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ABSTRACT Hierarchically structured titania films for application in hybrid solar cells are prepared by combining microsphere
templating and sol-gel chemistry with an amphiphilic diblock copolymer as a structure-directing agent. The films have a functional
structure on three size scales: (1) on the micrometer scale a holelike structure for reduction of light reflection, (2) on an intermediate
scale macropores for surface roughening and improved infiltration of a hole transport material, and (3) on a nanometer scale a
mesoporous structure for charge generation. Poly(dimethyl siloxane)-block-methyl methacrylate poly(ethylene oxide) (PDMS-b-
MA(PEO)) is used as a structure-directing agent for the preparation of the mesopore structure, and poly(methyl methacrylate) (PMMA)
microspheres act as a template for the micrometer-scale structure. The structure on all levels is modified by the method of polymer
extraction as well as by the addition of PMMA particles to the sol-gel solution. Calcination results in structures with increased size
and a higher degree of order than extraction with acetic acid. With addition of PMMA a microstructure is created and the size of the
mesopores is reduced. Already moderate microstructuring results in a strong decrease in film reflectivity; a minimum reflectivity
value of less than 0.1 is obtained by acetic acid treatment and subsequent calcination.
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INTRODUCTION

Structuring of titania thin films on a nanometer scale
has attracted considerable attention in the past few
years, since nanostructured titania shows outstanding

properties and has widespread application potentials: e.g.
in photovoltaics, photocatalysis, and gas sensing (1-6). Due
to its semiconducting properties, titania enhanced the fast
growth of organic photovoltaics in terms of the dye-
sensitized solar cell (7-9), which combines a mesoporous
titania network and a hole-conducting electrolyte or organic
material to generate electric power from sunlight. A crucial
point on the way to efficient devices is a precise control of
the film morphology, since the morphology determines the
active surface area and therefore has a direct influence on
the efficiency of the device. Numerous preparation methods
have been applied for preparation of nanostructured titania
films (10-14), resulting in a variety of morphologies such
as nanoparticles, nanowires, vesicles, lamellae, and meso-
porous structures (15-18). As a very promising route the
application of sol-gel chemistry in combination with block

copolymer templates has been developed (19-22). In this
approach a phase separation is induced in an amphiphilic
block copolymer by a so-called good-poor solvent pair
(23, 24), while a titania precursor is chemically linked to one
of the blocks. By thin film preparation techniques such as
spin coating or solution casting, the structure in the sol-gel
solution is transferred to solid films with titania particle
arrays embedded in a polymer matrix. After removal of the
matrix, e.g. by UV degradation or solvent extraction, a
scaffold of amorphous titania particles ordered on the na-
nometer scale remains, which can be transformed to crys-
talline titania by subsequent heat treatment.

One limitation of block copolymer templating is the
preference of structures with only one characteristic length
on the order of several nanometers, whereas in many
applications hierarchically structured materials with a su-
perstructure on a larger size scale are favorable (25-27). In
the case of hybrid or dye-sensitized solar cells a mesoporous
network is required for efficient charge generation, while a
secondary structure on a micrometer scale enhances light
scattering, resulting in improved absorption characteristics
and thus a more efficient device (28). A number of tech-
niques have been applied for preparation of hierarchically
structured films; usually sol-gel chemistry with a surfactant
as template is combined with a second technique to create
a structure on a larger length scale. Yang et al. used a
combination of triblock copolymer templating, colloidal
particles, and micromolding to prepare films with three
structural levels (29). In alternative approaches a controlled
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phase separation was induced by addition of a polymer
(30, 31) or an electrohydrodynamic deposition technique
was used (32) to create a superstructure. With the latter
technique Zhao et al. prepared hierarchically structured
titania films and applied them in a in a dye-sensitized solar
cell, which showed an increased power conversion efficiency
(32).

Recently we reported about the use of poly(ethylene
oxide) methyl methacrylate-block-poly(dimethyl siloxane)-
block-methyl methacrylate poly(ethylene oxide) ((PEO)MA-
b-PDMS-b-MA(PEO)) triblock copolymer for the preparation
of nanostructured titania thin films (33). In this work we used
the corresponding diblock copolymer, poly(dimethyl silox-
ane)-block-methyl methacrylate poly(ethylene oxide) (PDMS-
b-MA(PEO)), for the preparation of films with functional
hierarchical structures. A mesoporous structure for charge
separation is introduced by the diblock copolymer template,
and an additional structure on a micrometer scale for
reduction of light reflection is established by colloidal par-
ticles as a secondary template. We used microspheres of
poly(methyl methacrylate) (PMMA) grafted with PDMS hav-
ing a diameter of 1 µm (35), which were added to the sol-gel
precursor solution and removed after spin coating of the
films. The resulting depressions with well-defined size and
shape in the titania film (see Scheme 1) act as light scatterers
to allow a higher portion of incoming light to be trapped.
The removal of the polymer templates was done in two
ways. Acetic acid was used to remove the PDMS-b-MA(PEO)
and PMMA templates by solvent extraction, and additionally
some films were annealed at 450 °C. Alternatively, the as-
prepared films were calcined at the same temperature to
burn away the templating polymers. The installed structures
were analyzed by scanning electron microscopy (SEM) and
grazing incidence small-angle X-ray scattering (GISAXS). UV/
vis spectroscopy was used to quantify the effect of the
microstructure on the film reflectivity.

EXPERIMENTAL SECTION
Polymer Synthesis. The PDMS-b-MA(PEO) diblock copolymer

was synthesized by atomic radical polymerization of (PEO)MA
monomer via PDMS-Br macroinitiator. For the synthesis of the

macroinitiator, hydroxyl terminated PDMS (ABCR Gelest, Karlsru-
he, Germany) (5000 g/mol; 10 g, 2 mmol) was dissolved in
anhydrous THF (distilled from a THF, butyllithium, and 1,1-
diphenylethylene mixture) (300 mL). Anhydrous triethylamine
(1.4 mL, 10 mmol) was added to the stirred solution, followed
by addition of 2-bromo-2-methylpropionyl bromide (99% Ald-
rich, Steinheim, Germany) (0.62 mL, 5 mmol). The mixture was
stirred overnight at ambient temperature. It was filtered to
remove the bromide salt, and the solvent was evaporated under
vacuum. The resulting colorless oil was diluted with dichlo-
romethane (Aldrich) (400 mL), put into an extraction funnel, and
washed with saturated sodium bicarbonate solution. The or-
ganic layer was isolated and dried over anhydrous magnesium
sulfate, with a yield of 82% by weight. 1H NMR spectra were
recorded on a Bruker DRX-300 NMR instrument using CDCl3
as the solvent. 1H NMR of PDMS-Br (300 MHz): δ 0.05 (m, 6H),
0.53 (m, 4H), 1.61 (m, 4H), 1.94 (s, 3H), 2.00 (s, 3H), 3.44 (t,
4H), 3.68 (t, 4H), 4.32 (t, 4H).

The macroinitiator (3 g, 0.6 mmol) was put into a reaction
flask and dissolved in dry THF (20 mL) under argon flux. The
(PEO)MA monomers (3 g, 6.3 mmol), CuIBr (0.205 g, 1.44
mmol), and N,N,N′,N′,N′′-pentamethyldiethylenetriamine
(PMDETA, 99% Aldrich) (125 µL, 0.6 mmol) were added after
purging with argon. Three freeze-pump-thaw cycles were
applied to remove any residual oxygen from the reaction
medium. The polymerization was concluded at 32 °C under
argon for 6 days and stopped by exposure to air. After addition
of a Dowex ion exchanger, the mixture was filtered by passing
through aluminum oxide (Al2O3) and centrifuged at 4000 rpm
for 15 min. The clear solution above the Al2O3 was taken up,
and the remaining solvent was evaporated off, yielding 94%
by weight of the diblock copolymer as a clear viscous liquid. 1H
NMR of PDMS-b-MA(PEO) (300 MHz): δ 0.05 (m, 6H), 0.5-2.2
(acrylate backbone peaks with peaks from 2), 3.37 (s, 3H), 3.64
(t, 4H).

The number-average molecular weight of PDMS-b-MA(PEO)
is 5000 g/mol for PDMS and for MA(PEO) is 3000 g/mol; the
polydispersity is 1.68.

PMMA microspheres grafted with PDMS were synthesized
according to the literature (35). The microspheres are dispersed
in hexane and have a mean diameter of 1.00 ( 0.01 µm.

Sample Preparation. Silicon wafers were used as substrates
and cleaned before use in a basic bath (36).

For the film preparation PDMS-b-MA(PEO) (0.269 g) was
dissolved in a mixture of THF (3.02 g) and isopropyl alcohol
(1.00 g); afterward HCl (37%, 0.045 g) as selective solvent and
titanium tetraisopropoxide (TTIP, 0.134 g) were added drop-
wise. After the mixture was stirred for about 1 h, PMMA
microspheres in amounts of 0.86, 2.9, and 8.6 mg, correspond-
ing to 3%, 10%, and 30% PMMA weight fraction with respect
to PDMS-b-MA(PEO), were added to 0.5 mL of the sol-gel
solution and the solution was spin coated immediately to avoid
dissolution of the PMMA. Spin coating was done on a Süss
MicroTec Delta6 RC spin coater under ambient conditions
(temperature 24 °C, relative humidity 31%) with 2000 rpm for
60 s. To extract the PDMS-b-MA(PEO) and PMMA from the
nanocomposite films, the films were immersed in acetic acid
for 2 min after storage for at least 12 h and subsequently rinsed
with deionized water. Alternatively, calcination was carried out
for 4 h at 450 °C in air with a heating rate of 6.25 °C/min,
starting from room temperature. The acetic acid treated and
calcined films were heated under the same conditions. Scheme
1 shows an overview of the individual steps in the film
preparation.

Film Characterization. SEM images were taken with a field
emission SEM (Zeiss LEO 1530 Gemini) operated at an ac-
celerating voltage of 3 kV and at low working distances (WD)
from 1 to 3 mm.

Scheme 1. Illustration of the Applied Preparation
Route for Hierarchical Structuring of Titania A
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GISAXS experiments were performed at the beamline BW4
at HASYLAB (Hamburg, Germany) in ultrasmall angle geometry
at a wavelength of 0.138 nm and a sample-detector distance
of 13.96 m. A setup of high-quality entrance slits and a mostly
evacuated pathway was used. Moderate microbeam focusing
was achieved by the use of beryllium compound refractive
lenses (beam size 40 µm × 40 µm) (37). The samples were
placed horizontally in the sample chamber. The incidence angle
was fixed to 0.413° and the scattering signal was recorded with
a two-dimensional (2D) detector (MAR CCD camera, 79 µm
pixel size). In front of the detector two separate beam stops
were installed at the position of the direct beam and the specular
peak to shield the detector.

Reflectivity spectra were measured with a PerkinElmer
Lambda35 UV/vis spectrometer in reflection geometry in a
wavelength range from 190 to 1100 nm. A scan rate of 120 nm/
min and a slit width of 1 nm were used.

Film thickness was determined with a Filmetrics F20 thin film
measurement system. The illuminated sample area was several
square millimeters, and a wavelength range from 340 to 1100
nm was used to analyze the characteristic interference oscilla-
tions in the reflectance spectrum.

RESULTS AND DISCUSSION
Hierarchically structured titania films were prepared as

described in the Experimental Section and analyzed with
SEM and GISAXS. Figure 1 shows the SEM images of an
PDMS-b-MA(PEO)-titania nanocomposite film prepared with
PMMA microsphere addition in a concentration of 10% (with
respect to the PDMS-b-MA(PEO) weight fraction in the
sol-gel solution), together with images of the titania films
obtained after removal of the templating polymers. For
polymer removal solvent extraction, solvent extraction fol-
lowed by calcination, or direct calcination of the spin coated
films were applied. The high-magnification image of the as-
prepared nanocomposite film shows a structure of titania
particles embedded in a polymer matrix; additionally the
surface is structured by embedded pores of about 200 nm
in diameter. These macropores are a result of a liquid/liquid
phase separation during spin coating (38). The PMMA mi-
crospheres appear as bright spots in the films, and it can be
seen that the particles tend to aggregate in the solution and
are inhomogeneously distributed in the film. When the
nanocomposite film is treated with acetic acid, the PMMA
microparticles as well as the PDMS-b-MA(PEO) matrix are
removed and the titania structure becomes visible. Because
of the methacrylate chain in the MA(PEO) block the PDMS-
b-MA(PEO) matrix is soluble in acetic acid and can be
removed together with PMMA in an acetic acid bath, which
allows the removal of both polymer templates in one step
instead of applying different solvents in consecutive extrac-
tion steps. The obtained titania film has a mesoporous,
spongelike structure with partially interconnected pores of
circular shape and a diameter of about 30-40 nm. The size
is far above 10 nm, a limit which has often been observed
in films prepared with surfactant or block copolymer tem-
plated films (39). This large pore size opens new possibilities
for the use of hole conducting materials with characteristic
dimensions larger than 10 nm, i.e. semiconducting polymers
with a high molecular weight, which can easily be infiltrated
in the porous network. At the same time the pores are small

enough to be on the scale of the diffusion length of excitons
and to provide the high surface area being necessary for
exciton separation, making the films suited for preparation
of solar cells with sufficient photovoltaic response.

As secondary structure in the images, macropores result-
ing from the spin coating process are visible, with an
irregular shape and eroded edges from the acetic acid
treatment. Their size is above 100 nm; thus, they are well
distinguished from the mesopore structure. Due to these
macropores the surface is additionally roughened and they
provide channels to the pore structure for the infiltration of

FIGURE 1. SEM images of an as-prepared nanocomposite film (p),
an acetic acid treated film (s), an acetic acid treated and calcined
film (s + c), and a directly calcined film (c). In the images with low
magnification (left) the macropores and the surface depressions are
visible, whereas the images with high magnification (right) give
detailed views of the macro- and mesopore structures.
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the hole conducting material. It is known that such a
superstructure of the mesopore structure can increase the
efficiency of a dye-sensitized solar cell significantly (32). The
large-scale images additionally show craterlike surface de-
pressions of about 1 µm in diameter, which originate from
the dissolved PMMA microspheres and form a third struc-
tural level in the film. These depressions act as additional
scatterers for incoming light; thus, reflection is reduced and
a higher portion of light can be converted into excitons. A
detail of the structure is shown in Figure 2. It is clearly visible
that the mesopore structure is not only present at the surface
but also extends into the bulk of the sample and is also found
at the bottom of the macropores.

Calcination of the acetic acid treated film does not change
the film morphology significantly. Primarily remaining traces
of the polymer templates are removed, and the crystalline
structure of the titania is modified. When the spin coated
film is calcined without prior acetic acid treatment, the
resulting titania morphology is comparable to the morphol-
ogy obtained by solvent extraction. Differences are visible
in the appearance of the macropores, which maintain a
more circular shape, and the film surface, which is not as
eroded as by the treatment with acetic acid. Furthermore,
the pore size is slightly increased.

In the case of polymer extraction also the film thickness
is determined. The acetic acid treated films are 190 nm
thick, whereas a subsequent calcination does not further
modify the film thickness. Direct calcination results in
thicker films with a thickness of 250 nm. A possible reason
for this difference is a different structural contraction during
the removal of the polymer templates; in the treatment with
acetic acid the titania structures are more densified than in
the heat treatment.

To study the influence of the PMMA microsphere addition
on the film morphology, films from sol-gel solutions with
0%, 3%, and 30% PMMA particle content with respect to
the amount of PDMS-b-MA(PEO) were prepared and calcined
to remove the templating polymers. SEM images were again
taken to characterize the installed titania structure (Figure
3). With increasing PMMA microsphere addition, as ex-

pected, the number of surface depressions created in the
films increases, together with the tendency for agglomera-
tion. In the film prepared with 30% PMMA most of the
depressions are grouped and only a few are isolated. Fur-
thermore, from both the images with low and high magni-
fication it is visible that the fraction of PMMA particles in the
sol-gel solution also influences the appearance of the
macropores in the surface. In the film prepared without
PMMA addition the macropores have a well-pronounced
circular shape and are isolated from each other. When
PMMA particles are added, the macropores are arranged in
groups and show a more eroded, irregular appearance.
Because THF is a good solvent for PMMA, parts of the PMMA
particles are etched and PMMA is added as a ternary
component to the sol-gel solution, which modifies the
phase diagram and results in different phase separation
behavior; thus, the morphology of the films, in particular the
appearance of the macropores, is modified as well.

The structure installed in the films was further investi-
gated with GISAXS (40). In contrast to microscopy methods
with GISAXS the whole volume of the sample is probed and
structures buried beneath the surface are detected. The
scattering signal is averaged over a macroscopic sample

FIGURE 2. Detailed view of structural levels in the acetic acid treated
film. The macropores are further structured by the mesopores, which
extend into the bulk of the film.

FIGURE 3. SEM images of titania films with 0%, 3%, and 30%
amounts of PMMA microspheres added to the sol-gel solution. With
increasing PMMA addition also the macro- and the mesopore
structure is modified.
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area; thus, only structures being uniform over a large area
are probed. The scattering patterns recorded from films with
different template removal treatments together with the
scattering pattern of the nanocomposite film are shown in
Figure 4. Whereas the nanocomposite film (p) only shows
weak diffuse scattering with the major intensity concen-
trated along the scattering plane, in the images of the titania
films a broad diffuse scattering is visible, which is enhanced
strongly in case of the calcined films (c, s + c). In particular,
in the image of the acetic acid treated and calcined film (s
+ c) a well-pronounced side maximum is found, which
corresponds to the preferred lateral length Λ1 in the film
structure and shows the high degree of order present in the
titania nanostructure.

To analyze the 2D scattering patterns quantitatively, cuts
along the qy direction were taken from the images at an angle
of 0.19° (qz ) 0.048 Å-2), the position of the side maximum.
From the cuts, information about the lateral structures in the
films is provided (40). All cuts show a peak maximum,
whose position shifts depending on the sample treatment.
In comparison to the nanocomposite film (p), for the titania
films the maximum is shifted to higher qy values, corre-
sponding to a smaller preferred structural length in the
sample. The width of the maximum changes, depending on
the sample treatment. The sharpest maximum is obtained
for the acetic acid treated and calcined film (s + c), in
accordance with the pronounced side maximum in the 2D
image. For quantitative analysis the cuts were fitted in the
effective surface approximation of the distorted wave Born
approximation (DWBA) (40) by assuming polydisperse ob-
jects with a well-defined lateral dimension Λ1 and a second-
ary structure with the characteristic length Λ2, whereas Λ1

and Λ2 are the mean values of a Lorentzian distribution with
widths σ1 and σ2, respectively (Figure 5). The structural

length Λ1 is attributed to the block copolymer templated
structure and represents the pore size, and the structural
length Λ2 results from the macropores and gives their mean
dimension. Due to the broad size distribution of the
macropores in the scattering images they appear as only a
broad shoulder instead of a sharp peak. Taking the experi-
mental resolution function into account, the parameters Λ1,
Λ2, σ1, and σ2 were fitted. Figure 6 summarizes the preferred
structural lengths extracted from these fits. The pore size
increases when the polymer matrix is removed from the
nanocomposite film, whereas calcination results in larger
mesopores in comparison to those from solvent extraction
(39 nm compared to 34 nm). Together with the higher film
thickness this result suggests a higher porosity of the calcined
films. Calcination after solvent extraction does not have a
significant influence on the pore size; the mean value is 34
nm, as in the acetic acid treated film. A similar behavior is
observed for the macropores; their size increases from 100
nm in the nanocomposite film to several hundred nanome-
ters in the calcined film.

The analysis of the Yoneda peak positions in the scatter-
ing images allows an estimate of the film porosity. The
Yoneda peak of a material is located at its critical angle of
reflection; thus, from the peak position the material density
can be calculated. In the case of mesoporous materials this
density is an effective value averaged over the dense pore
walls and the included pore volume. By assumption of
unfilled pores (F ) 0) the analysis of the Yoneda peak
position of the acetic acid treated film reveals a mass density
of 1060 g cm-3, corresponding to a porosity of 72%. The
acetic acid treated and annealed film has a mass density of

FIGURE 4. GISAXS scattering images (left) and corresponding cuts
(right) of an as-prepared nanocomposite film (p), an acetic acid
treated film (s), an acetic acid treated and calcined film (s + c), and
a directly calcined film (c). Solid lines are fits to the data. Two
preferred lateral lengths, Λ1 and Λ2, are present in the films.

FIGURE 5. Schematic illustration of the parameters used for fitting
the GISAXS cuts.

FIGURE 6. Preferred lateral lengths Λ1 (open circles) and Λ2 (solid
squares) for different preparation methods extracted from the
GISAXS cuts. With calcination the pore size and the size of the
macropores are increased compared to those for the acetic acid
treatment.
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970 g cm-3 and a porosity of 75%. For the calcined film, in
accordance with the larger film thickness and the larger pore
size, a low density of 600 g cm-3, corresponding to 84%
porosity, is found. These values show the high porosity of
the films and also the extension of the pore structure into
the bulk of the films. From the high porosity a high surface
area of the films can be concluded, which is one prerequisite
for the creation of a large interface with hole conducting
material.

GISAXS was also used to quantify the influence of the
PMMA on the pore structure. The 2D scattering images
together with the cuts are shown in Figure 7. From the
images as well as the cuts it is visible that addition of PMMA
particles to the sol-gel solution modifies the film morphol-
ogy. All cuts show a marked shoulder corresponding to a
preferred structural length of the mesopores and, at higher
qy values, a broad shoulder originating from the macropores.
Whereas the lateral dimension of the macropores remains
constant within experimental error, the size of the mesopo-
res decreases from 40 to 37 nm with a PMMA particle
addition of 30% to the sol-gel solution (Figure 8). Because
the GISAXS signal is averaged over a macroscopic sample
area, these values do not just reflect local inhomogeneities
but are characteristic for the whole film and thus represent
differences induced by the preparation method. Due to the
chemical similarity of PMMA and MA(PEO), the etching of
the PMMA microspheres by the THF in the sol-gel solution
is equal to the addition of a homopolymer to a micellar
solution of a diblock copolymer, where one block is similar
to the added homopolymer. In such systems the homopoly-
mer is expected to accumulate in this block and to swell the
micelles. When the film is prepared from the solution with
the swollen micelles, the size and morphology of the result-
ing titania structures are modified: i.e., the titania network
is extended and the size of the incorporated mesopores is

reduced. This micellar swelling provides a simple way for
fine-tuning of the desired film structure (42).

To quantify the effect of the microstructure on the light
absorption behavior, the reflectivity of the films microstruc-
tured by 10% PMMA particle addition was measured with
UV/vis spectroscopy and compared with the reflectivity of
films without microstructure (Figure 9). At low wavelengths
the reflected intensity is low, because of the absorption
bands of the titania. Above 400 nm, where titania becomes
transparent, absorption is negligible and the interaction with
the film structure determines the reflectivity spectra. Be-
cause the size of the mesopores is far below the wavelength
of visible light, the mesopore structure does not contribute
to the scattering and the film reflectivity is only modified by
the large-scale structures. Independent of the method of
polymer extraction the reflectivity of the microstructured
films is considerably decreased in comparison to that of an
unstructured film. With calcination directly applied to the
nanocomposite film, the maximum reflectivity of the mi-
crostructured film is about 15% lower than the maximum
reflectivity of the unstructured film; additionally, the reflec-

FIGURE 7. GISAXS scattering images (left) and corresponding cuts
(right) of titania films with different degrees of microstructuring.
Solid lines are fits to the data. The cuts show two peaks correspond-
ing to the two preferred lateral lengths Λ1 and Λ2 in the films.

FIGURE 8. Preferred lateral lengths Λ1 (open circles) and Λ2 (solid
squares) with changing PMMA particle addition. The size of the
mesopores decreases with increasing amounts of PMMA particles
added to the sol-gel solution.

FIGURE 9. Reflectivity of films without microstructure (0% PMMA)
and a surface structure created by addition of 10% PMMA micro-
spheres. Acetic acid treated films (s, s + c) show a higher reduction
in reflectivity than the directly calcined (c) film.
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tivity spectrum is shifted toward smaller wavelengths, which
results in an effective reduction in reflectivity in the spectral
range between 360 and 500 nm up to 35% and an increase
of the same order between 500 and 690 nm. By application
of polymer extraction with acetic acid the reflectivity in the
uncalcined film is strongly reduced over the whole spectral
range. The maximum reduction is obtained in the range of
visible light, which is of particular interest due to the absorp-
tion characteristics of many application-relevant polymers.
By subsequent calcination a further reduction in reflectivity
to absolute values below 0.1 is achieved. The remarkable
difference from the directly calcined films is a result of the
modification of the surface structure by the acetic acid. The
erosion of the structural features acts as an effective rough-
ening of the surface (see also Figure 1 for comparison) on
the size scale of the macropores, which enhances light
scattering and thus decreases the film reflectivity. Conse-
quently, from the point of application, polymer extraction
with acetic acid followed by calcination is the method of
choice to obtain films with low surface reflection and
enhanced scattering to trap a higher portion of light.

CONCLUSIONS
In summary, we show a simple one-step route for prepa-

ration of hierarchically structured titania films with func-
tionality for application in photovoltaics provided by three
structural levels. A sol-gel process with the diblock copoly-
mer PDMS-b-MA(PEO) as structure directing agent is com-
bined with the addition of PMMA microspheres to the
sol-gel solution as a secondary template. The films show a
mesoporous structure on the nanometer scale, with pores
35-40 nm in size opening the possibility for the infiltration
of hole conducting materials with large dimensions. Ad-
ditionally, the surface is roughened by macropores, which
provide channels for an improved infiltration of the hole
conducting material. Well-defined surface depressions of 1
µm in diameter are introduced as light scatterers for the
reduction of surface reflection and enhancement of absorp-
tion. To our knowledge this is the first time that porous films
with large mesopores for application in photovoltaics have
been additionally structured on a micrometer scale to reduce
light reflection.

The structure installed in the titania films depends on the
method of extracting the polymer templates from the nano-
composite film; calcination results in larger meso- and
macropores than extraction with acetic acid, and acetic acid
treated films have a more eroded surface. Already a moder-
ate degree of microstructuring by PMMA microspheres
results in a significant reduction of reflectivity; a minimum
reflectivity value favorable for application in a photovoltaic
device is obtained by treatment with acetic acid and subse-
quent calcination. The addition of the PMMA microspheres
to the sol-gel solution influences the film structure on all
levels; with addition of a high amount of PMMA the films have
a lower degree of order. Additionally the size of the mesopores
is decreased. This shows that within the complex interplay of
all components involved in the sol-gel process by addition of
a second templating polymer not only a further structure is

created but also already existing primary structural features are
influenced. While the interaction with colloidal particles can
completely disrupt the primary structure, it is also possible to
use a more controlled block-copolymer/colloid interaction to
adjust the morphology of the primary structure. The latter case
then opens a simple way to fine-tune the block-copolymer
templated structure to meet the requirements of a working
device even more closely.

It remains a promising future work to further adjust the pore
structure as well as to test the suitability of the presented route
in other film preparation methods and, ultimately, to apply the
structured films in photovoltaic devices.
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