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Introduction

Dye-free hybrid solar cells based on n-type titania thin films
and p-type polymers such as poly(3-hexylthiophene) (P3HT)

are of research interest owing to the possibility of combining

the merits of both the inorganic and organic components.[1–4]

Among the advantages, it can be highlighted that titania pro-

vides hybrid devices with high stability of the active layer mor-
phology and allows for low-cost fabrication; in addition, titania

is nontoxic and has a widely tunable morphology.[5–7] The p-
type polymers are lightweight, have facile solution processabil-
ity, and allow the possibility to make flexible devices.[8–10]

Despite these advantages, major problems regarding the
achievable power conversion efficiency (PCE) still need to be
solved. However, with continuous progress and development,
hybrid solar cells can become highly attractive as next-genera-

tion-type solar cells. For example, Lin et al. demonstrated an
improved performance of P3HT:TiO2 hybrid solar cells by cova-

lently bonding silica nanodots to the hole-transport layer.[11]

Mattioli et al. applied an intercalated layer into the P3HT:ZnO
active layer to achieve a ternary hybrid heterojunction that en-

hanced solar-cell efficiency.[12] Ben Dkhil et al. modified ZnO
photoanodes with a p-type semiconductor surfactant to in-

crease the photovoltaic performance of hybrid devices.[13]

Beyond chemical tuning, the design of the optical properties

of hybrid solar cells has been proposed to enhance light har-

vesting thereby to improve device performance. It was report-
ed that light management could be improved by introducing

hierarchical structures in the active layers of solar cells by com-
bining nanostructures with larger scale structures.[14–16] For ex-

ample, Niedermeier et al. demonstrated an increased absorb-
ance of visible light in titania films that combined macrochan-

Hierarchically structured titania films, exhibiting interconnected

foam-like nanostructures and large-scale channel-type super-
structures, were achieved in an energy-saving way at low tem-
peratures by a polymer template-assisted sol–gel synthesis in

combination with a wet-imprinting process. The surface mor-
phology was probed with scanning electron microscopy and

atomic force microscopy, whereas the inner morphology was
characterized with grazing incidence small-angle X-ray scatter-

ing measurements. Compared to the initial hybrid films, the ti-
tania films showed reduced structure sizes caused by removal

of the polymer template. UV/Vis measurements showed an ad-

ditional light-scattering effect at various angles of light inci-

dence in the hierarchically structured titania films, which result-

ed in higher light absorption in the wet-imprinted active layer.
To give proof of viability, the titania films were evaluated as
photoanodes for dye-free hybrid solar cells. The dye-free

layout allowed for low-cost fabrication, avoided problems relat-
ed to dye bleaching, and was a more environmentally friendly

alternative to using dyes. Under different angles of light inci-
dence, the enhancement in the short-circuit current density

was in good agreement with the improvement in light absorp-
tion in the superstructured active layer, demonstrating a posi-

tive impact of the superstructures on the photovoltaic per-

formance of hybrid solar cells.
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neled superstructures and mesoporous nanostructures.[14]

Chou et al. produced hierarchically structured ZnO films with

primary nanoparticles and secondary colloidal spheres and
found an enhancement in the short-circuit current density in

superstructured dye-sensitized solar cells (DSSCs).[15] Shih et al.
fabricated hill-like hierarchical structures of TiO2 photoanodes
to increase light scattering and dye loading, which improved
the photovoltaic performance.[16] To introduce large-scale su-
perstructures in nanostructured films, the imprinting tech-

nique, involving the use of relief-featured molds to deform the
imprinted materials mechanically, is a common approach, as it
is facile and cost effective. In particular, nanoimprint lithogra-
phy (NIL) has been used in photovoltaic applications to control
the length scale of the donor–acceptor phase separation struc-
ture thereby to promote charge separation and transport.[17–19]

This technique allows short imprinting times, high throughput

and resolution, low energy input, and ease of processing. How-
ever, NIL requires special machinery that is capable of provid-

ing high pressures, especially for the imprinting of hard materi-
als. As an inexpensive alternative, the wet-imprinting process,

also sometimes referred to as solution-based micromolding in
capillaries (MiMiC), can achieve superstructures under ambient

conditions without the requirement of special machinery.[20–23]

Poly(dimethylsiloxane) (PDMS) is typically selected as the mold
material for wet imprinting. Wet imprinting with a PDMS mold

has been successfully applied in structuring a broad range of
materials, including polymers,[20, 21] metal oxides,[22, 23] and or-

ganic–inorganic composite materials.[14] On the one hand,
PDMS is elastomeric, which allows for conformal contact with

the substrate to replicate faithfully the existing relief features.

On the other hand, PDMS has a relatively low interfacial free
energy, which is beneficial for the lift-off process after imprint-

ing.[24] Owing to capillary forces, the solution of the imprinted
material fills the large-scale structures of the PDMS mold effi-

ciently. Once the solvent evaporates completely, the PDMS
mold can be lifted off from the support.

Mesoporous titania films have been widely studied in photo-

voltaic applications, and the performance of photovoltaic devi-
ces is closely related to the extent and nature of the crystalline
titania phase.[25–27] Usually, calcination above 400 8C is an effi-
cient way to obtain crystalline titania and also to achieve mes-

opores inside the titania by combusting the polymer tem-
plate.[28–30] However, the need for high-temperature processing

excludes the possibility to use flexible polymer substrates such
as polyethylene terephthalate (PET) and polyethylene naphtha-
late (PEN) foils, as they are typically not heat resistant. To

access lightweight and flexible devices, fabricating mesopo-
rous titania films in crystalline form at low temperatures is of

high interest.[31–34] Moreover, a low-temperature synthesis re-
duces the energy necessary for device fabrication, which re-

sults in lower production costs and, in turn, shorter pay-back

times of these solar cells in combination with a lower impact
on the environment. Therefore, hybrid solar cells with rigid

substrates will also benefit from reduced fabrication tempera-
tures, that is, avoiding calcination at temperatures above

400 8C.

Previously, we demonstrated the use of NIL to introduce
square pitch-like lattice superstructures in mesoporous titania

films, which led to an enhancement in light absorption. The
superstructured active layer enabled better photovoltaic per-

formance.[31] In the present work, we pick up the idea of low-
temperature processing to realize superstructured titania films

for use in hybrid solar cells. We target one-dimensional grating
channels established by wet imprinting, replacing the square

pitch-like lattice superstructures studied before. We prepare

mesoporous titania films with a foam-like morphology by sol–
gel chemistry in combination with the diblock copolymer poly-

styrene-block-polyethylene oxide (PS-b-PEO) acting as struc-
ture-directing agent. The so-called block-copolymer-assisted

sol–gel synthesis allows tuning of the morphology of the tita-
nia films with structures ranging from nanogranules to nano-
scale vesicles.[28, 35–37] In particular, foam-like nanostructures ex-

hibiting an interconnected network are desirable in photovol-
taic applications, as they can provide a high surface-to-volume

ratio and continuous paths for charge-carrier transport.[30, 38, 39]

A special titania precursor, ethylene glycol modified titanate

(EGMT), imparts crystallinity upon the sol–gel-derived tita-
nia.[34, 40, 41] Additionally, the crystalline phase of titania can be

efficiently tuned by increasing the pH value in the sol–gel pro-

cess from the rutile to anatase phase.[42, 43] Channeled super-
structures of a one-dimensional grating type are produced by

wet imprinting. In combination with the mesoporous titania
films, hierarchically structured films are achieved. Scanning

electron microscopy (SEM) and atomic force microscopy (AFM)
measurements reveal length scales at the surface of the hier-

archically structured titania films. The information about nano-

structure and mesopore size inside the films is provided by
grazing incidence small-angle X-ray scattering (GISAXS) meas-

urements. The optoelectronic properties and current–voltage
(J–V) characteristics are compared in the low-temperature pro-

cessed hybrid solar cells with and without channel-type super-
structures.

Results and Discussion

Fabrication of superstructures and nanostructures

The manufacturing process of hierarchically structured titania
films is schematically illustrated in Figure 1.

First, the block-copolymer-assisted sol–gel synthesis is ap-

plied to prepare mesoporous titania films with a foam-like
nanoscale morphology. Owing to the presence of a so-called
good–poor solvent pair (DMF is a good solvent and HCl is a
poor solvent in this work), the self-assembly behavior drives
the diblock copolymer to form so-called crew-cut micelles with
PS cores and PEO coronas. In addition, titania species are at-

tached to the PEO domains through the formation of coordi-
nation bonds during the sol–gel process, as shown in Fig-
ure 1 a. After the sol–gel process, the solution is spin coated to
remove most of the solvents and to obtain titania:PS-b-PEO
composite films (Figure 1 b, c). Afterwards, a droplet of the sol–
gel solution is put at the edge of the PDMS mold, and then
the obtained titania :PS-b-PEO composite film is used as a sup-
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port to be placed down to cover the drop (Figure 1 d). The
channels in the PDMS mold are filled spontaneously with the

sol–gel solution by capillary action. Then, a low force of 20 N is
applied on top of the support, as shown in Figure 1 e. After

total evaporation of the solvents, the PDMS mold is removed

from the support to obtain the superstructured titania:PS-b-
PEO composite film (Figure 1 f). This process transfers negative

replicas of the patterns on the PDMS mold to the imprinted
material. In the end, UV irradiation and a presoaking process

are chosen to remove the polymer template and achieve mes-
oporous titania films with 1 D channeled superstructures (Fig-

ure 1 g).

Figure 2 a shows an optical micrograph of a titania:PS-b-PEO
composite film after wet imprinting. The sample exhibits or-

dered channel-like structures, which suggests homogeneous
transfer of the structures on the mold over a macroscopic area.

The superstructures are displayed with SEM at different magni-
fications in Figure 2 b, c. The channel-grating structures have a

periodicity of 1.35 mm with channel and valley widths of

0.80 mm and 0.55 mm, respectively. For better vision of the su-
perstructures, the sample was tilted with respect to the elec-

tron beam during the SEM measurements. The transverse sec-
tion of the channels is nonrectangular (Figure 2 c), which is dif-

ferent from other macrochannels reported in the literature
having a rectangular shape.[14, 20] AFM measurements confirm
the ordered array of the channeled superstructures with a pe-
riodicity of 1.35 mm (Figure 2 d). The height profile reveals that
the average channel height is approximately 120 nm and con-

firms the arch shape (Figure 2 e). After the wet-imprinting pro-
cess, the PS-b-PEO template is extracted from the superstruc-

tured composite film to obtain the nanostructured titania net-
work. The resulting surface morphology was mapped with
SEM and AFM, as shown in Figure 3.

After polymer-template extraction, the channeled super-

structures are preserved with similar channel and valley widths
but with an increase in the surface roughness, as compared to

the composite films (Figure 3 a). Titania nanostructures and

mesopores are pictured with SEM at a higher magnification in
Figure 3 b. The mesoporous nature of the foam-like titania

morphology is observed on both the channel and valley, dis-
playing a bicontinuous titania network on the nanoscale.

Moreover, image grain analysis reveals mesopore sizes within
10–20 nm. This size range in combination with the titania

nanostructures appears promising for the desired photovoltaic

applications[44, 45] but could also be of interest for photocataly-
sis[46] and Li-ion batteries.[47, 48] The AFM measurements confirm

the preserved channel-like superstructures (Figure 3 c) with an
average height of approximately 60 nm (Figure 3 d). Thus, com-

pared to the superstructures before polymer extraction, the
channel height is reduced by approximately 50 %. A similar ob-

Figure 1. Illustration of the wet-imprinting process: a) polymer-template-as-
sisted sol–gel chemistry, b) spin coating of the prepared solution, c) ob-
tained titania :PS-b-PEO composite film, d) covering the composite film on a
PDMS mold after placing a drop of sol–gel solution on one end of the mold,
e) embossing of the titania:PS-b-PEO composite film at a pressure of 20 N,
f) wet-imprinted titania :PS-b-PEO composite film after mold lift-off, g) meso-
porous titania film with one-dimensional grating channels after UV exposure
and presoaking process.

Figure 2. a) Optical microscopy and b) plane-view SEM images of the wet-
imprinted titania:PS-b-PEO composite film. c) SEM image of the film mea-
sured at a tilt angle of 548. d) AFM topography of the film (scan range
5 V 5 mm2) and e) its corresponding height profile.

Figure 3. a) Low-magnification and b) high-magnification SEM images of
wet-imprinted titania films with foam-like morphology after polymer-tem-
plate removal from the composite film. Green and red rectangles mark the
channeled superstructure and the valley between the superstructures, re-
spectively. c) AFM topography of the hierarchically structured film (scan
range 5 V 5 mm2) and d) its corresponding height profile.
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servation was reported by Guldin et al. , who demonstrated
that titania:PI-b-PEO composite films underwent shrinkage of

the film thickness over 50 % after polymer extraction.[29] This re-
duction is ascribed to the collapse of the titania nanostructures

induced by removal of the polymer scaffold and condensation
of TiOH to TiO2.[29]

To gain a view of the inner film morphology, the wet-im-
printed titania:PS-b-PEO composite films were probed with
GISAXS measurements before and after polymer extraction.

GISAXS offers high statistics about the domain-size distribution
and spatial arrangement with a resolution ranging from the

nanoscale to the mesoscale in a thin-film geometry.[49–51] The
2 D GISAXS data of both films are displayed in Figure S1 (Sup-

porting Information) with a detailed feature description in the
Supporting Information. To obtain information about lateral

structures in the film, horizontal line cuts were performed for

both samples at the Yoneda peak position. This peak is the
maximum of the diffuse scattering, which is material character-

istic and is located at the critical angle of the probed materi-
al.[52] For the sample before polymer extraction, titania species

are covalently embedded in the PEO matrix, and the scattering
length density of the mixture of titania and PEO is higher than

that of pure PS domains, giving contrast to the system. There-

fore, the Yoneda peak position of the titania:PEO mixture was
chosen for the horizontal line cut, which is plotted in Fig-

ure 4 a.
To gain quantitative information about domain sizes and

spatial correlations of the titania:PS-b-PEO composite film, the
horizontal line cut was fitted within the framework of the dis-

torted wave Born approximation (DWBA),[53, 54] assuming two

form factors with cylindrical geometry distributed over a 1 D
paracrystal lattice.[55, 56] From data modeling, the obtained infor-

mation about characteristic structures describes the inner mor-
phology. The domain radii of the titania:PEO composites of

(4.8:0.1) and (21.0:1.1) nm with their corresponding center-
to-center distances of (21:3) and (59:5) nm are found

before polymer extraction (Figure 4 b, c). For the film after poly-
mer extraction, only titania remains. The fitting model is the

same as for the sample before polymer extraction. Characteris-
tic domain radii of (3.6:0.1) and (12.0:0.6) nm with center-

to-center distances of (16:3) and (43:5) nm are observed for
the titania nanostructures (Figure 4 b, c), and the mesopore
sizes are calculated to be (9:3) and (19:5) nm following the

model introduced in our previous work.[7, 31]

From this analysis of the samples before and after polymer
extraction, it can be concluded that both domain sizes of the
titania nanostructures are smaller than those of the titania:PEO

composite. This shrinkage is ascribed to collapse of the titania
nanostructures induced by removal of the polymer scaf-

fold.[8, 37, 57, 58] Moreover, the polymer-extraction process enables

interconnection of the nanostructured titania to form a net-
work, which allows transport of charge carriers to the electrode

in the hybrid solar cells. After polymer extraction, mesopores
and nanostructures are present inside the titania films, which

is in line with the observation of the sample surface. In gener-
al, the mesoporous nature is preserved in the wet-imprinted ti-

tania films.

Optical properties of hierarchical structured films

The UV/Vis absorption spectra of the mesoporous titania films

with and without wet imprinting were compared at various
angles of light incidence, as shown in Figure 5 a. The hierarchi-

Figure 4. a) Horizontal line cuts of the 2D GISAXS data for the hierarchically
structured titania films. The bottom and top black curves were measured at
the film before and after removal of the polymer template. The gray lines
represent the fits to the data. All curves are shifted along the intensity axis
for clarity of presentation. Extracted characteristic length scales are
b) domain radii and c) domain center-to-center distances. Black and red
squares indicate small-sized and large-sized domains, respectively.

Figure 5. a) UV/Vis absorption spectra of a planar titania film (solid lines)
and a wet-imprinted film (dashed lines) under various angles of light inci-
dence. Black, red, blue, pink, green, and yellow curves represent UV/Vis
measurements at incident angles of 0, 10, 20, 30, 40, and 508, respectively.
b) Light-scattering spectra of the wet-imprinted titania film over the wave-
length range of 400 to 700 nm. The gray lines represent the fits (power func-
tion) to the data. All curves are shifted along the intensity axis for clarity of
presentation. c) UV/Vis absorption spectra of a planar active layer (solid
lines) and a wet-imprinted active layer (dashed lines) under various angles
of light incidence.
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cal structures can influence the light absorption of the films, as
reported in the literature.[15–17, 59]

An increased angular-dependent absorbance was observed
in the wet-imprinted film over almost the full investigated

wavelength range as compared to the titania film without su-
perstructures, denoted as the planar film. This additional ab-

sorption is due to light scattering induced by the presence of
channeled superstructures. Furthermore, the angular-depen-

dent scattering intensities of the wet-imprinted sample were

fitted with power functions over the wavelength range of 400
to 700 nm (Figure 5 b), as visible light is mainly utilized for

solar-cell applications. From the fitting, we observe that Is/I0 is
proportional to l@2 at incident angles of 0, 10, and 208, where-

as it is proportional to l@3 at a 308 incident angle and to l@4 at
incident angles of 40 and 508. Here, l is the wavelength, Is and

I0 are the intensities of scattered and incident light, respective-

ly. Thus, at incident angles of 40 and 508, Rayleigh scattering is
found, which suggests that the height of the superstructures

dominates the light scattering, as the superstructure length
and periodicity are larger than the wavelength of visible light.

Moreover, the exponents of l decrease from @2 to @4, which
indicates Rayleigh scattering becomes dominant in the chan-

nel–superstructured film with increasing incident angles. Fig-

ure 5 c shows the angular-dependent absorption spectra of the
active layer that was prepared by backfilling P3HT into the

mesoporous titania films. Both hierarchical and planar active
layers show a similar absorption shape at different angles of

light incidence, implying that no significant change in the opti-
cal properties is observed by superstructuring titania photoan-

odes and by measuring at different angles. However, it can be

seen that at all angles of light incidence the wet-imprinted
active layer harvests more light than the planar active layer

over the wavelength range of visible light, which is ascribed to
the existence of additional light-scattering centers in the wet-

imprinted active layer. In detail, by integrating the light ab-
sorption over the wavelength range of 400 to 700 nm, light-

absorption enhancements of 10.6, 10.9, 11.2, 11.8, 12.1, and

12.0 % are found in the wet-imprinted active layer as com-
pared to the planar active layer at incident angles of 0, 10, 20,

30, 40, and 508. These similar values suggest that the light-ab-
sorption enhancement is not influenced by the different types
of light scattering in the superstructured titania film at various
angles of light incidence. This behavior is different from the
observation in our previous study, in which we demonstrated

an increase in light absorption upon increasing the measuring

angles in the active layer with a square pitch-like lattice super-
structure.[31] The absence of angular dependence appears ben-

eficial for real-world applications, as such solar cells could be
used at many different places without the need for optimiza-

tion of the angular alignment.

Current–voltage characteristics

The hierarchically structured titania films were used as photo-

anodes for dye-free hybrid solar cells to give proof of viability.

For comparison, hybrid solar cells with planar titania photoan-
odes were also fabricated. To link with the optical properties

discussed above, both types of hybrid solar cells were also
measured at different angles of light incidence.

Figure 6 a exemplarily compares the current–voltage (J–V)
characteristics of both solar cells under standard conditions (at

08 incident angle). The planar hybrid solar cells have a PCE of

(0.11:0.01) % with an open-circuit voltage (Voc) of (0.67:
0.01) V, a short-circuit current density (Jsc) of (0.30:
0.01) mA cm@2, and a fill factor (FF) of (56:2) %, whereas the
superstructured solar cells perform slightly better with a PCE
of (0.13:0.01) %, a Voc of (0.70:0.01) V, a Jsc of (0.33:
0.01) mA cm@2, and a FF of (56:1) %. The better photovoltaic
performance is ascribed to an enhancement in the Voc and Jsc

values. Furthermore, it is found that Jsc is approximately 10 %
higher for the superstructured solar cells than for the planar
devices. This increment is in good agreement with light-ab-
sorption enhancement in the wet-imprinted active layer, which
suggests that additional light scattering induced by the chan-
neled superstructures mainly contributes to more charge-carri-

er generation and, therefore, the enhancement in Jsc.

The angular-dependent PCE and Jsc of both types of hybrid
solar cells are displayed in Figure 6 b, c. It is noticeable that the

PCE and Jsc decrease gradually with increasing angles of light
incidence. This trend is different from our previous observation

in the hybrid solar cells with a square pitch-like lattice super-
structure, which showed maximal PCE and Jsc values at a 58 in-

cident angle.[31] The decay in PCE over the investigated angular

range mainly originates from the decrease in Jsc, as they have a
similar trend. The light reflection at the glass substrate increas-

es with the increasing angle of oblique incident light, whereby
less light reaches the active layers and causes a decrease in Jsc.

However, an improved Jsc value in the superstructured solar
cells is found for all incident angles from 0 to 508 as compared

to the planar devices. Moreover, the increased ratios of Jsc over

Figure 6. a) Example of J–V curves of wet-imprinted (black curve) and planar (red curve) dye-free hybrid solar cells measured at 08 of light incidence. Angular-
dependent b) PCE and c) Jsc normalized to the planar solar cell measured at zero incident angle.
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all investigated angles of light incidence are in line with the in-
creased absorption ratios in the active layer, indicating that the

enhanced Jsc value is caused by additional light absorption at
all angles of light incidence. In contrast, the additional light

scattering of the hierarchical titania structures does not influ-
ence the Voc value or the FF, as their values are quite stable

over all measuring angles (see Figure S2).

Conclusions

We demonstrated a low-temperature route for superimposing

macroscopic 1 D channeled superstructures on mesoporous ti-
tania films. Easy transfer of the superstructure from poly(di-

methylsiloxane) molds was achieved by using a wet-imprinting
process, which allowed for fabrication of hierarchically struc-

tured titania films over a large area with low costs and high
throughput. Scanning electron microscopy and grazing inci-

dence small-angle X-ray scattering measurements revealed the

successful combination of channeled superstructures with a
foam-like nanomorphology on titania films. The channels have

an archy transverse section with a width of 0.80 mm, a height
of 60 nm, and a periodicity of 1.35 mm, whereas the intercon-

nected titania nanostructures have a pore size ranging from
approximately 10 to 20 nm. Additional light-scattering abilities
were found in the hierarchically structured titania films under

various angles of light incidence. Moreover, an enhancement
in light absorption was found in the superstructured active
layer, which resulted in an improved short-circuit current densi-
ty and thereby an enhanced power conversion efficiency in
wet-imprinted hybrid solar cells over all investigated angles of
light incidence without a particular angular dependence.

Therewith, wet imprinting shows great potential for the fabri-
cation of hierarchical structures for enhancing light harvesting,
and it could be easily adapted to other thin-film photovoltaic
systems such as colloidal nanocrystals, small-molecule organic
semiconductors, and hybrid organic–inorganic perovskites.

Experimental Section

Chemicals

Polystyrene-block-polyethylene oxide [PS-b-PEO, Mn(PS) =

20,500 g mol@1, Mn(PEO) = 8000 g mol@1, polydispersity index, PDI =
1.02] was purchased from Polymer Source Inc. , Canada. Ethylene-
glycol-modified titanate (EGMT) was synthesized according to a re-
ported method.[60, 61] N,N-Dimethylformamide (DMF, 99.8 %) and HCl
(12 m) were purchased from Carl Roth GmbH, Germany. Silicone
elastomer and curing agent of the Sylgard 184 were obtained from
Sigma–Aldrich. Poly(3-hexylthiophene) (P3HT, Mw = 53 000 g mol@1,
regioregularity = 92 %, PDI = 2.3) was purchased from Rieke Metal
Inc. . All chemicals were used as received without any further purifi-
cation.

Fabrication of PDMS molds

Silicone-elastomer and curing agent were mixed together at a
weight ratio of 10:1. After vigorous stirring, the mixture was put
into a vacuum chamber to remove trapped air bubbles. Subse-
quently, the clear and viscous liquid was poured into square alumi-

num frames, which were placed on top of the precleaned compact
disc (CD) masters beforehand. The whole system comprising the
CD substrates, aluminum frames, and PDMS solution was then put
in a vacuum chamber for 2 min before annealing at 150 8C for
30 min to cure PDMS. Afterwards, the system was cooled to room
temperature and the PDMS molds were peeled off and cut into
the desired sizes. The obtained PDMS blocks were ultrasonicated
in ethanol for 10 min to finalize the ready-to-use imprinting molds.

PS-b-PEO assisted sol–gel synthesis

The diblock copolymer PS-b-PEO was dissolved in DMF under vigo-
rous stirring for 30 min. Subsequently, EGMT was mixed with HCl,
and then the EGMT/HCl mixture was ultrasonicated for 10 min
until the solution was clear. Afterwards, the EGMT solution was
added dropwise into the polymer solution under constant stirring
conditions. Then, the resulting mixture was stirred at 90 8C for
15 min prior to continuous stirring at 70 8C for 15 h. The weight
ratio of the sol–gel components was kept constant at WDMF/WHCl/
WEGMT/WPS-b-PEO = 30:3:1:1. After aging, the sol–gel solution was spin
coated (2000 rpm, 30 s) to obtain titania:PS-b-PEO composite films,
followed by an annealing process at 90 8C for 15 min. The spin-
coating and annealing processes were repeated for a second time
to increase the film thickness.

Wet imprinting and P3HT backfilling

The sol–gel solution (30 mL), which was used to produce the tita-
nia:PS-b-PEO composite films, was dropped on one edge of the
PDMS mold before the spin-coated titania/PS-b-PEO composite
film was placed on top. Subsequently, a 20 N force was applied on
the backside of the film, followed by a drying process under ambi-
ent conditions. After 12 h of drying, the PDMS mold was lifted off.
Then, the wet-imprinted composite film was exposed to UV irradia-
tion for 20 h to remove the PS-b-PEO template. After removal of
the polymer, the obtained hierarchically structured titania film was
immersed in chlorobenzene for 40 min. This step was essential for
P3HT backfilling. On the one hand, soaking of the sample in chlor-
obenzene helped to remove residual PS-b-PEO after UV extraction.
On the other hand, chlorobenzene was the host solvent of the
P3HT solution used for backfilling, and presoaking proved to in-
crease the filling ratio of titania mesopores with P3HT.[62] After the
soaking process, the P3HT solution (15 mg mL@1 in chlorobenzene)
was deposited onto the titania films by spin coating (900 rpm for
9 s, followed by 2500 rpm for 50 s) to finalize the active layer for
hybrid solar cells.

Solar-cell fabrication

Fluorine-doped tin oxide (FTO)-coated glass substrates were
etched with zinc powder and HCl to obtain the desired pattern.
Then, the patterned substrates were consecutively cleaned with Al-
conox, ethanol, acetone, and isopropanol in an ultrasonic bath and
finally by oxygen plasma for 10 min. Subsequently, a titania sol [ti-
tanium(IV) butoxide (850 mL), diethylamine (210 mL), and deionized
H2O (45 mL) in ethanol (3.88 mL)] was spin coated onto the pre-
cleaned FTO substrates to form a compact titania layer. The de-
tailed experimental procedure is described in the literature.[63]

Afterwards, the active layer was deposited onto the FTO/compact-
TiO2 substrates. To complete hybrid solar cells, gold electrodes
were thermally evaporated on top of the active layer.
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Film and device characterization

For optical microscopy, SEM, AFM, and GISAXS measurements, all
investigated films were deposited on silicon substrates. Micro-
graphs were taken with the aid of an Axiolab A microscope (Carl
Zeiss). An NVision40 field emission scanning electron microscope
(Carl Zeiss AG) with an accelerating voltage of 5 kV and a working
distance of 3.0 mm was used for SEM measurements. AFM meas-
urements were performed by using an Asylum MFP-3D instrument
in tapping mode. GISAXS measurements were performed at the
Austrian SAXS beamline of the Elettra synchrotron source in
Trieste, Italy. The X-ray wavelength was l= 1.54 a (energy of
8 keV). A grazing incident angle of 0.548 and a sample-to-detector
distance of 1.73 m were selected to obtain a desirable q-range.
During the measurements, the scattering signal was recorded by
using a Pilatus3 1M detector that had a pixel size of 172 mm V
172 mm and a 981 V 1043 pixel array. UV/Vis measurements were
performed on the samples with glass substrates. The optical trans-
mission of the active layers was measured by using a Lambda 35
UV/Vis spectrometer (PerkinElmer). J–V characteristics of the pre-
pared hybrid solar cells were measured under ambient conditions
by using a solar simulator Solar Constant1200 (K. H. Steuernagel
Lichttechnik GmbH) with a simulated AM 1.5G solar illumination.
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