entangled
network of NPs. This result provides a clue for further improve-
ment in transport properties of NH-NP photoanodes; for example,
H10P0 - a NH-NP photoanode with 10 μmNH array infiltrated with
NPs will lead to much faster transport time than the H3P7 because
the average traveling length for photo-generated carriers to the
NH array should be much shorter while maintaining the enhance-
ment in light harvesting.

Fig. 9 shows the photocurrent-density-versus-voltage (J–V)
curves for the DSSCs with various photoanodes measured under
AM1.5 illumination at the radiation intensity of 100 mW/cm2. The
photovoltaic performances are summarized in Table 1. The open
circuit voltages (Voc) of the DSSCs with the H3 and H3P1 are higher
than that with P10 and H3P7 because thinner total thickness of the
photoanodes leads to a lower number of trapping surface states
[39]. Additionally, Voc of DSSCs with H3 photoanode is as high as
0.89 V due to the low charge recombination from improved
diffusion coefficient and small mass transport resistance in thin
and open structured film [40], however, the short circuit current
density (Jsc) is very low (3.72 mA/cm2) due to its small surface
area, resulting in the lowest PCE (2.17%) among the samples.
The Jsc values are increased to 9.23 mA/cm2 and 14.72 mA/cm2

for the H3P1 and the H3P7 samples, respectively, indicating that
increased surface area of NH-NP photoanodes enhances the
capability of light harvesting, which consequently results in
improved PCEs (5.87% and 8.40%). Note that the DSSC with H3P7

Fig. 8. (a) Electron transport time and (b) electron diffusion coefficients (Dn) of
various photoanodes estimated by analyzing intensity modulated photocurrent
spectroscopy data acquired under the illumination of a 530 nm light source with
varying light intensities from 5 to 100 W/m2. Calculated results based on our
analytic electron transport model are shown by dotted lines in (a).

Fig. 9. Photocurrent-density-versus-voltage (J–V) curves for the DSSCs with var-
ious photoanodes measured under AM1.5 illumination at the radiation intensity of
100 mW/cm2.

Table 1
Photovoltaic performances of the DSSCs with various photoanodes estimated from
the J–V curves in Fig. 9.

Total thickness (μm) Jsc (mA/cm2) Voc (V) FF (%) PCE (%)

H3 3 3.72 0.89 65.65 2.17
H3P1 4 9.23 0.91 70.02 5.87
H3P7 10 14.72 0.82 69.88 8.40
P10 10 14.03 0.81 72.84 7.91
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shows 4.9% higher Jsc and 6.2% higher PCE than the conventional
DSSC with P10 photoanode despite �40% lower dye adsorption.
Enhanced light scattering by the array of three-dimensional NHs,
which has been proved by both simulations and experiments,
together with comparable surface area with NP photoanode by
infiltrating and overcoating NPs results in an enhanced light harvest-
ing, and hence, higher Jsc. In addition, the diffusion coefficient
through the NH array is more than 3 times higher than that through
the NP layer, which is attributed to the large grains constituting the
NHs together with their near-single crystallinity. Therefore, a remark-
able reduction in carrier transport time through such TiO2 NHs is
expected compared to an entangled network of NPs with a large
number of grain boundaries between small NPs. However, as the
thickness of over coated NP layer increases in a NH-NP photoanode –

for example, H3P7 – the total electron transport time is mainly
determined by the time through the network of the thick NP layer,
approaching the long transport time in the NP-only photoanode.
Therefore, the improvement in the PCE of the DSSCs with H3P7 is
mainly attributed to the enhanced light harvesting rather than
promoted carrier transport by the array of NHs. It should be noted
that there is great room for further improvement in PCE of DSSCs by
taking advantage of the excellent transport properties as well as the
light scattering effect by appropriate design and optimization of NH-
NP photoanodes, for example, H10P0, as expected from our analytic
model (please see S6).

4. Conclusions

In summary, we developed a new type of photoanode based on
the arrays of three-dimensional near-single crystalline TiO2 NHs –

fabricated by the oblique angle deposition method – infiltrated with
TiO2 NPs – easily fabricated by spin coating - pursuing simulta-
neously improvements in the light harvesting and the charge
collection efficiencies of DSSCs. The NH-NP photoanode based DSSCs,
despite �40% less dye loading, show 6.2% higher PCE than DSSCs
with conventional NP photoanode. This improvement is attributed to
the unique geometry of a three-dimensional NH array photoanode
causing significant light scattering for much enhanced light harvest-
ing. In addition, infiltrated TiO2 NPs provide a large surface area for
the adsorption of dye molecules. We believe that there is much room
for further improvement in PCE by optimization of length of NHs and
the amount of infiltrated NPs for more efficient electron transport, i.
e., by eliminating trade-off between the light harvesting and the
carrier collection. Furthermore, the proposed photoanode concept
can be also applied to photoelectrochemical cells for water splitting
and artificial photosynthesis, organic photovoltaic devices, etc., in
which simultaneous improvements in light harvesting and charge
collection are important, leading to significant technical progress in a
wide range of optoelectronic devices.
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