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Nanopatterning, a renowned method for constructing pho-
tonic nanostructures, has received tremendous attention as
a means of boosting the efficiency h in photovoltaics using
enhanced light harvesting.[1, 2] However, nanopatterning is
limited owing to the specific fabrication method and charac-
teristics of the component materials required for the photo-
voltaic applications.[3–8] Despite recent intensive efforts, facile
nanopatterning methods and ideal nanophotonic structures
for efficient light trapping have not been identified.

Nanocrystalline mesoporous titanium dioxide (TiO2) is
a core material in dye-sensitized solar cells (DSSCs) because
sensitizer adsorption, electron transport, and recombination
characteristics are directly influenced by its properties.[9]

Thus, many efforts have been made to control the crystallinity,
phase, particle size, surface area, interconnection between
particles, and pore morphology of TiO2 to increase the cell
performance.[10–12] Considerable attention has also been
directed toward developing sensitizing dyes,[13–16] electro-
lytes,[15–17] and efficient cell structures.[18–20] One of the most
accessible and attainable routes for enhancing solar cell
efficiency is to modify its optical design to improve the
harvest of total incident light within the cell. Recently, many
approaches have reported light-trapping techniques of DSSCs
using photonic crystals,[5,21, 22] plasmonic effects,[7] various
nanostructuring processes,[8, 23, 24] and modified electrolytes.[25]

Although nanopatterning of the electrode for light trap-
ping has been performed in polymer solar cells[1] and silicon
solar cells,[2] the application of a universal method for DSSCs
has not been reported, which is mainly due to difficulty in
nanopatterning the dye-adsorbed mesoporous TiO2 layer.
There have been a few trials of TiO2 nanopatterning using
1) solution synthesis of TiO2

[26] and 2) imprinting with high
pressure and a fragile quartz stamp.[7] In solution synthesis,
Hammond and Tokuhisa[26] observed an increased surface
area effect of bulk TiO2 (not TiO2 nanoparticles (NPs)) by
nanograting formation, but the efficiency was low (h< 1.0%)
owing to the thinness of the TiO2 and the complex solution
process. For the imprinting method, Gr�tzel and McGehee[7]

reported direct nanopatterning of TiO2 NPs from commer-
cially available paste to produce disordered 600 nm dome
arrays and nanopatterns, which were further coated with

silver to promote the plasmonic effect. However, these two
nanopatterning methods have not been used as a universal
method for solar cells owing to their complex and expensive
processes, low h, and difficulties in mass production. To this
end, we developed a universal nanopatterning method for
mesoporous inorganic oxide films, such as TiO2, based on
analysis by surface and material chemistry.

Herein, we present unprecedented universal nanopattern-
ing that provides a facile process to produce the first large-
area platform with well-arrayed nanopatterns of mesoporous
inorganic oxide films at low cost using readily available pastes
and elastomeric nanostamps. The application of the nano-
pattern resulted in approximately 40 % and 33% enhance-
ment of the short-circuit current (Jsc) and PCE (h), respec-
tively, to afford a PCE of 7.03% at 100 mW cm�2, which is one
of the highest values reported for N719-dye-based, iodine-
free solid-state DSSCs (ssDSSCs) to date (Table 1). This
nanopatterning technique will improve performance in any
type of photovoltaic cells using mesoporous inorganic oxide
films.

We prepared mesoporous TiO2 films with a thickness of
about 11 mm, 250 nm wide nanopatterns (period ca. 600 nm),
and a large area cell (ca. 5.76 cm2) without defects, and used
the films as a photoelectrode in I2-free ssDSSCs with highly
conductive poly(3,4-ethylenedioxythiophene) (PEDOT, ca.
10 S cm�1) as a hole-transporting material (HTM).[27, 28] The
overall procedure for fast and simple nanopatterning of TiO2

photoelectrodes using an elastomeric polydimethylsiloxane
(PDMS) nanostamp and available TiO2 paste is shown in
Figure 1. The most important property required for nano-
patterning is the neutrality of the paste (see the Supporting
Information, Figure S1a,b insets for pH tests). The use of an
acidic paste generally results in the formation of thicker
(> 10 mm) TiO2 films without cracking or peeling-off owing to
the closely-packed TiO2 NPs, and thus most paste formula-
tions contain an acid source. However, after patterning by the
PDMS stamp, the calcined TiO2 photoelectrode prepared
with acidic paste became hydrophobic owing to the presence
of unavoidable hydrophobic PDMS residues[29] that led to
SiO2 formation[30] on the surface. The calcined film exhibited
strong evidence of hydrophobic Si�O�Si and Si�CH3 groups
(Supporting Information, Figure S2c) similar to those in
PDMS (CH3[Si(CH3)2O]nSi(CH3)3). These peaks were attrib-
uted to the residues (including SiO2 by thermal treatment[30])
of detached PDMS when removed in the patterning process,
as shown in scanning electron microscopy (SEM) images
(Supporting Information, Figure S2d,e). As the acidic paste
modifies the surface of the PDMS stamp into OH functional
groups, the stamp could be strongly bonded to the OH groups
of TiO2 nanoparticles under highly acidic condition (Support-

Table 1: Performances of the iodine-free ssDSSCs with and without
a nanopattern on mesoporous TiO2 photoelectrodes at 100 mWcm�2.

DSSC Jsc [mAcm�2] Voc [mV] FF [%] h [%]

without nanopattern 13.8 639 60 5.29
with nanopattern 19.2 654 56 7.03
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ing Information, Figure S2 a). Poor dye adsorption resulted
because of the mismatch between the hydrophobic TiO2

surface and hydrophilic N719 dye solution
(Figure 2d,e). Alternatively, the patterned
photoelectrode prepared with a neutral
TiO2 paste had a hydrophilic nature, which
is more appropriate for successful dye
adsorption. Similar phenomena were also
observed in the mesoporous TiO2 films with
20 mm line micropatterning (Supporting
Information, Figure S1c,d). These observa-
tions were confirmed by a surface character-
ization, SEM, and FTIR spectroscopic anal-
ysis (see Figure 2b–e; Supporting Informa-
tion, Figures S1,S2 and detailed discus-
sions). We prepared an 11 mm-thick,
double-layered photoelectrode using acidic
(first thick layer = 10 mm) and neutral pastes
(second thin nanopatterned layer< 1 mm)
through a two-step casting method
(Figure 1; Supporting Information, Vid-
eos S1,S2).

The single-layered photoelectrode pre-
pared with the neutral paste resulted in
lower efficiency owing to the reduced thick-
ness. The increase in the thickness of the
TiO2 film prepared from a neutral paste led
to crack formation. The first thick TiO2 layer
prepared with an acidic paste was about
400 nm, whereas the second thin layer from
the neutral paste contained 20 nm NPs
(Figure 3a,b).

After patterning and then calcination at 450 8C, the
surface was homogeneous without crack formation or phys-
ical delamination, as shown in the SEM images (Figure 3b–f).
Although there were no defects over a large area (Figure 3c),
the projected pattern size was reduced in all directions, that is,
width (from ca. 300 to ca. 250 nm) and height (from ca. 190 to
ca. 50 nm), as a result of the burn-out of the organic binder
(Figure 3c inset and 3d). The changes in pattern size were
confirmed using atomic force microscopy (AFM) analysis
(Figure 3g–j), and the results were consistent with the SEM
results. Paste residue was not observed on the PDMS stamp
when the stamp was removed (Supporting Information,
Video S2). Thus, the stamp could be successfully reused
several times for subsequent patterning processes (Figure 3 f
and inset), demonstrating that this is a reproducible, inex-
pensive, and effective method. Moreover, this patterning
method using a PDMS stamp could be applied to micro-
patterning processes with various pattern shapes and sizes
(Supporting Information, Figure S3), indicating its universal-
ity.

Iodine-free ssDSSCs were constructed with SnO2/F-lay-
ered (FTO) glass, a dense TiO2 blocking layer, an N719-dye-
adsorbed nanocrystalline 10 mm-thick TiO2 layer, a < 1 mm-
thick nanopatterned layer, a conductive PEDOT, and a Pt-
coated counterelectrode (Figure 2a).[27] A solution containing
a solid-state polymerizable monomer, 2,5-dibromo-3,4-ethyl-
enedioxythiophene (DBEDOT), was directly cast on the dye-
adsorbed TiO2 photoelectrode, followed by thermal polymer-

Figure 1. The nanopatterning process for the TiO2 photoelectrode.
a) SEM image of the PDMS stamp (inset: photograph of the PDMS
stamp, 2.4 cm � 2.4 cm). b,c) The general process for the preparation
of a thick photoelectrode from acidic paste; d) coating the neutral
paste on a thick TiO2 layer; e)–g) the soft nanopatterning process
using the PDMS stamp. i) doctor-blade coating of acidic paste and
calcination at 450 8C; ii) doctor-blade coating of neutral paste; iii),iv)
nanopatterning using the PDMS stamp, drying, and detachment;
v) annealing after detachment and calcination at 450 8C. See the text
for details.

Figure 2. The structure of I2-free ssDSSCs, with nanopatterns and photographs of the
fabrication process and large-area-patterned photoelectrodes. a) The fabricated cell struc-
ture with nanopatterns and conductive polymer. b),d) Hydrophilicity analyzed by a water
drop test on the nanopatterned photoelectrode prepared from b) neutral and d) acidic
pastes. c), e) Photographs of dye-adsorbed photoelectrodes prepared from c) neutral and
e) acidic pastes. f)–h) Photographs of the f) dye adsorption and g),h) solid-state polymer-
ization of PEDOT. i) Large-area patterning and drying of neutral paste on the first layer,
j) after calcination, k) after N719 dye adsorption, l) Photograph of the fabricated large area
photoelectrode at a different viewing angle to (k); see the Supporting Information,
Video S3.
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ization at 50–60 8C to produce a conducting PEDOT (Fig-
ure 2 f–h). Even after dye adsorption and polymerization, the
photoelectrode stayed intact so that the reflected and
diffracted light can induce effective light harvesting in solar
cells.

Multipatterned photoelectrodes with good reflective
properties were prepared over a large area (400 cm2) of
FTO glass using nine stamps in a single step, indicating its
scalable processability (Figure 2 i–l; Supporting Information,
Video S3). Figure 4a depicted light reflection from the nano-
patterned TiO2 photoelectrode.

When periodic line pat-
terns are deposited on the
photoelectrode layer, the
incident light reaching the
grating can be diffracted in
a backward direction. The
angle of the diffracted light
can be determined from
the following equation
[Eq (1)]:[1]

ml ¼ nactive p ðsinqi þ sinqdÞ ð1Þ

where nactive is the refractive
index of the nanocrystalline
TiO2 layer, p is the period of
the grating, m is the order of
the diffracted light, l is the
wavelength of the incident
light, and qi and qd are the
incidence and diffraction
angles, respectively. The
nactive of the mesoporous
TiO2 film was determined
to be about 2.256 (21%
porosity)[31] and p is 600 nm
in our nanopattern. For
250 nm� l� 600 nm and
600 nm� l� 760 nm, a dif-
fracted light can have m
values of 0, � 1, and � 2
and m values of 0 and � 1,
respectively. At higher m
values, the qd of the dif-
fracted light can be bent by
908, which cannot be ab-
sorbed through the dye-ad-
sorbed TiO2 layer. The inci-
dent light of l = 250 and
760 nm has a qd of 10.6 and
34.28 for the first-order
reflection, respectively, and
incident light of l = 250 and
676 nm has a qd of 21.7 and
87.28 for the second-order
reflection, respectively. In
contrast to smaller period

nanopatterns, the nanopatterned TiO2 film with p = 600 nm
can effectively absorb nearly all of the light diffracted
backwards in the absorbance range of N719 dye. It is
important that the diffracted backwards light of m = 1 can
have a qd of 908 under p = 300 nm at l = 676 nm that cannot
be absorbed by N719 dye. Therefore, the periodic nano-
patterns on the top of the photoelectrode can reflect the light
back to the photoelectrode again, and thus enhance the
optical path length across a broad wavelength range of
incident light, leading to further light absorption. The optical
properties of the fabricated photoelectrodes were character-
ized to investigate the light harvesting ability. The reflection

Figure 3. SEM and AFM images of the TiO2 layer and nanopatterned photoelectrodes. a) The top surface of
the 10 mm TiO2 layer prepared from acidic paste. b) Cross-section of the nanopatterned TiO2 layer after
nanopatterning of the neutral paste on (a). c)–e) One-dimensional periodic line nanopatterns on c),d) the
top and e) the cross-section. f) The periodic line TiO2 nanopatterns formed using the PDMS stamp
(reusability). g),h) AFM images of the fabricated master PDMS. i), j) AFM images of the nanopatterned
photoelectrode. Insets: c) shrinkage of the pattern by calcination after patterning and drying; f) photograph
of the diffraction test of the nanopatterned photoelectrode using a 632 nm laser.
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spectra of each sample are shown from the 400 to 1000 nm
wavelengths in Figure 4 b. The dense, compact TiO2 layer on
the FTO showed circa 20 % reflectance over the whole range,
whereas the flat TiO2 layer without a pattern exhibited 20–
30% reflectance in the visible range, indicating less-effective
light trapping. In contrast, the TiO2 film with the nanopattern
exhibited high reflection of light with 30–50% over the whole
range, which is approximately 20% greater than the flat TiO2

layer and provides strong evidence of the light harvesting
effect of nanopatterning. The DSSC fabricated with nano-
patterning showed a high level reflection of the 635 nm light,
whereas DSSCs without nanopatterning or with micropat-
terning were not effective in capturing the light owing to
poorer reflection properties (Supporting Information, Fig-
ure S4).

Good interfacial contact between the electrode and
electrolyte is pivotal for enhancing the efficiency of I2-free
ssDSSCs.[27,28] Deep penetration of a solid conducting poly-
mer into the TiO2 nanopores was directly observed using
energy-dispersive X-ray spectrometry (EDS) mapping (Fig-
ure 4d; Supporting Information, Figure S5). Bromine from
the dopant (Br3

�) of PEDOT was uniformly dispersed

throughout the 11 mm-thick mesoporous TiO2 films, indicat-
ing good pore filling by PEDOT.

Cell parameters determined from the current density
versus voltage (J–V) curves and electrical impedance spec-
troscopy (EIS; Figure 4e; Supporting Information, Figure S6)
are summarized in Table 1 and the Supporting Information,
Table S1, respectively. The photoconversion efficiency of the
DSSC with nanopatterns reached 7.03% at 100 mW cm�2,
which is approximately 33 % greater than that that without
nanopatterns. The improvement in efficiency is mostly due to
the approximate 40 % increase in the Jsc value. A slightly
lower FF of the DSSC with nanopatterns might be due to
a slightly increased film thickness and PDMS stamping-
induced densified structure, leading to the increased difficulty
of solid-state electrolyte infiltration into the pores. Incident
photon-to-current efficiency (IPCE) curves of the DSSCs
were measured at a chopper frequency of 5 Hz in alternating-
current mode (Figure 4 f). The Jsc values determined from the
IPCE curves were consistent with those from the J–V curves
within 5 % error. In the wavelength region of 350–800 nm, the
DSSC with nanopatterns produced greater IPCE values than
that without nanopatterns, indicating that the nanopatterned
layer conferred improved light-utilization efficiency.

In conclusion, we have developed a simple, fast, and
universal nanopatterning methodology for boosting the light
harvesting efficiency of DSSCs based on a light-trapping
technique. We achieved performance enhancements of 40%
Jsc and 33 % h in I2-free ssDSSCs, reaching 7.03 % at
100 mWcm�2, which is one of the highest values reported
for I2-free ssDSSCs to date. Our approach with direct
nanopatterning of TiO2 films is scalable to large areas and
compatible with mass production as it is easy and inexpensive,
reusable, and most importantly, universally applicable to
a variety of solar cells utilizing inorganic oxides, quantum
dots, or organic materials. This method shows promise for
facilitating the manufacture of solar cells with remarkable
light harvesting ability. Furthermore, this patterning process
including nanometer- and micrometer-sized patterns and
various shapes of nanoparticles can be used for desired
applications.

Experimental Section
Nanopatterning of TiO2 films: The dense, compact TiO2 blocking
layer (Figure 1b) with a 200 nm thickness was prepared by spin-
coating a titanium bis(ethyl acetoacetate) solution (2 wt % in
butanol) onto FTO glass (Pilkington. Co. Ltd., 8 W/&) at 2000 rpm
for 30 s, followed by calcination at 450 8C for 30 min. Commercially
available acidic TiO2 paste (Ti-Nanoxide D20, Solaronix S.A.,
Switzerland) was cast onto the compact TiO2 layer using a doctor-
blade technique and dried at 50 8C for 30 min. After successive
sintering at 450 8C for 30 min and cooling to 30 8C for 8 h, nano-
crystalline TiO2 films with a thickness of 10 mm were obtained
(Figure 1c). The commercially available neutral paste (TiO2 Paste
DSL 18NR-T, Dyesol, Australia) was doctor-bladed to form a thin
layer directly on top of the 10 mm-thick nanocrystalline TiO2 layer
(Figure 1d) and then the PDMS stamp was manually placed on
a neutral paste-coated photoelectrode with proper pressure (Fig-
ure 1e; Supporting Information, Video S1). The photoelectrode was
maintained at 25 8C for 16 h and the stamp was peeled off (Fig-
ure 1e,f; Supporting Information, Video S2). The nanopatterned

Figure 4. Comparison of the reflection for light trapping and the cell
performance, and evidence of effective penetration of the conductive
polymer HTM. a) Light trapping on the nanopatterned TiO2 layer.
b) The reflection behaviors of the compact (blocking layer), flat, and
nanopatterned TiO2 layers on the FTO substrate. c) Cross-sectional
SEM image of the N719 dye adsorbed to the TiO2 photoelectrode after
DBEDOT penetration and polymerization. d) EDS mapping of the Br
element of (c) from Br3

�-doped PEDOT. e) Photocurrent density–volt-
age curves of each cell at AM 1.5 G, one sun illumination. f) IPCE
spectra of each cell.
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photoelectrode was annealed at 60–708C for 3 h and sintered under
the same conditions. Large photoelectrodes with nanopatterns were
prepared by the same conditions using FTO glass (20 cm � 20 cm) and
replica stamps (Figure 3 i–l). The used PDMS was washed with
ethanol and could be reused.

DSSC fabrication: The nanopatterned photoelectrode was
immersed in the N719 dye (Solaronix SA, Switzerland) solution
(0.5 mm in ethanol) for 24 h at room temperature, washed with
ethanol, and dried. For the pore-filling of HTM, the synthesized
monomer (DBEDOT) was dissolved in anhydrous ethanol. One drop
of dilute solution (1 wt %) was cast and dried under ambient
conditions. One drop of a more concentrated solution (3 wt %) in
ethanol was directly cast onto the photoelectrode, and then dried
under the same conditions. This process was also repeated three times.
After complete drying of the solvent, the DBEDOT-incorporated
photoelectrode was put into a vial and capped, then thermally
polymerized at 55 8C for 24 h in an oven to produce a highly
conductive polymer (PEDOT). One drop of the ethanol solution
consisting of 1-methyl-3-propylimidazolium iodide (1.0m, MPII,
Aldrich Chemicals), 4-tert-butylpyridine (0.2m, TBP, Aldrich Chem-
icals), and lithium bis(trifluoromethane)sulfonimide (0.2m, LiTFSI,
Aldrich Chemicals) was cast onto the dye-sensitized TiO2 photo-
electrode with conductive polymers. After complete evaporation of
the solvent in a vacuum oven, sandwich-type ssDSSCs were
fabricated through the attachment of the Pt-coated counterelectrode
and sealing. The active area was 0.16 cm2.
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