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ABSTRACT: An array of periodic surface features were patterned
on mesoporous niobium oxide films by a soft-lithographic
technique with the goal of constructing a photonic crystal (PC)
structure on the back side of the oxide. The oxide films, fabricated
by mixing sol−gel derived niobium oxide nanoparticles and
hydroxypropyl cellulose, were employed as photoelectrodes in
dye-sensitized solar cells (DSSCs), and their performance
evaluated against their flat counterparts. The surface patterns
were imprinted using a photocurable perfluoropolyether (PFPE)
soft-replica of a silicon master with a two-dimensional array of
cylindrical posts (200 nm (D) × 200 nm (H)) in hexagonal
geometry. The PC on the niobium oxide surface caused large
changes in optical measurements, particularly in the blue
wavelengths. To evaluate the optical effect on solar energy conversion, the incident photon-to-current conversion efficiency
(IPCE) was measured in the patterned devices and the control group. The IPCE of patterned niobium oxide anodes exhibited a
relative enhancement in photocurrent generation over the wavelength range corresponding to the higher absorption in optical
measurements.
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■ INTRODUCTION

Since the first report of a high efficiency (∼7.1%) dye sensitized
solar cell (DSSC) by O’Regan and Graẗzel,1 the DSSC has been
promoted as a promising photovoltaic technology with lower
intrinsic costs compared to conventional Si-based photovoltaic
devices. Subsequently, extensive and intensive research has
focused on improving DSSC efficiency, mainly by the
development of new dye molecules absorbing over a wider
spectrum of light,2,3 novel electrolytes,4−6 the design and
optimization of cell nanostructures (e.g., tubular7,8 or nano-
forests9 of TiO2), and new metal oxides and/or doped materials
in addition to titania for dye supports.10−13 Niobium oxide has
been a candidate in those efforts to replace TiO2, especially
noteworthy for its higher conduction band energy,11,14−17

which can be a benefit in principle by generating a higher open
circuit voltage.18 Recently, a high conversion efficiency (4.1%)
cell having only a 4 μm thick Nb2O5 nanoporous network was
reported.19 Another application of niobium oxide with its
higher conduction band energy is a shell material of the TiO2/
Nb2O5 core/shell structured DSSCs, forming an energy barrier
to lower the recombination loss.20,21 Along with the efforts to
apply niobium oxide to DSSCs and produce photocurrents,
other approaches are underway to use niobium oxide as the
wide band gap semiconductor electrode for solar fuel
production, for example, hydrogen generation with the dye-
sensitized photoelectrochemical cells (DSPECs).22 An addi-

tional variable to exploit to obtain better performance with
existing materials is to utilize optical structures within the
DSSCs for improving photon absorption and photocurrent
generation.23−31 These optical elements have been utilized
extensively in TiO2 based DSSCs. Utilizing for instance
additional layer of larger TiO2 particles for effective scattering
that confines light in the dye-sensitized mesoporous TiO2
layer,23 or including a photonic crystal (PC) layer on top of
the conventional mesoporous TiO2 film for forming a photonic
stop band and reflecting unabsorbed photons back to the
mesoporous TiO2 layer.24−31 In some particularly effective
cases, three-dimensional (3-D) opal-like structures formed with
monodisperse polystyrene (PS) beads were employed to create
the photonic crystal layer.24−30 This structure is advantageous
because one can easily choose the photonic stop band
wavelength by simply selecting the diameter of the PS beads,
especially targeting the red region where intrinsic photon
absorption by the dye molecules is weak.29 However, despite
the benefits of the inverse opal based bilayer structures, its
construction is a complex multistep processes, limiting the
practical application of PC structures to the DSSCs. Actual
enhancements in cell efficiency with good reproducibility are
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rare.30 Although two-dimensional (2-D) PC structures are not
as effective as the 3-D PCs which form a complete photonic
band gap (PBG),32 2-D PCs in the form of surface patterning
by soft-lithography33 can be an alternative approach, consider-
ing the easy and simple methods to fabricate them, and 2-D
PCs have been applied to organic photovoltaic devices34 and
solid state DSSCs.35

Herein, we describe a simple surface patterning method
based on the soft-lithographic techniques to form PC structures
on the nanocrystalline niobium oxide film surface. A
photocurable perfluoropolyether (PFPE)36,37 was used to
replicate 2-D patterns on a Si master and reproduce them on
the surface of mesoporous niobium oxide anodes; the method
exploits the low surface energy and high gas permeability of
PFPE.38 Optical characteristics and solar energy conversion
performances of the surface patterned niobium oxide films were
analyzed and compared to flat niobium oxide anodes.

■ EXPERIMENTAL SECTION
Mesoporous nanocrystalline niobium oxide films were prepared on
FTO coated glass substrates via a sol−gel route. A volume of 1.255 mL
(0.005 mol) of niobium ethoxide (Nb(OEt)5, 99.95%, Aldrich) was
dissolved in 10 mL of ethanol, and 1 mL of this mixture was
hydrolyzed with 0.3 mL of ammonium hydroxide solution (29.53%,
Fisher Scientific). After hydrolysis, 1 mL of glacial acetic acid (99.9%,
Fisher Scientific) was added to the hydrolyzed mixture, sonicated, and
stirred overnight for peptization. To this niobium oxide mixture, 1.7
mL of hydroxypropyl cellulose (Mw = 100 000, Aldrich) solution in
deionized water (10 wt %) was added and well mixed by stirring
overnight. The as-prepared paste was used for mesoporous niobium
oxide base layer, and condensed paste was used for additional surface
patterning on top of the base layer. FTO coated glass substrates (15
Ω/sq, 2.3 mm thick, Hartford glass) were sonicated in acetone (99.5%,
Fisher Scientific), isopropanol (99.9%, Fisher Scientific), and
deionized water for 20 min each and then heat-treated at 500 °C in
the air for 10 min to completely remove organic residues before
coating the niobium oxide paste. Niobium oxide paste was dropped
onto FTO coated glass substrate districted by the tape spacers (3M),
dried on a hot plate (80 °C), and then calcined in a tube furnace to
600 °C (2 K/min) with mild air stream.
For surface patterning on top of the calcined niobium oxide films by

soft-lithography, patterned polymeric mold was prepared by following
the method reported by Hampton et al.:39 Photocurable PFPE
solution (a solution consisting of 1000 g/mol PFPE α,Ω-function-
alized dimethacrylate and 2,2-diethoxyacetophenone as the photo-
initiator) was poured and spread evenly onto a patterned Si-wafer. The
surface pattern used was an arbitrarily chosen two-dimensional
hexagonal array of cylindrical posts (200 nm (D) × 200 nm (H))
with 400 nm periodicity which was anticipated to exhibit observable
effects in the visible wavelength range. After purging with N2 gas for 3
min, PFPE was polymerized on a Si patterns by radiating UV light for
3 min. The photocured PFPE film was carefully removed from the Si
master and rinsed with ethanol to remove uncross-linked residues on
the PFPE film. Si wafer grade flat PFPE films were also made by using
a nonpatterned, flat Si wafer for preparing nonpatterned niobium oxide
anodes as a control. Scheme 1 summarizes the steps for fabricating
surface patterned niobium oxide films: On top of these flat and
patterned PFPE films, a very small amount of condensed niobium
oxide paste was spread evenly. Then, the PFPE molds with very thin
paste layer were put onto the calcined niobium oxide layer (Scheme
1a, b). Mild pressure was exerted to the calcined layer/additional paste
layer/PFPE-mold assembly to ensure good mechanical contact among
them during the drying step (in an 80 °C oven). After sufficient
drying, additional niobium oxide paste layer (dried, patterned, or flat)
and the calcined niobium oxide film got fused into a single solid entity
(Scheme 1c). Then, the niobium oxide films with additional dried
layer were calcined again in the tube furnace to 600 °C (2 K/min)
with sufficient air stream.

Crystallographic characterization was performed with X-ray
diffraction (Rigaku MultiFlex X-ray diffractometer, Cu Kα radiation,
40 kV-40 mA, scan speed 4°/min) and a tunneling electron
microscope (TEM, 100-CX, JEOL). Morphological information of
the calcined niobium oxide films and surface patterns was obtained
with a scanning electron microscope (SEM, S-4700, Hitachi). UV−
visible absorption spectra were collected with an integration sphere
(Cary 5000 fitted with DRA 2500). A surface profilometer (KLA
Tencor P-6, scan speed = 50 μm/s, scan length = 5 mm) was used to
measure the thickness of prepared films.

To evaluate the solar energy conversion performance of flat and
patterned niobium oxide films, prepared films were sensitized with
N719 dye and assembled to DSSCs: N719 dye was dissolved to a 1:1
mixture of acetonitrile and t-butanol (0.2 mM), and the solution was
then centrifuged to remove aggregates. Before sensitization, prepared
niobium oxide films were heat treated (500 °C for 30 min) and cooled
down to 80 °C, and carefully submerged into the N719 dye solution.
The films were sensitized overnight in the solution and then rinsed
with acetonenitrile to wash off unabsorbed portion of dye. The
sensitized niobium oxide films were shaped to ∼5 mm × 5 mm with a
razor blade. Sealed DSSCs were prepared basically following methods
in the literature,40 using a 100 μm Surlyn spacer and drilling one hole
for electrolyte injection. The redox electrolyte used was a solution of
0.5 M LiI and 0.05 M I2 in dry acetonitrile. A 75 W Xe Oriel 6251/
Oriel Cornerstone 260 monochromator coupled with a Keithley
6517A current meter was used to measure the incident photon-to-
current conversion efficiency (IPCE).

■ RESULTS AND DISCUSSION
The surface images of the calcined niobium oxide samples are
shown in Figure 1. Patterns were well developed maintaining
their original periodicity, 400 nm, as shown in Figure 1a. One
can see that the diameter of the individual features is much
smaller than 200 nm, the original diameter of the cylindrical
posts on the Si master. As the patterns were made of a paste
containing oxide nanoparticles and a polymeric additive, a large
amount of shrinkage occurs during the calcinations by the
removal of the residual solvent and polymeric phase and
interconnection between oxide nanoparticles. However, even
with the change in detailed shape of individual features relative
to the original mold, the resulting surface structures exhibited
the periodic 2-D spatial dimensions which constitute a PC
geometry. The surface of the niobium oxide film revealed a
mesoporous fine structure of around 10 nm (based on the
smallest dimension) particles, as shown in Figure 1b. Note that
the top surface shows only the nanostructures of an additional
layer formed by patterning; that layer experienced the
calcination process just once, whereas the bulk of the niobium
oxide base layer was calcined twice. In Figure 1c, one can
clearly see the bilayer structure through a defective top layer.

Scheme 1. Procedure for Forming Mesoporous Patterned
Niobium Oxide Film Using a Photocured PFPE Mold
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The dimensions of the base layer were much coarser than the
top layer. To resolve the morphological discrepancy between
the fine top layer and the coarse base layer, a monolayer with
equivalent thermal history to the base layer (double
calcinations with heating rate of 2 K/min to 600 °C) was
prepared and observed with an SEM. As shown in Figure 1d, a
layer with double calcination steps exhibited a bicontinuous
mesoporous structure with coarser particle size about 20−40
nm, which matches well to the image of the base layer exposed
in Figure 1c. The particles were so well connected that one
cannot discriminate individual nanoparticles from each other in
the SEM images. This implies that the morphology of the base
layer would have been like the fine structure of the top layer
surface shown in Figure 1b after the first calcination, and then
became coarse and bicontinuous by the second calcination step.
In terms of solar energy conversion, this coarser but
bicontinuous nanostructure could be beneficial in electron
transport, while detrimental to dye loading, in general.
Crystallographic information of the niobium oxide films were

analyzed with X-ray diffraction (XRD) and transmission
electron microscopy (TEM). In Figure 2a, XRD data are
shown. Considering the process conditions and resultant crystal
structure in the literature,22,41 it appears that the crystal
structure of the prepared niobium oxide film is orthorhombic
structure (JCPDS #27-1003). However, as shown in Figure 2a,
most of the main peaks of both an orthorhombic and a
hexagonal structure (JCPDS #28-0317) are so close that it is
very difficult to identify one from the other solely by XRD from
a thin film on a substrate. So, TEM was used to collect more

crystallographic evidence. Figure 2b and c shows TEM images
of the niobium oxide particles and selected area electron
diffraction (SAED) pattern of them prepared by grinding the
niobium oxide film. The TEM image in Figure 2b exhibited
fragmented nanoparticles and larger globular structures
together. Though the globular structures are an order of
magnitude larger than the average particle size of the coarse
base layer, they revealed many sections in contrast and looked
like overlapped particles of several tens of nanometers. So,
considering the SEM images shown in Figure 1, they are
believed to be the globular flakes of the prepared oxide film
which were the interconnected structure of the nanocrystalline
niobium oxide particles. From the SAED pattern in Figure 2b,
the crystal structure of the niobium oxide nanoparticles was
identified as orthorhombic structure (T-phase) with a zone axis
[018 ̅]. This matches well with the crystal structure and process
conditions reported in the literature.20,39 However, there exists
discrepancy in the thermal history of the top and base layers,
and the top layer is the most probable position where the
residual low temperature hexagonal phase could exist. Figure 2c
shows the TEM image of the small ground structure and SAED
pattern from it. Considering the size of the nanoparticles in it, it
is evident that the particle is a part of the top layer fired once.
The SAED pattern in Figure 2c was also identified as the
orthorhombic structure with the same zone axis [018 ̅]. So, it
can be concluded that both top and base layers consist of
nanocrystalline orthorhombic niobium oxide particles.
The optical properties of the flat and patterned niobium

oxide films were measured in the UV−visible range. Initially,

Figure 1. SEM images of the patterned niobium oxide films in different magnifications (a−c) exhibiting mesoporous surface morphology. The
bilayer structure of the thin top layer on a coarser base layer is evident through a surface defect in the top layer in (c), and the morphology of the
base layer achieved by calcining a film twice is shown in (d).

Figure 2. Crystallographic analysis of the prepared niobium oxide by using (a) XRD and (b, c) TEM. SAED patterns in (b) and (c) revealed an
orthorhombic crystal structure with a zone axis [018 ̅].
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apart from the mesoporous niobium oxide films shown in
Figure 1, denser surface patterns were produced (by not adding
polymeric additives to the oxide paste) to maximize the
photonic crystal effect: when making photonic crystal
structures, selection of two materials with high refractive
index contrast yields the most effective effect.32 In our surface
patterning study, one material of the repeating unit is either air
(refractive index = 1), in optical measurements, or the redox
electrolytes in actual solar energy conversion experiments, for
example, acetonenitrile (n = 1.34) in DSSCs; the other material
is the niobium oxide (refractive index = 2.3942). Once the
intrinsic refractive index of two materials for patterning is
determined, maximization of refractive index difference could
be achieved by forming dense niobium oxide patterns: porous
materials have refractive index between the neat materials and
the air filling the pores.
SEM images of the dense surface patterns are shown in

Figure 3a, and the transmission spectra in the UV−visible range
of flat and patterned niobium oxide film with and without dyes
are shown in Figure 3b. One can see a clear decrease in
transmission by the surface patterned films, especially in the
blue range, both with and without dye loading. The net change
of transmission, reflection, and absorption by patterning are
illustrated in Figure 3c by normalizing the spectra from the
patterned niobium oxide film to those from flat films. It can be
seen from the plot that the effect of patterning on the optical
property is distinct over a wide wavelength range. Moreover,
PC effect is evident especially in the normalized transmission

and absorption spectra, despite the large degree of variation
with wavelength and the relatively small variation of normalized
reflection spectra with wavelength. Indeed, it was confirmed
from Figure 3b and c that the dense surface patterns on the
surface constituted a PC structure strongly interacting with UV
and visible light. However, the niobium oxide paste used to
build dense patterns had critical problems in the surface
patterning steps: as the paste did not contain polymeric
additives, the additional layer dried too quickly when spread
onto patterned PFPE mold and it could not be fused to the
base layer. So, it was really hard to pattern a large area
uniformly. Also, when spread onto the base layer and covered
with a patterned mold to avoid the “quick drying” problem, as
the viscosity of the oxide paste without a polymeric additive is
too small, it flows into the pores in the base layer and makes it
less porous, rather than staying within the space between mold
and base layer for patterning. Consequentially it was essential
to stabilize the fabrication processes by using an oxide paste
containing a polymeric additive while sacrificing some portion
of the benefit of dense patterns; it would be meaningful to
compare the optical properties of PCs made from porous
patterns to those made from dense oxide patterns.
Optical transmission spectra of mesoporous top layers (flat

and/or patterned) identical to the films shown in Figure 1 are
shown in Figure 4a. Although not so distinct as in the spectra of
dense patterns, a drop in the transmitted intensity can be seen
in the raw spectra. The normalized transmission in Figure 4b
indicates that the mesoporous patterns also formed a PC

Figure 3. (a) SEM image of the dense patterns made of an oxide paste without polymeric additives. (b) Transmission spectra of flat and patterned
niobium oxide films with and without dye loading. (c) Normalized transmission, reflection, and absorption spectra from a patterned film relative to a
flat film as a function of wavelength.

Figure 4. (a) Transmission spectra of flat and patterned films with mesoporous top layers. (b) Normalized transmission of the PC sample relative to
the flat film.
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structure exhibiting decrement in transmission close to 20%
around the 400 nm wavelength range. Although the decrement
of the normalized transmission by the mesoporous patterns was
about a half of the value exhibited by dense patterns,
considering the huge benefits of the polymer-containing oxide
paste in the fabrication processes, the degradation of PC
performance with mesoporous patterns is acceptable.
In order to observe how the optical effects by the superficial

PC structure can actually affect the photocurrent generation,
the flat and patterned niobium oxide electrodes were prepared
in sealed DSSCs and the incident photon-to-current conversion
efficiency (IPCE) was measured. Figure 5a is the IPCE of flat
and patterned samples versus wavelength. The patterned
sample exhibited higher IPCE values than the flat sample
over the whole wavelength range shown. This is emphasized in
the inset, which is the normalized IPCE of the sample with PC
to the IPCE of a flat reference sample. The normalized IPCE
curve in the inset lies above one, meaning that all IPCE values
of the PC structure were greater than the IPCE of the flat
sample. Although the patterned sample was 3.6% thicker than
the flat sample (2.971 and 2.864 μm, respectively), normalized
IPCE revealed a much larger difference which could not to be
explained by the thickness difference. To clarify the PC effect as
a function of wavelength, the IPCE of the each sample was
normalized at 530 nm, as shown in the Figure 5b. It is notable
that the increment in IPCE exhibited by the PC structure
becomes more distinct as the wavelength of the photons
decreases, which is in good agreement with the trend observed
in the optical measurements in Figure 4b. This implies that the
decrement of light transmission by the surface PC structure
could be related to the increment of the absorption of photons
as confirmed in Figure 3c, and that the increased absorption of
photons caused a greater generation of photocurrent. So, it can
be concluded that building PC structures by merely patterning
the surface is a simple but powerful strategy for enhancing light
harvesting and solar energy conversion. It can be seen from the
plots in Figure 5 that the surface patterns were especially more
effective in the blue relative to the red end of the visible
spectrum. As the patterns form a 2-D surface PC structure with
an incomplete photonic band gap (PBG) rather than a 3-D
structure forming a complete PBG in a narrow wavelength
range,32 it reflects photons over a wide energy span back to the
mesoporous sensitized layer.30,35 So, the blue enhancement can
be explained by the combination of the two effects: On the one

hand, it can be attributable to the geometry (especially the
periodicity35) of the surface patterns used in this investigation,
and one can expect different optical responses by tuning the
period of the patterns. On the other hand, it is impacted by
scattering in the blue wavelength region, that is, by Rayleigh
scattering30,43 as photons of higher energy scatter more in the
media. So, when unabsorbed photons are reflected back to the
sensitized layer by the surface PC structure, reflected photons
of shorter wavelength tend to have more chance for absorption.
Thus, the enhancement of photon-to-current conversion by the
surface patterns should increase by decreasing the wavelength
of the photons, as shown in Figure 5.
Indeed, the superficial surface patterns described here are

quite an effective strategy to incorporate PC effects into DSSC
devices using a much simpler fabrication process relative to 3-D
photonic crystal structures. In addition, as the PC effects result
from combinations of refractive indices of materials and
geometry of the patterns,32 if we apply the same patterns
used in this study to other oxide semiconductor materials with
similar refractive index, we can expect similar enhancement in
solar energy conversion. Moreover, the hexagonal array of
cylindrical posts investigated in this study was selected from
extant patterns, not designed intentionally for optimal effects.
This implies that more enhancements of IPCE than reported in
this study are likely to be achieved by optimization of the
geometry of the surface patterns.

■ CONCLUSIONS

A simple surface patterning technique using a photocurable
PFPE was applied to form photonic crystal structures on the
mesoporous niobium oxide films. The surface patterns were
well replicated using a PFPE mold on top of a preformed base
layer with minimal changes in the dimensions of the oxide
morphology. Even though surface structures exhibited changes
in the detailed shape and dimensions relative to that of the
mold, they retained the attributes of an ordered array retaining
periodicity of the mold. Synthesized niobium oxide nano-
particles in the top and base layers had an orthorhombic
structure (T-phase) irrespective of the number of calcination
steps. Optical measurements showed that the surface patterns
formed a PC structure resulting in increased absorption of
photons, especially in the blue wavelength region. By this
surface alteration of the optical behavior of niobium oxide films,
more photocurrent was generated in solar energy conversion

Figure 5. IPCE of flat and PC samples. Inset in (a) shows the normalized IPCE of a PC sample relative to a flat sample; (b) the normalized IPCE of
flat and PC samples at 530 nm, revealing an enhancement of IPCE in the blue range.
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experiments using DSSCs. The IPCE was enhanced by the
surface PC structure over the whole wavelength range of the
UV−visible spectrum, but the enhancement was more distinct
in the blue range, agreeing with the optical measurement. In
summary, mesoporous surface patterns on niobium oxide
electrodes can be readily formed into a photonic crystal
structure that effectively enhances the photocurrent generation.
This surface patterning strategy can also be applied to other
mesoporous oxide semiconductor materials having similar
refractive indices (e.g., titanium oxide and zinc oxide) routinely
used in DSSCs.
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