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ABSTRACT: The degree of filling of titania nanostructures with a solid hole-
conducting material is important for the performance of solid-state dye-
sensitized solar cells (ssDSSCs). Different ways to infiltrate the hole-
conducting polymer poly(3-hexylthiophene) (P3HT) into titania structures,
both granular structures as they are already applied commercially and tailored
sponge nanostructures, are investigated. The solar cell performance is
compared to the morphology determined with scanning electron microscopy
(SEM) and time-of-flight grazing incidence small-angle neutron scattering
(TOF-GISANS). The granular titania structure, commonly used for ssDSSCs, shows a large distribution of particle and pore
sizes, with porosities in the range from 41 to 67%, including even dense parts without pores. In contrast, the tailored sponge
nanostructure has well-defined pore sizes of 25 nm with an all-over porosity of 54%. Filling of the titania structures with P3HT by
solution casting results in a mesoscopic P3HT overlayer and consequently a bad solar cell performance, even though a filling ratio
of 67% is observed. For the infiltration by repeated spin coating, only 57% pore filling is achieved, whereas filling by soaking in
the solvent with subsequent spin coating yields filling as high as 84% in the case of the tailored titania sponge structures. The
granular titania structure is filled less completely than the well-defined porous structures. The solar cell performance is increased
with an increasing filling ratio for these two ways of infiltration. Therefore, filling by soaking in the solvent with subsequent spin
coating is proposed.
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■ INTRODUCTION

As an alternative to tackle today’s energy challenges, dye-
sensitized solar cells (DSSCs) have already been under
discussion to supplement current energy conversion technol-
ogies since the 1990s.1,2 In the case of classical DSSCs, also
called Graẗzel cells, high efficiencies of more than 12% are
reached with a liquid iodine-based electrolyte as a hole-
conducting material and titania as an electron conductor.3

Because of the high efficiencies, DSSCs are foreseen to
contribute significantly to the power generation by the year
2020.4 However, so far, commercialization was not successful,
as the corrosive liquid electrolyte faces problems of chemical
stability and a need for tight sealing. The problems related to
sealing can be overcome by replacing the liquid electrolyte with
a solid-state hole-conductor in the case of so-called solid-state
dye-sensitized solar cells (ssDSSCs).5 For this type of solar cell,
efficiencies have reached around 7% today, in cases where
small-molecule hole-conductors are used. If a polymer hole-
conductor like poly(3-hexylthiophene) (P3HT) is utilized,
efficiencies are lower with values up to 5%.3 One important

aspect for ssDSSCs is the infiltration of small-molecule or
polymer hole-conductors into existing electron-conductor
morphologies, such as titania nanostructures. In the case of
small molecules, Schmidt-Mende and Graẗzel have shown
qualitatively how strongly the solar cell performance depends
on the pore-filling ratio.6 By different ways of infiltration, the
filling ratio was improved as measured quantitatively at local
spots of the samples.7 However, a further improvement of
filling ratios is still necessary.8 It is suggested that the filling is
among the most important aspect in the search for alternate
hole-conducting materials.9 For example, the infiltration of
titania nanostructures with P3HT was investigated locally by
depth profiling. Very low infiltration ratios or limitations of
filling to the pore walls,10,11 which resulted in bad packing of
the polymers, both gave rise to a low conductivity of the hole-
conductor. Already in 2003, Coakley and McGehee et al.
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investigated the infiltration of mesoporous titania with P3HT11

and reported degrees of filling of 33% only as probed at local
spots of the films by using X-ray photoemission spectroscopy
(XPS) depth profiling. The low conductivity of the infiltrated
polymer is responsible for the low efficiencies of photovoltaic
cells made from the combination of mesoporous titania with
infiltrated polymer.12 Infiltration into more regular and straight
pores was shown to lead to more ordered polymer structures
and consequently to a higher conductivity.13 In addition, a
further step into the direction of optimized solar cells lies in the
application of additives to improve crystallinity and con-
sequently conductivity in P3HT, which so far was shown
successfully for all-organic solar cells.14

In general, nanostructures of titania are very interesting due
to their application potential.15 Most commonly, the titania
structures used in photovoltaic applications are prepared from a
nanoparticle paste, where the resulting nanostructure consists
of granules with a broad size distribution.16 Enhanced solar cell
performance was achieved in the case of electrolyte-based
DSSCs by structuring the titania film via the self-assembly of a
templating material.17 Anodization was also used successfully to
prepare titania nanotubes for powders with additional light
scattering that enhances DSSC performance.18 The importance
of nanostructures for the DSSC performance was also shown
for other types of electron conductors, for example, for Nb2O
or ZnO instead of titania19,20 and for ZnO-titania composites.21

The combination of metal oxides and conducting polymers has
further interesting application potentials, for example, hybrid
organic−inorganic light-emitting diodes (HyLEDs),22 which
have to tackle the same challenges.
Titania nanostructures can be obtained by a variety of

chemical, physiochemical, or physical techniques,23 for example,
from chemical vapor deposition,24 electrospinning,25 growth
driven by catalysis,26 sputtering of titanium with subsequent
anodization,27−29 growth on sacrificial polymer colloids,30

alignment of nanoparticle building blocks to form colloidal
mesocrystals,31 or sol−gel chemistry.32−37 One possibility to
template nanostructures is the application of amphiphilic block
copolymers as a structure-directing agent in combination with
sol−gel chemistry.32,33 This powerful technique gives access to
a variety of different morphologies and can also be extended to
low preparation temperatures.34,35 Furthermore, this approach
allows one to integrate additional functionality in the titania
synthesis step already, and therefore, functional composite
materials can be produced in one step.36,37 A large variety of
titania structures are obtained by the combination of sol−gel
chemistry and block copolymer templates, from lamellae and
nanoparticles via nanorods, nanowires, and nanotubes to
nanovesicles and spongelike nanoscale networks.38−40 More-
over, hierarchical structuring is possible in this approach.41,42

Further orientation of the structures can be introduced by a
surface treatment below a critical film thickness or by the
sandwiching between two neutral surfaces during drying.43

Because of the limited exciton diffusion length in conducting
polymers, a spongelike structure with pores of sizes around 30
nm are expected to be especially interesting for ssDSSCs.44

So far, investigations concerning the degree of filling of
titania with a hole-conducting material have been performed
typically with local probes such as XPS depth profiling.6,7,10−13

To probe nanostructures in thin film geometry in large sample
volumes on the order of the pixel size commonly used in
ssDSSCs, scattering techniques have been applied success-
fully.36,45,46 Grazing incidence small-angle X-ray scattering

(GISAXS) allows us to probe such nanostructures statically
and also kinetically during growth processes.47−49 In the case of
using neutrons instead of X-rays, the technique is called grazing
incidence small-angle neutron scattering (GISANS). A different
contrast as compared to GISAXS can be achieved in GISANS,
rendering GISANS a very powerful tool.50,51 Moreover, via
deuteration, the scattering contrast could be further enhanced
in the case of GISANS, which however was not necessary in the
present investigation. In the time-of-flight (TOF) mode, a
continuous wavelength spectrum of the neutron beam is used.
Historically, the TOF mode has first been applied successfully
in neutron reflectometry52−55 and off-specular scattering.56−59

Combining the TOF mode with GISANS is a rather recent
experimental development with the first successful reports in
2009.60,61 With this so-called TOF-GISANS, among other
information, quantitative values for the porosity of titania
nanostructures and the degree of filling of the titania
nanostructures with solid hole-conductors can be probed.62

Furthermore, a depth sensitivity is achieved due to changes in
the scattering depth as a function of the neutron wavelength at
a fixed incident angle.63,64 In general, TOF-GISANS allows us
to probe the same information with a fixed incident angle and a
varied wavelength as GISANS with a monochromatic beam,
corresponding to a fixed wavelength, in measurements with a
varied incident angle. Regarding the availability of TOF
instruments, the main difference lies in the neutron source.
At a spallation source, a pulsed neutron beam is supplied, and
TOF instruments are common. In contrast, at a neutron
reactor, a constant neutron flux can be used for either
monochromatization or pulsing with a chopper system,
rendering both monochromatic and TOF experiments possible.
Recently, TOF-GISANS was used in our group to investigate
the filling of a titania sponge structure with the conducting
polymer poly(N-vinylcarbazole) (PVK) by one time spin
coating and by solution casting.62

In the present work, the focus lies on the quantitative
investigation of three different ways of infiltration of the
polymer hole-conductor P3HT into different titania nanostruc-
tures. Granular titania structures, as they are obtained from a
commercial paste, are compared with block copolymer
template-tailored sponge titania nanostructures. The advan-
tages and disadvantages of different filling techniques are
focused on, instead of pushing the solar cell performance with
additional optimization steps toward record values. With real
space imaging using scanning electron microscopy (SEM),
qualitative findings about the infiltration of the hole-conductor
in the titania structures are obtained. TOF-GISANS measure-
ments yield information about the nanostructures in the whole
volume of the film, quantitative information about the porosity
of the titania structures, and the degree of filling of the hole-
conductor P3HT in the titania pores. Structural and composi-
tional investigations with X-ray reflectivity (XRR), transmission
electron microscopy (TEM), and energy dispersive X-ray
spectroscopy (EDX) complement the investigations.

■ EXPERIMENTAL SECTION
Sample Preparation. Solar cells were prepared on fluorine-doped

tin oxide (FTO) coated glass in a procedure similar to the one
described in reference 65 but with P3HT as the hole-conductor
instead of the small-molecule hole-conductor. Briefly, the FTO was
patterned by etching with zinc powder and hydrochloric acid (HCl,
18%) and then cleaned with Alconox, ethanol, acetone, and
isopropanol in an ultrasonic bath for 10 min each with subsequent
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rinsing with the respective solvent and drying in nitrogen flow. The
FTO surface was then treated with an oxygen plasma (10 min, 250 W,
0.4 mbar), followed by spin coating of a compact titania layer from a
sol as described in reference 66. The spin coating was performed on a
Süss MicroTec Delta 6 RC spin coater (2000 rpm, 60 s). The compact
titania layer was sintered at 450 °C for 2 h (heating ramp 6.5 K
min−1). The samples were immersed in a TiCl4 bath (40 mM, 45 min,
70 °C) before the application of the granular titania from a commercial
paste (Solaronix Ti-Nanoxide T) by blade coating. Directly after
application of the titania paste, the samples were put on a hot plate (6
min, 120 °C). After calcination (subsequently 325, 375, and 450 °C,
each 15 min, heat ramp 15 K min−1), the samples were again
immersed in a TiCl4 bath with a subsequent calcination (400 °C, 30
min, heat ramp 25 K min−1). After they were cooled to 80 °C, the
samples were immersed in a dye solution (ruthenium dye N-719 in
acetonitrile and tert-butanol) for more than 20 h before the infiltration
of the polymer hole conductor (regio-regular P3HT, MW = 50 kg
mol−1, Rieke Metals, radius of gyration about 5 nm) in three different
ways as described below. After evaporation of gold contacts, the
samples were annealed on a hot plate (nitrogen atmosphere, 10 min,
140 °C).
The films for the scattering investigation were prepared on silicon

and glass substrates (size 60 × 70 mm2) precleaned in an acidic bath
for 15 min.67 The granular titania films on silicon substrates were
prepared from a commercial paste by blade coating as described above
for the solar cell preparation. The tailored titania sponge structures
were prepared on glass substrates by the combination of block
copolymer-templated sol−gel chemistry with microfluidics as
described in reference 68 in detail. For this purpose, the diblock
copolymer poly(dimethyl siloxane-block-methyl methacrylate poly-
(ethylene oxide)) [PDMS-b-MA(PEO)] was used as the template
after the synthesis described in reference 69. HCl (37%) was added to
the PDMS-b-MA(PEO) solution in THF and 2-propanol, and the
titania precursor titanium tetra isopropoxide (TTIP) was added to a
mixture of pure solvents (THF and 2-propanol). Both solutions were
mixed in a y-shaped microfluidic channel directly before spin coating
onto the glass substrates. Titania was uncovered on top of the sample
by an argon plasma treatment before calcination in nitrogen
atmosphere. As a result, the PDMS converts to a SiOC type ceramic,
and a titania-ceramic composite is obtained similar to the one
investigated in reference 65. The films were stored in the dye solution
for more than 20 h (like the solar cells) before the infiltration of the
hole-conducting polymer P3HT.
Three different ways to infiltrate the hole-conductor were

investigated. In the first way, 11 times repeated spin coating of a
P3HT solution (in toluene with a concentration of 10 mg mL−1) was
applied with a wait time of 40 s for distributing the solution before
spin coating (2000 rpm, 60 s). This first way of filling by repeated spin
coating promises improvement over the common one-time spin
coating, because the porous structure can be filled more and more, in
case one time spin coating is insufficient. As a second way to infiltrate
the P3HT from toluene solution into the titania structures, the
solution was cast on the structures and dried in ambient conditions for
about 24 h. The so-called solution casting is expected to yield rather
high infiltration ratios.62 The third way to infiltrate the P3HT solution
from toluene into the titania nanostructures investigated in the present
work is a soaking of the titania films in the pure solvent toluene for
more than 45 min, to remove as much of the air inside the
nanostructure pores as possible, before applying the P3HT solution
with 40 mg mL−1 on top (40 s waiting) and subsequently spin coating
off the remaining solution (2000 rpm, 60 s). That the air inside of
nanopores is removed by immersing of the porous structure inside the
solution was shown already both for uncharged and for charged
polymer chains.70

Film Characterization. Solar cells were characterized with a
Keithley digital sourcemeter to measure I−V curves in the dark and
under illumination with AM1.5 standard solar spectrum of 1 sun (100
mW cm−2).
SEM measurements of sample cross-sections of the solar cells were

performed at an NVision40 FESEM by Carl Zeiss AG (accelerating

voltage, 2.5 kV; working distance, 3.5 mm; tilt angle, 50°) after
breaking the samples cooled down to liquid nitrogen temperatures.
Secondary electron images were taken with the in-lens detector.

XRR measurements were performed with a copper X-ray tube (Cu
Kα, λ = 1.54 Å) at a Bruker D8 reflectometer, using a scintillation
counter. The reflectivity profile was fitted by a model based on the
Parratt algorithm.71 The theoretical scattering length density (SLD)
for X-rays of titania is 3.17 × 10−5 Å−2. For SiOC, it is 2.40 × 10−5 Å−2.

TEM investigations were done using a FEI Titan 80-300 (S)TEM
microscope equipped with an EDAX detector for EDX measurements
and a Gatan Tridiem image filter. Scanning TEM measurements
(STEM) were performed with a high-angle annular dark field detector
from Fischione Instruments (Model 3000). Cross-section samples for
the TEM and STEM investigations were prepared as described by
Strecker at al. in reference 72.

GISANS. TOF-GISANS measurements were performed at the
REFSANS instrument of the Helmholtz Zentrum Geesthacht at the
neutron research reactor FRM II in Garching, Germany,73,74 using a
wavelength range of 2−12.5 Å. The incident angle under which the
neutron beam impinged on the samples was chosen between 0.41° and
0.44° for the low wavelengths and between 0.43° and 0.46° for the
longer wavelengths. Effects due to gravity, which are more relevant for
larger neutron wavelengths, are corrected in the analysis. Except for
the effect of gravity, the incident angle was fixed in each scattering
experiment. The data were detected at a sample-to-detector distance of
10.52 m on a two-dimensional (2d) detector at a fixed position.75 The
counting time for each sample was about 24 h to have sufficient
statistics. A material-specific, characteristic scattering is detected at an
exit angle equal to the critical angle αc for total external reflection of
this material. The material-specific critical angle changes with the
wavelength λ of the neutrons with αc = λ(ρ/π)1/2.62 ρ is the SLD of
the material, which is directly proportional to the material density of
the probed material. Thus, the critical angles can be determined from
the material-specific characteristic scattering, which occurs at an exit
angle equal to the critical angle of the material. The corresponding
peak in the GISANS data is called the Yoneda peak.76,77 The SLD can
be obtained from the slope of the linear fit of critical angle versus
wavelengths of the neutrons used for scattering in the TOF mode, as
shown in reference 62. For a porous structure, the SLD is reduced, and
the porosity Φ can be calculated as

ρ ρΦ = −1 /m theor

where ρm is the measured SLD and ρtheor is the theoretical SLD of the
compact material. In the case of a porous material, filled with another
material like a hole-conducting polymer, the polymer fraction ξ inside
the pores can be calculated with the porosities of the unfilled material
Φ via

ξ ρ ρ ρ= − − Φ[ (1 ) ]/m,filled theor,TiO theor,P3HT2

where ρm,filled describes the measured SLD of the filled titania, ρtheor,TiO2

is the theoretical SLD of the compact titania of 2.40 × 10−6 Å−2, and
ρtheor,P3HT is the theoretical SLD of P3HT of 6.65 × 10−7 Å−2. The
theoretical SLD of SiOC for neutrons is 4.99 × 10−6 Å−2. The
penetration depth of the neutrons in the investigated films and
consequently also the scattering depth depends on the wavelength of
the neutrons.78 For a fixed incident angle, neutrons with a short
wavelength fully penetrate the investigated films, but neutrons with a
longer wavelength are scattered at a finite depth of the order of 50 nm
(exact value depends on sample). For the investigations of porosity
and degree of filling, only the data of neutrons with short wavelengths
are used. Therefore, quantitative information is obtained for the whole
film volumes.

■ RESULTS AND DISCUSSION
Solar Cell Performance. The solar cell performance

depends strongly on the way of filling of the titania structures.
Figure 1 shows I−V data of ssDSSCs for the different ways of
infiltration in the case of the granular titania prepared from the
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commercial paste. The most important results are summarized
in Table 1. The worst efficiencies η of not more than 0.03% are

obtained for filling by solution casting. Filling by 11 times
repeated spin coating grants already higher efficiencies of up to
0.54% and soaking in toluene with subsequent spin coating of
the P3HT solution results in the best efficiencies of up to
0.90%. The efficiencies obtained in the present investigation are
clearly not optimized for the highest possible values but rather
show the trend of the way of filling for solar cells otherwise
prepared in exactly the same way. One possible way to improve
the efficiencies lies in the improvement of conductivity in
P3HT through additives, as described above.14 As can be seen
from the short-cut current density jsc, lower efficiencies η are
mostly due to less extracted charges. In the case of filling by
solution casting, a high series resistance is apparent as well from
the low slope at the open-circuit voltage and from the much
lower filling factor FF. The open-circuit voltage UOC is defined
by the choice of materials and is constant for the present
measurements.
Real Space Morphology Analysis. The granular titania

morphology as probed in real space with cross-sectional SEM is
shown in Figure 2a,e. The granules with a size distribution
around 15−20 nm are arranged in a loose but irregular manner,
and pores with a broad size distribution are visible. Cross-
sectional SEM measurements of the granular titania structure
filled with P3HT (see Figure 2b−d and f−h) reveal
qualitatively poor to rather good infiltration, depending on
the way of infiltration, as was observed for small molecules as
well.6 Qualitatively, the filling ratio increases from filling by
repeated spin coating via filling by solution casting to filling by
soaking in toluene with subsequent spin coating. The lower
observed short-cut current densities in the solar cell character-
istics (Table 1) can be explained with a lower interfacial area for
less complete filling in the case of repeated spin coating. For

filling by soaking of the titania film in toluene with subsequent
spin coating of the P3HT solution, the filling of the titania
pores seems more complete, which agrees with the higher
short-cut current density and higher efficiency of the solar cell
prepared in otherwise the same way. In the case of the filling by
solution casting, the filling seems to be more complete than for
repeated spin coating, but the short-cut current density is
nevertheless rather low due to the much higher serial resistance.
This can be explained by a significantly thicker overlayer of
P3HT on top of the titania structure, as can be seen in Figure
2c. This overlayer results in the loss of holes in the thick P3HT
layer, leading to the high serial resistance and the low short-cut
current density and as a consequence to a very low efficiency.
The thick overlayer of P3HT could be removed for example by
a plasma etching step or by a further solvent treatment.
For the tailored titania sponge structures, the same trend

with respect to filling is observed in the SEM data (see Figure
3). The defined titania sponge structure with hexagonally
arranged pores of a diameter of around 25 nm and additional
pores of a diameter of around 200 nm is visible in the cross-
sectional SEM image in Figure 3a,e. In the bright field TEM
image in Figure 4a, the titania sponge structure is shown. The
inset displays a detail of the structure at higher magnification,
where the porous structure is visible. High-resolution TEM
images reveal mesopores with diameters of around 25 nm and
in addition crystalline titania domains with diameters of 2−3
nm (Figure 4b). The EDX measurements of the film were done
in STEM mode with a spot size of around 1 nm. Twenty EDX

Figure 1. Current−voltage characteristics of ssDSSCs, consisting of
granular titania from the commercial paste, filled with P3HT by
solution casting (a), 11 times repeated spin coating (b), and spin
coating after soaking of the titania film in toluene (c). Dark curves
(filled circles) and curves under illumination with simulated sunlight
AM1.5 (open diamonds) are shown for each kind of filling.

Table 1. Overview of Solar Cell Parameters for the Different
Kinds of P3HT Infiltration into the Granular Titania
Nanostructure

way of filling
UOC
(V)

jSC
(mA cm−2)

FF
(%) η (%)

11 times spin coating 0.45 −3.25 37.0 0.54
solution casting 0.47 −0.27 25.4 0.03
spin coating after soaking in
toluene

0.45 −5.44 36.2 0.90
Figure 2. Cross-sectional SEM images of granular titania structure (a,
e) and of granular titania filled with P3HT by 11 times repeated spin
coating (b, f), by solution casting (c, g), and by soaking in toluene with
subsequent spin coating (d, h). In the overview images (a−d), the
FTO electrode on the bottom and the gold electrode on top of the
P3HT (c, d) are visible.
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spectra were taken at varying positions of the film. In Figure 4c,
one exemplary EDX spectra is displayed. Si, Ti, C, and O are
detected. The quantification of each EDX spectra reveals a
similar distribution of Si and Ti and yields an average chemical
composition of 43 ± 3 at.% Si and 57 ± 3 at.% Ti. As can be
seen in the SEM images in Figure 3b−d and f−h, qualitatively,
the pore-filling ratio increases from repeated spin coating of the
hole-conductor via solution casting to soaking of the titania
structures in toluene before spin coating of the hole-conductor
solution for the defined titania sponge structures as well.
Furthermore, the smaller pores seem to be filled more
completely than the big pores. In addition, the titania film
filled with P3HT by solution casting also shows a thick
overlayer of P3HT, as visible in Figure 3c.
Reciprocal Space Morphology Analysis. To gain more

quantitative information about the filling of the pores, the
morphology is probed in reciprocal space with scattering
techniques. TOF-GISANS measurements of the unfilled and
filled structures have been performed. Figure 5 shows selected
2d scattering data of the granular titania structures, unfilled and,
as an example, after filling with P3HT by soaking of the
structures in toluene with subsequent spin coating of the
polymer solution. The two-dimensional scattering shows very
distinct features: at qy = qz = 0, the direct beam is probed, and
the position in detector pixels drops for larger wavelengths due
to the influence of gravity. For qy = 0 and increasing values of
qz, above the direct beam, the minimum in intensity is due to

the sample horizon above which the reflected signal is probed.
The specularly reflected peak, for which incident and exit angles
are equal, is probed always at the same pixel of the detector.
Between sample horizon and specular peak, the Yoneda peak is
detected.76,77 As noted above, this maximum is moving with the
wavelength of the neutron beam. For the short wavelengths in
the TOF-GISANS experiment, the whole volume of the thin
films is probed because the scattering depth is larger than 2 μm
in case of the pure titania film and larger than 1 μm in case of
the films filled with P3HT. For wavelengths in the TOF-
GISANS experiment larger than 10 nm, only surface structures
are probed at a scattering depth of minimum 60 nm in the case
of the titania film and 40 nm in the case of the filled film.
Scattering in the qy direction is strongest for a qz value of the
Yoneda peak, where the scattering is most sensitive to the
material under investigation. For the granular titania structures,
a very broad scattering in the qy direction is visible due to the
broad distribution of lateral structure sizes in the probed films.
To quantify this lateral size distribution, so-called horizontal
cuts of the 2d TOF-GISANS data for the granular titania
structure are shown in Figure 6. The cuts are fitted for all of the
wavelengths by a model consisting of the form factor of two
cylindrically shaped structures distributed on a 1d paracrystal;
for the equations, see reference 79. For both the granular titania
structure and the titania structure filled with P3HT by soaking
in toluene with subsequent spin coating, lateral structure radii
of (55 ± 15) and (10 ± 5) nm with distances of these
structures of (180 ± 40) and (75 ± 20) nm are observed.
Because of the very broad size distributions and as also no
significant differences in the intensities in the horizontal cuts
can be observed, the information about filling can not be
extracted from the fits to the horizontal cuts. Furthermore, as

Figure 3. Cross-sectional SEM images of tailored titania sponge
structure (a, e) and titania sponge structure filled with P3HT by 11
times repeated spin coating (b, f), filled with P3HT by solution casting
(c, g), and filled with P3HT by soaking in toluene with subsequent
spin coating (d, h). In the overview images (a−d), the FTO electrode
on the bottom and the gold electrode on top of the P3HT (b−d) are
visible.

Figure 4. Bright field TEM image (a) of the tailored titania sponge
structure. The inset shows the porous structure at higher
magnification. The high-resolution TEM image in panel b displays
one mesopore and several crystalline domains possessing diameters of
2−3 nm. In panel c, an exemplarily EDX spectrum taken in STEM
mode is given of the 20 measured spectra used for the statistical
analysis. In all 20 measured spectra, Si, Ti, O, and C are detected with
a similar distribution.
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the probed structures do not differ much regardless of the
wavelength of the neutrons, the surface structures do not differ
from the structures in the volume of the film, in agreement with
the observations in SEM.
The tailored titania sponge structures are also investigated

with TOF-GISANS. Selected 2d scattering patterns are shown
in Figure 7 for the pure titania structure and the titania
structures filled in the investigated three different ways of
P3HT infiltration. Already in the 2d scattering patterns,
significant differences are visible. Concerning the scattering of
the samples, the differences are apparent in the scattering in the

qy direction: First, the scattering is much more defined due to
the presence of better defined structures in the samples.
Second, the intensity of the scattering decreases from the
unfilled titania structures with the expected more efficient filling
from filling by repeated spin coating via filling by solution
casting to filling by soaking in toluene with subsequent spin
coating. This decrease in detected signal indicates strongly a
more complete filling of the present pores as the scattering
contrast is decreased for filled pores. Furthermore, again, the
whole film volume is probed in the case of the measurements
with the short neutron wavelengths (scattering depth of more
than 2 μm and 1 μm, respectively, as explained above). For the
longer wavelengths above 10 nm, surface structures are
selectively probed, down to a minimum scattering depth of
70 nm in the case of the titania film and 35 nm in the case of
the titania films filled with P3HT.
An additional difference in the 2d GISANS data arises from

the usage of a beam stop that blocks the direct beam. However,
the beam stop at the position of the directly transmitted beam
is not affecting the reflected signal; therefore, the same
information is available with or without beamstop.
To quantify the information of the lateral structures in the

investigated samples, the horizontal line cuts, as depicted in
Figure 8, are also fitted with a model consisting of the form
factor of two cylindrically shaped structures distributed on a 1d
paracrystal for all investigated wavelengths. Lateral structure
radii of (38 ± 9) and (13 ± 6) nm with distances between
these structures of (180 ± 40) and (25 ± 3) nm are observed.
The structural distance of around 25 nm is well-defined, leading
to the well-defined structural peak in the horizontal line cuts. As
the well-defined peak is independent of the wavelength and
consequently of the scattering depth, it can be concluded that
the structure inside the film is independent of the depth in the
film relative to the surface.63,64 The probed distance can be
related to the pore diameter of the titania sponge structure as
observed with SEM in Figure 3a. The same observed structural
features for the samples filled with P3HT show a decreasing
intensity with expected increased filling: For the titania
structure filled with P3HT by repeated spin coating, the

Figure 5. Selected 2d GISANS data: unfilled granular titania (top row) and granular titania filled with P3HT by soaking in toluene and subsequent
spin coating (bottom row). The average wavelength of neutrons from left to right is 3.5, 4.5, 5.5, 6.5, 7.5, and 10.5 Å, respectively. The intensity scale
(counts without normalization) is the same for all of the subfigures, the axis of abscissae shows qy in inverse nm, and the axis of ordinates shows qz in
inverse nm. The different probed q ranges are due to the different wavelengths. Furthermore, the short wavelengths probe the structures in the whole
volume of the films, and the longest shown wavelength probes only surface structures.

Figure 6. Horizontal cuts with fits of two broadly distributed
cylindrically shaped objects, distributed on a 1d paracrystal as
described in the text: Horizontal cuts are taken as an average of 15
pixels in qz, around the material characteristic scattering for the
granular titania structure (a) and the granular titania structure filled
with P3HT by soaking in toluene with subsequent spin coating (b).
The cuts are taken around qz values decreasing from 0.19 to 0.09 nm−1

for increasing wavelengths. The cuts of the 2d GISANS data for
different wavelengths are shifted along the intensity axis with
increasing wavelength from bottom to top without a normalization
of the intensity. The different probed q ranges are due to the different
wavelengths. The blue dashed lines indicate the distances of the two
structures of around 180 and around 75 nm.
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Figure 7. Selected 2d GISANS data: unfilled tailored titania sponge structure (top row) and tailored titania sponge structure filled by repeated 11
times spin coating (second row), filled by solution casting (third row), and filled by soaking in toluene with subsequent spin coating (bottom row).
The average wavelength of neutrons from left to right is 2.6, 4.5, 5.5, 6.5, 7.5, and 9.5 Å, respectively. The intensity scale (counts without
normalization) is the same for all of the subfigures, the axis of abscissae shows qy in inverse nm, and the axis of ordinates shows qz in inverse nm. The
different probed q ranges are due to the different wavelengths. Furthermore, the short wavelengths probe the whole film volume, and in the case of
the longest shown wavelength, only the surface structures are probed.

Figure 8. Horizontal cuts with fits of two cylindrically shaped geometries, distributed on a 1d paracrystal as described in the text: the cuts are taken
as an average of 15 pixels in qz around the characteristic scattering for the tailored titania sponge structure (a) and the titania sponge structure filled
with P3HT by 11 times repeated spin coating (b), filled with P3HT by solution casting (c), and filled with P3HT by soaking in toluene with
subsequent spin coating (d). From the shortest to the longest wavelengths, the cuts were performed around qz values of 0.19 to 0.09 nm

−1. The cuts
are shifted along the intensity axis with increasing wavelength from bottom to top without a normalization of the intensities, and the different probed
q ranges are due to the different wavelengths. The blue dashed lines indicate the distances of the two probed structures of around 180 and around 25
nm.
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scattering is reduced by a factor of about 65, and the distances
are slightly increased to 27 nm. The slight increase in structure
size might be due to partly filled small pores, which results in a
slightly larger average pore distance. For the structure filled by
solution casting, the scattering is reduced by a factor of about
290, and for filling by soaking in toluene with subsequent spin
coating, the scattering is reduced by a factor of almost 20000.
Porosity and Degree of Filling. The porosity of the

titania structures before filling and the degree of filling of the
titania structures with P3HT is obtainable quantitatively from
the vertical cuts of the TOF-GISANS data. By determining the
critical angles from the Yoneda peaks for the different
wavelengths used for the TOF-GISANS measurements and
fitting of the critical angles versus wavelength, the SLD can be
obtained from the slope of the linear fit as depicted in Figure 9

for the data of the granular titania structures. For the analysis,
only cuts of data are used that probe the whole film volume, as
noted above. Therefore, the resulting values give the average of
the whole film volume. In general, a rather broad distribution of
Yoneda peaks is observed in the case of the unfilled granular
titania structure, as can be seen in Figure 5. From the fits in
Figure 9a, SLDs of ρ1 = 2.41 × 10−6 Å−2, ρ2 = 1.42 × 10−6 Å−2,
and ρ3 = 8.0 × 10−7 Å−2 are determined. The SLD ρ1
corresponds to the SLD of a compact titania structure, and
ρ2 and ρ3 are related to more porous titania layers with
porosities of Φ2 = 41% and Φ3 = 67%. Similarly, for the filled
granular titania, SLDs of ρ1 = 2.41 × 10−6 Å−2, ρ2 = 1.67 × 10−6

Å−2, and ρ3 = 1.09 × 10−6 Å−2 are determined. Again, the first
SLD ρ1 corresponds to the compact titania, and for the other
two SLDs, the polymer fraction ξ inside the pores can be
calculated. For the granular titania structures filled by P3HT via
soaking in toluene with subsequent spin coating, filling ratios of
ξ2 = 37% and ξ3 = 44% are determined. However, as a broad
distribution of Yoneda peaks is observed, actually a broad
distribution of porosities and a broad distribution of filling

ratios in the observed range is expected to be present, where
only the most prominent ones are determined.
Because of the absence of fringes in the intensity along qz

direction, no well-established depth profile exists inside the
films in agreement with information extracted from different
scattering depths.
For the unfilled tailored titania sponge structures, the

porosity is more well-defined, as apparent from the more
defined Yoneda peaks in the TOF-GISANS data in Figure 7.
Also, the filled titania sponge structures show more defined
Yoneda peaks, indicating more uniform filling with P3HT.
The critical angles as obtained from the Yoneda peaks are

fitted linearly versus the wavelength of the neutrons, and the
resulting plots are shown in Figure 10. Again, only data that
probe the whole titania film volume are used; consequently, the
determined values are averages over the whole film volume. For
the unfilled titania sponge structure, SLDs of ρ1 = 3.52 × 10−6

Figure 9. Linear fit of critical exit angles as obtained from TOF-
GISANS data vs wavelength of neutrons for granular titania structure
(a) and for unfilled granular titania filled with P3HT by soaking in
toluene with subsequent spin coating (b). The fitted slopes are related
to the density of compact titania (ρ1) and the densities of the porous
titania (ρ2) and (ρ3) in panel a and the titania partly filled with P3HT
(ρ2) and (ρ3) in panel b, respectively, as described in the text.

Figure 10. Linear fit of critical exit angles as obtained from the TOF-
GISANS data vs wavelength of neutrons for the unfilled tailored titania
sponge structure (a) and the titania sponge structure filled with P3HT
by 11 times repeated spin coating (b), filled with P3HT by solution
casting (c), and filled with P3HT by soaking in toluene with
subsequent spin coating (d). The fitted slopes correspond to the
density of the glass substrate (ρ1), the density of the porous titania and
the filled composite, respectively (ρ2), and the pure P3HT overlayer
(ρ3).
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Å−2 and ρ2 = 1.47 × 10−6 Å−2 are determined from Figure 10a.
The first SLD ρ1 corresponds to the theoretical SLD of the
glass substrate, which lies in the range of 3 to 4 × 10−6 Å−2. The
SLD of the substrate is visible for the titania sponge structures
as the film thickness of these structures is lower than the film
thickness of the granular titania, where the SLD of the silicon
substrate was not visible in Figure 9. To determine the porosity
of the titania sponge structure from the second SLD ρ2, the
theoretical SLD of the titania sponge structure is necessary as
well. As the titania sponge structures actually consist of a
mixture of titania and an SiOC type ceramic, an XRR
measurement of the titania sponge is used in addition to
determine the fraction of titania and SiOC. Figure 11 shows the

XRR data together with a fit to the data performed with the
Parratt algorithm.71 The vertical composition of the titania
sponge structure is determined to be a 536 nm thick porous
layer on top of in total 11 nm more dense titania layers near the
glass substrate. The same depth profile of titania is not
accessible by the GISANS data, as there are no intensity fringes
present in the qz cuts. In the fit to the XRR data, the film
thickness is obtained from relative intensities at the edge of
total external reflection. Fringes due to the layer thickness of
around 536 nm are not resolved with XRR either. With the
measured SLD for neutrons of ρ2 = 1.47 × 10−6 Å−2 and the
SLD for X-rays obtained from the XRR fit as 1.35 × 10−5 Å−2,
the fraction of titania is obtained as 69%, and the fraction of
SiOC is determined to be 31%. This titania fraction is higher
but of similar order as the one obtained by EDX measurements.
The SLD of a compact material with this titania-ceramic

composition for neutrons is 3.19 × 10−6 Å−2. In total, the
porosity Φ of the titania-ceramic composite sponge structure is
determined to be 54%.

For the titania sponge structure filled with P3HT by 11 times
repeated spin coating, the fit of critical angles versus wavelength
as shown in Figure 10b results in SLDs of ρ1 = 3.56 × 10−6 Å−2,
ρ2 = 1.76 × 10−6 Å−2, and ρ3 = 7.05 × 10−7 Å−2. The first SLD
ρ1 again corresponds to the SLD of the glass substrate. The
third SLD ρ3 is due to a compact P3HT layer. The intermediate
SLD results from the titania-P3HT mixture, and a filling ratio of
ξ2 = 57% is determined for this way of filling.
In the case of filling of the titania sponge structure with

P3HT by solution casting, the SLDs of ρ1 = 3.57 × 10−6 Å−2, ρ2
= 1.91 × 10−6 Å−2, and ρ3 = 5.28 × 10−7 Å−2 are determined
from the fit of critical angle versus wavelength (Figure 10c).
Again, ρ1 is the SLD of the glass substrate, and ρ3 is the SLD of
a P3HT overlayer, which contains some 20% of air. As the
Yoneda peak corresponding to the P3HT overlayer is scattering
much more strongly than in the other cases, a much thicker
overlayer of P3HT is present in the case of solution casting, as
was already discussed to explain the bad solar cell efficiencies
along with the SEM data. The intermediate SLD ρ2
corresponds again to the titania-P3HT mixture, and a polymer
fraction of ξ2 = 67% is determined in the case of filling by
solution casting.
Filling of the titania sponge structure by soaking in toluene

with subsequent spin coating yields SLD values of ρ1 = 3.53 ×
10−6 Å−2, ρ2 = 2.03 × 10−6 Å−2, and ρ3 = 6.64 × 10−7 Å−2 as
determined from the fit of critical angles versus wavelength in
Figure 10d. In accordance with the other filled samples, ρ1 is
the SLD of the glass substrate, and ρ3 is the SLD of a P3HT
overlayer. A polymer fraction of ξ2 = 84% is determined from
the intermediate SLD ρ2 in the case of filling by soaking in
toluene with subsequent spin coating. An overview of all
determined porosity values and degrees of filling is given in
Table 2.

In comparison to the literature, where quantitatively just 25%
filling in the case of one time spin coating and 67% filling in the
case of solution casting was observed for a similar titania
structure but a different conducting polymer,62 in the present
investigation, a filling of 57% for 11 times repeated spin coating
is observed, which is higher than the filling ratio for one time
spin coating, as expected. Sixty-seven percent filling for solution
casting is observed in the present investigation as well. Thus,
the degree of filling seems to be rather independent of the used
polymer for a similar titania structure for this type of technique.
The filling ratio of 84% for the infiltration by soaking in toluene
with subsequent spin coating is clearly larger than for the other
ways of polymer infiltration, in agreement with the local probe
SEM and explaining well the better solar cell performance for

Figure 11. XRR curve (a) of the unfilled tailored titania sponge
structure with fit (solid line) as described in the text. The SLD profile
resulting from the fit (b) shown as a function of the distance z from
the surface of the substrate at z = 0. The inset in panel a shows a
sketch of the resulting vertical film composition: a 536 nm thick layer
of the titania-ceramic composite with a porosity of 54% on top of more
dense composite layers with in total 11 nm thickness resides on the
glass substrate.

Table 2. Overview of Porosity and Degree of Filling Values
for the Different Kinds of P3HT Infiltration into the
Granular Titania and the Tailored Titania Nanostructure

porosity
degree of
filling

granular titania 41 and
67%

−

granular titania filled by spin coating after soaking
in toluene

− 37 and 44%

tailored titania 54% −
tailored titania filled by 11 times spin coating − 57%
tailored titania filled by solution casting − 67%
tailored titania filled by spin coating after soaking
in toluene

− 84%
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solar cells prepared by filling of the tiania structure with the
hole-conductor P3HT by this method.

■ CONCLUSIONS
The filling of different titania structures with the hole-
conductor P3HT is compared for three ways of infiltration.
Even though no record solar cells are investigated, principle
findings in the comparison of titania films obtained from a
commercial paste with films containing tailored sponge titania
nanostructures via block copolymer templating allow for the
optimization of future applications on the basis of quantitative
results. In ssDSSCs, infiltration of the P3HT by solution casting
shows the worst performance, whereas both infiltration by 11
times repeated spin coating and infiltration by soaking in the
solvent with subsequent spin coating lead to reasonable results,
with a higher short-cut current for the infiltration by soaking in
the solvent with subsequent spin coating.
For both granular titania structures as they are applied

commercially and tailored titania sponge structures, an
increasing filling of the pores in the titania structures with
P3HT is observed from filling by repeated spin coating via
filling by solution casting to filling by soaking in the solvent
with subsequent spin coating. For the sponge structure, the
porosity of the original structure is 54%, and regular well-
defined porous structures are observed. The filling ratios of the
pores can be determined with a good statistical relevance to 57,
67, and 84% for the three different ways of filling from TOF-
GISANS measurements. For the granular titania structures, a
large distribution of pores and porosity values in the range of
41−67% is present before filling with P3HT. For the filling by
soaking in the solvent with subsequent spin coating, filling
ratios of 37−44% are obtained. In addition, a rather thick
overlayer of P3HT is observed in the case of solution casting
for both titania structures, which leads to the bad solar cell
performance for this way of filling. As the goal of the present
studies is not to optimize one way of filling, but the comparison
of all advantages and disadvantages, the overlayer was not
removed. The removal of the overlayer would again promise
increased solar cell efficiencies, with the disadvantage of a
further preparation step. For the filling by repeated spin coating
or spin coating subsequent to soaking in the solvent, a similarly
thin overlayer is observed, leading to improved solar cell
efficiencies by improved filling alone.
In conclusion, the degree of filling depends strongly on the

morphology of the titania structure that is to be filled: More
regular structures are easier to fill than structures with broad
distributions of sizes. For similar structures, the filling does not
depend much on the hole-conducting polymer used for the
filling. A better filling in otherwise identical ssDSSCs leads to a
better solar cell performance. The filling by soaking of the
structures in the solvent with subsequent spin coating is
proposed for high filling ratios of well-ordered titania
structures.
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