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ABSTRACT We describe a multibeam interference lithography for creating 3D polymeric porous structures. The coating of a TiO,
shell and subsequent removal of the template produce holographically defined TiO, (h-TiO,) electrodes. We analyze the morphological
features of the h-TiO, electrodes and consider their applicability to dye-sensitized solar cells (DSSCs). Specifically, the performance of
the h-TiO, electrode was evaluated by comparison with a macroporous TiO, electrode produced from colloidal crystals. The h-TiO,
structure possesses a larger specific area than the inverted colloidal crystals because of a bicontinuous air network with the TiO,
shell. Consequently, the h-TiO, electrode can produce a 30 % higher photogenerated electron current.
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INTRODUCTION

ye-sensitized solar cells (DSSCs) are attractive as
D potential next-generation photovoltaic devices be-

cause of their simple and low-cost fabrication (1).
Intensive research efforts have been made to improve each
component of DSSCs, including the electrolyte solution (2),
the sensitizer dye (3), and the electrode material (4), as well
as to optimize the fabrication techniques (5, 6). In DSSCs,
light is harvested by a TiO, layer. This layer acts as a
substrate on which the dye molecules adsorb; it transfers
the photogenerated electrons and serves as a diffusion
pathway for ions in the electrolyte solution. Therefore, the
engineering of TiO, electrodes with regard to properties such
as nanostructure, crystalline morphology, and surface prop-
erties is a crucial aspect of efforts to enhance the photocon-
version efficiency (7—10). Typical TiO, electrodes are formed
by depositing nanocrystalline TiO, (nc-TiO,) particles with
diameters of 10—20 nm onto a transparent conducting
substrate. The nanocrystalline TiO, electrodes possess large
surface areas due to numerous mesopores among the
particles. Thus, this kind of mesoporous film enables high-
density loading of dye molecules, resulting in a large pho-
tocurrent density.

In addition to forming mesoscale pores in TiO, elec-
trodes, several recent approaches have taken advantage of
macroscale morphologies with typical feature sizes on the
order of 100 nm. For example, macropores have been
introduced into nc-TiO, films as a small portion of the
electrode; whole, ordered macropores have also been used
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as the electrode itself (11—14). Although the introduction of
macroscale morphologies decreases the surface area ac-
cordingly, the electrolyte solution can be easily infiltrated
and the mass transport of electrolyte ions can be enhanced
through extensive open-pore networks (14—16). Therefore,
this type of macroporous electrode may be important for
solid or quasi-solid electrolytes, which possess a high viscos-
ity and contain relatively large molecules or particles (17).

Here, we introduce a top-down holographic lithography
technique for fabricating ordered macroporous TiO, elec-
trodes (h-TiO,) for use in DSSCs. The previous result on the
optimization of macropore size shows that larger pores
about 1 um shows higher efficiency due to enhanced adhe-
sion between their inverted structure and the substrate (14).
The morphological advantages and performance of DSSCs
containing h-TiO, were investigated by comparison with
inverted colloidal crystal macroporous electrodes. The first
accomplishment of this work lies in the application of
holographic lithography to the design of macroporous TiO,
electrodes for DSSCs. Previously, holographic lithography
has been applied to fabricating polymeric sacrificial tem-
plates for TiO, photonic crystals (18). Control of the volume
fraction of TiO, is important in controlling the photonic
bandgap properties. In this regard, deposition of TiO, with
completely filled pores is favored for increasing the photonic
bandgaps (19, 20). However, in electrode applications, the
surface area of the TiO, structure should be carefully con-
trolled instead. In our study, we reveal that incompletely
filled TiO, with a shell morphology has an advantage be-
cause it can offer a larger surface area than the completely
filled structures do.

The second accomplishment is that our h-TiO, electrode
possesses unique advantages over the inverted colloidal
crystal electrode, which has recently been suggested as a
novel method for producing macroporous electrodes for
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FIGURE 1. (a) Fabrication of an inverted TiO, structure from the SU-8
template: coating of the TiO, shell and subsequent removal of the
template. (b) SEM image of macroporous SU-8 patterns on FTO and
an inset image of the magnified surface. (c) SEM image of inverted
TiO, patterns and an inset image of the magnified surface. A and B
indicate triply periodic, bicontinuous air networks formed after
removal of the SU-8 template and after coating with TiO,. (The scale
bars for b and c indicate 3 um.)

DSSCs (14). Here, the performance of h-TiO, electrodes for
DSSCs was compared with the performance of one from a
colloidal crystal template. Photovoltaic measurements showed
that the larger specific area of h-TiO, resulted in 30 % more
photocurrent density as compared with an inverted colloidal
crystal electrode of the same volume and therefore had a
higher photoconversion efficiency. Although the absolute
efficiency of DSSCs with h-TiO; is still too low to compete
with a conventional nc-TiO, electrode, optimization of the
electrode thickness and the introduction of a mesoporous
TiO; shell can further enhance the efficiency (8). Again, we
stress that this type of macroporous electrode may be
important and is more appropriate for use with solid-like
electrolytes because of its well-connected and size-control-
lable pores, features that cannot be reproduced in conven-
tional mesoporous TiO, electrodes.

RESULTS AND DISCUSSION
The following is a brief description of the fabrication

process for h-TiO; electrodes for DSSCs (see Figure 1a): The
four-beam constructed interference patterns with face-
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centered cubic(FCC) symmetry, which was transferred to
SU-8 photoresist. The detailed lithographic conditions are
described elsewhere (21). It is noteworthy that a TiO, shell
was deposited on the surface of the SU-8 by spin-coating of
dilute TiCls precursor solution. The macroporous h-TiO,
structure was obtained after removal of the SU-8 template
by calcination.

Figure 1b shows scanning electron microscopy (SEM)
images of FCC SU-8 structures on the fluorine doped tin
oxide (FTO) substrate formed by this holographic lithography
technique. The thickness of the patterned SU-8 film was 4.8
+ 0.2 um. The SU-8 structure possessed intertwined SU-8/
macropore networks in all three dimensions, that is, the
structure was triply periodic bicontinuous. The triply periodic
SU-8 structure possessed a connected cylindrical motif of air
cavities in an FCC lattice, and the spacings between motifs
inthe (111) plane and (111) layers were measured to be 0.71
and 0.74 um, respectively. Figure 1c shows an SEM image
of the h-TiO, structure. The thickness of the h-TiO, layer was
reduced to 3.7 & 0.3 um after calcination, and the spacings
between motifs in the (111) plane and (111) layers were 0.70
and 0.59 um, respectively. Therefore, the pattern shrank
mainly in the same direction as the substrate, and the
shrinkage was estimated to be about 20% . The TiO, shell
with a 70—90 nm thickness exhibited the anatase phase (not
shown).

The surface area of the TiO, structure was investigated
because the amount of sensitizing dye molecules adsorbed was
directly proportional to the surface area of the TiO, film. Thus,
alarger surface area is favorable for producing photogenerated
electrons. Specifically, we compared the h-TiO, electrode with
the inverted FCC colloidal crystal electrode shown in Figure S1
in the Supporting Information. The surface areas of the two
samples can be compared in terms of the specific area (surface
area per unit sample volume). In h-TiO,, as shown in Figure
lc, two triply continuous open pores were created: one was
created by removal of the SU-8 (A in Figure 1a,c), and the
other was composed of unfilled pores outside the h-TiO, shell
(B in Figure 1a,c). The specific area of the FCC holographic
patterns has a range of 3.36—73.84 m~! depending on their
volume fraction in the range of 0.25—0.75, which can be
controlled by lithographic conditions (22). For a volume
fraction of about 0.5 in our patterns, the specific area of
holographic patterns can be calculated to be 3.84 m™!, assum-
ing that the morphology is similar to the diamond D structure
(22). The specific area of the h-TiO, structure was double this
value, around 7.68 m~!, because both sides of the h-TiO,
shell were available for dye adsorption.

Meanwhile, when using the FCC colloidal crystal tem-
plate, the deposition of TiO, under the same condition filled
most of the air cavities of the colloidal crystal (B in Figure
S1b), and the areas outside the TiO, shell might not be
accessible for dye adsorption, which is distinct from the
h-TiO, structure. This is due to lower volume fraction of air
cavities in colloidal crystals, fixed at 0.24. The specific area
of FCC colloidal crystals is 6.28 m™! (total surface area per
unit volume, 4 x 4> m? m~3, where r = +/2/4 for closely
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Table 1. Photovoltaic Parameters of Dye-Sensitized Solar Cells Containing h-TiO, or Inverted Colloidal Crystal

Electrodes
photovoltaic parameters
sample estimated specific area (m?* m™)  adsorbed dye (mmol cm™) Voe (V) Jsc (MAcm™)  FF (%) 7 (%)
h-TiO, 7.68 0.041 £0.05 0.82 £0.03 6.1 203 584+2 29+£053
inverted colloidal crystals 6.28 0.035 £ 0.04 0.85£0.01 47%£0.2 621 26x0.1

packed spheres). Because of the complete filling, the specific
area of the inverted colloidal crystals accounts only for the
area that was in contact with colloidal crystals and thus
might be similar to that of colloidal crystals, 6.28 m™".
Therefore, a morphological analysis in terms of specific area
showed that the area of h-TiO, is about 22 % (7.68 m~'/6.28
m™') larger than that of the inverted colloidal crystals.

Meanwhile, a relative comparison of the surface area of
the TiO, films can be estimated by an experimental mea-
surement of the amount of dye molecules adsorbed. The
concentration of dye molecules detached from both TiO,
electrodes was measured spectrophotometrically. The quan-
tity of adsorbed molecules per unit volume for the h-TiO,
structure was 0.041 £ 0.05 mmol/cm?, compared with
0.035 £ 0.04 mmol/cm?® for the inverted colloidal crystals
(Table 1). The loading of dye molecules per unit volume on
the h-TiO, structure was about 17 % higher than that on the
inverted colloidal crystal, which is similar to the 22%
measured from the estimated specific areas.

The h-TiO, electrode was sensitized with dye molecules
and then assembled with a Pt-coated counter electrode. The
gap between electrodes was filled with a redox electrolyte
solution containing 17/I°~ ion pairs. The photocurrent and
voltage of the DSSC containing were measured using a
sourcemeter under a simulated solar light. The performance
of the h-TiO, electrode was evaluated by comparison with a
macroporous TiO, electrode produced from colloidal crys-
tals. Table 1 lists the photovoltaic parameters, including the
short-circuit photocurrent density (/s), the open-circuit volt-
age (Voo), and the fill factor (FF), for both the h-TiO, and
inverted colloidal crystal electrodes. Figure 2 shows a rep-
resentative photocurrent density—voltage curves. The V.
values of both electrodes were higher than that of typical nc-
TiO, electrodes, which have a V.. of about 0.75—0.78 V. This
may be partially related to the thinness of the electrode (4 um)
and the precoated TiO, blocking layer under these electrodes

o
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FIGURE 2. Representative photocurrent density—voltage curves for
DSSCs containing an h-TiO, electrode or an inverted colloidal crystal
electrode. An inset camera image of a DSSC containing an h-TiO,
electrode.
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(10). Moreover, the FF of both electrodes were relatively low
compared to that of nc-TiO, electrodes due to the high
resistance between porous TiO, and the substrate (23).

The overall conversion efficiency (7) was calculated using
the equation n = Ji. x V,c x FF/P, where P is the power
density of the incident light (100 mW/cm?). The DSSC with
the h-TiO, electrode exhibited a higher efficiency than the
device based on the inverted colloidal crystal electrode. This
is attributed to the higher /. of the h-TiO,: as shown in Table
1, the Ji of the h-TiO, electrode was 6.1 £ 0.3 mA/cm?,
around 30 % higher than the value of 4.7 + 0.2 mA/cm? for
the inverted colloidal crystals. Because both the h-TiO, and
inverted colloidal crystal electrodes were prepared under the
same conditions and both electrodes showed a similar
transmittance (only a 2—3 % difference, see Figure 2S in the
Supporting Information), the difference in the Js. values
between samples with the same thickness can be attributed
mainly to the amount of adsorbed dye molecules per sample
volume. We believe that, considering the errors involved in
the aforementioned estimation and the photovoltaic mea-
surement, the 29 % higher Ji. of the h-TiO, is supported by
the previous results of 17% and 22 % higher specific area.
Therefore, the higher loading of dye molecules per sample
volume of the h-TiO, electrodes leads to a higher photocur-
rent density in DSSCs.

Meanwhile, we compared the efficiency of h-TiO, to that
of a conventional nanocrystalline TiO, electrode. Under our
experimental conditions, the DSSC efficiency for a conven-
tional TiO;, electrode (Dyesol, 18NRT) with a 4-um thickness
was 4.7 %, as calculated from a short-circuit photocurrent
density (Js) of 10 mA/cm?, an open-circuit voltage (V) of
0.72 V, and a fill factor (FF) of 65 % . This efficiency is lower
than those of previous results by ~25% (24). As compared
to the results for the nc-TiO;, electrodes, the lower efficiency
of the h-TiO, electrodes was due to a lower J, and FF, by 45
and 11 %, respectively. The lower J,. can be attributed to the
lower specific area of h-TiO, due to the larger pore size. The
lower FF may be attributable to a higher contact resistance
between the TiO, and the FTO substrate.

CONCLUSIONS
To summarize, we introduced a new type of macroporous

electrode for DSSCs that is defined by 3D holographic
lithography. A triply periodic, bicontinuous network with a
TiO, shell interface was fabricated by using a holographically
designed template. Due to the formation of an additional
continuous air network in the h-TiO, template, the h-TiO,
shows a larger specific area than the inverted colloidal crystal
electrode. Consequently, the h-TiO, electrode provides a
larger area for dye adsorption per sample volume and thus
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can produce a higher photogenerated electron current den-
sity (by about 30%) and a concurrently higher DSSC ef-
ficiency. Although the absolute efficiency of the DSSCs in this
work is low because introducing macropores decreased the
surface area, we believe that it is still possible to enhance
the efficiency by optimizing the TiO, post-treatment or
electrode thickness (25, 26). For example, the thickness of
the electrode was required to be controlled because as the
thickness increased, the harvesting of photogenerated elec-
trons increased due to a higher density of adsorbed dyes per
unit surface area (26). However, the increased surface area
also provided additional interfacial area for electron recom-
bination with the electrolytes in solution. We are currently
investigating the application of h-TiO, electrodes in conjunc-
tion with gel electrolytes. This type of macroporous electrode
may have more compatible with solid or quasi-solid elec-
trolytes, which possess a high viscosity and contain large
polymeric molecules or particles (17).

EXPERIMENTAL SECTION

Fabrication of h-TiO, via Holographic Lithog-
raphy. The FTO substrate was pretreated by soaking in 0.1
M TiCly aqueous solution at 70 °C for 30 min. The SU-8
photoresist was spin-coated on the pretreated FTO. The SU-8
photoresist was prepared by dissolving SU-8 resin and a
cationic photoinitiator (triarylsulfonium hexafluorophos-
phate salts, Sigma-Aldrich) in y-butyrolactone (Sigma-Ald-
rich). An 325 nm He—Cd laser beam (50 mW, Kimmon) was
exposed onto the top-cut fused multifaceted silica prism to
form an interference pattern (18, 21). After postexposure
baking at 55 °C and subsequent development, a macroporous
SU-8 structure was obtained. The sol—gel precursor solution
of 1.0 M TiCly (Sigma-Aldrich) in ethanol and DI water was
spin-coated at 2000 rpm for several seconds. The samples
were then calcined in air at 450 °C for 1 h to burn away the
polymeric SU-8, leaving behind a TiO, inverted structure.

Assembly of DSSC. The TiO, layer was immersed in
a dye solution of 0.5 mM N719 dye (Dyesol) in anhydrous
ethyl alcohol (99.9%, Sigma-Aldrich) for 20—30 h. Post-
treatment of the TiO, layer was applied for 1 h prior to
sensitization. The counter electrode was prepared by coating
a 0.7 mM H,PtCls solution in anhydrous ethanol onto the
FTO substrate. The TiO, electrode was assembled with the
counter electrode, and the gap size between electrodes was
controlled using a 25 um thick polymeric film (Surlyn,
Dupont). The electrolyte solution was injected into the gap.
The redox couple/electrolyte solution was prepared by 0.7
M 1-butyl-3-methylimidazolium iodide (TCI), 0.03 M iodine
(Yakuri), 0.1 M guanidinium thiocyanate (Wako), 0.5 M tert-
butylpyridine (Aldrich) in a solution of acetonitrile (Aldrich)
and valeronitrile (TCI) (85:15 v/v).

Characterization. In order to estimate the quantity of
N719 dye molecules, the dye adsorbed on the TiO, electrode
was detached in 0.1 M NaOH water/ethanol solution for several
hours, and the absorption intensity of the dye solution was
measured by UV—Vis spectrophotometer (JASCO V550). The
photocurrent and voltage of the DSSC were measured using a
sourcemeter (Keithly Instruments, model 2400) under a simu-
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lated solar light, produced by a 300 W Xe lamp (Oriel) and AM
1.5 filters. The intensity of the lamp was adjusted using a Si
reference cell (BS-520, Bunko-Keiki) for 100 mW/cm?. The
transmission spectrum of the TiO; electrode was measured by
the UV—vis spectrophotometer.
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