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Using an aerosol technique, in which ultrasonically formed droplets of titanium isopro-
poxide are pyrolyzed, thin films of nanosized anatase titanium dioxide (TiO2) particles are
deposited. The size of the particles and the morphology of the films depend on the deposition
parameters, i.e., reaction temperature, concentration of the precursor, and gas flow. Under
optimal conditions, films can be deposited which consist of stoichiometric anatase TiO2
particles with diameters of 50-300 nm. With these films, solar cells are constructed by spin
casting poly(3-octyl)thiophene (P3OT) on top. Devices with a 1-µm film of porous TiO2 and
P3OT inside the pores have a short circuit current (Isc) of 0.25 mA/cm2, an open circuit voltage
(Voc) of 0.72 V, a fill factor (FF) of 0.35, and an efficiency (η) of 0.06% under white light
illumination (1000 W/m2). The efficiency is a factor of 20 higher than that of cells based on
flat films of anatase TiO2, whereas the OD for both systems is comparable (flat film equivalent
of 60-nm P3OT). The incident photon to current efficiency (IPCE) for the nanostructured
solar cell is 2.5% at 488 nm. Devices prepared by adding P3OT during the deposition of the
porous TiO2 show the same performance as the cells where P3OT is applied after TiO2
deposition. This shows that penetration of the polymer is quite effective in this system. It is
found that P3OT can penetrate these porous TiO2 films as deep as 1 µm.

Introduction

Titanium dioxide is a key chemical and has attracted
a lot of interest for optical and optoelectronic applica-
tions.1 In 1991 O’Regan and Grätzel showed that a solar
cell comprising a porous layer of anatase TiO2 particles
of 15 nm in combination with a sensitizing ruthenium
complex and a liquid electrolyte exhibits an energy
conversion efficiency of 8%.2 At present, these cells have
an efficiency of around 10%.3 However, the presence of
a liquid electrolyte in the system is a major bottleneck
for further development, as time- and money-consuming
sealing has to be applied to prevent leakage.

Several attempts have been undertaken to design dye-
sensitized solar cells excluding the liquid electrolyte.4
It can be replaced by an ion-conducting polymer5-7 or
hole-conducting material.8,9 Another possibility is to use
organic or inorganic compounds that do not only absorb
visible light and inject electrons into TiO2, but also

transport the holes to the back contact. In this concept
the pores in nanostructured TiO2 are filled with a visible
light-absorbing and hole-conducting material.10-15 A
problem in constructing these cells is the necessity of a
high-temperature sintering step to obtain good-quality
nanostructured anatase titania films. Most organic dyes
are not stable at these temperatures and can only be
applied afterward. This is a problem when bulky
molecules have to penetrate into the nanosized pores.
Uniaxial pressing of nc-TiO2 films could open up a way
to avoid the sintering step, making it possible to blend
the organic phase with the TiO2 particles before-
hand.16,17 Synthesizing a network of TiO2 and organic
dye at the same time would be an elegant solution to
this dilemma, leading to a high interfacial area and
intimate contact between the components.18
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(9) Krüger, J.; Plass, R.; Cevey, L.; Piccirelli, M.; Grätzel, M. Appl.

Phys. Lett. 2001, 79, 2085-2087.

(10) Kaneko, M.; Takayama, K.; Pandey, S. S.; Takashima, W.;
Endo, T.; Rikukawa, M.; Kaneto, K. Synth. Met. 2001, 121, 1537-1538.

(11) Tennakone, K.; Kumara, G. R. R. A.; Kumarasinghe, A. R.;
Wijayantha, K. G. U.; Sirimanne, P. M. Semicond. Sci. Technol. 1995,
10, 1689-1693.

(12) Salafsky, J. S. Solid-State Electron. 2001, 45, 53-58.
(13) Breeze, A. J.; Schlesinger, Z.; Carter, S. A. Phys. Rev. B 2001,

64, 125205-1-125205-9.
(14) Arango, A. C.; Carter, S. A.; Brock, P. J. Appl. Phys. Lett. 1999,

74, 1698-1700.
(15) Gebeyehu, D.; Brabec, C. J.; Padinger, F.; Fromherz, T.;

Spiekermann, S.; Vlachopoulos, N.; Kienberger, F.; Schindler, H.;
Saricifici, N. S. Synth. Met. 2001, 121, 1549-1550.

(16) Lindström, H.; Magnusson, E.; Holmberg, A.; Södergren, S.;
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In this paper we report on a route to synthesize
nanostructured anatase TiO2 films in which a sintering
step after deposition is not necessary. Using ultrasoni-
cally generated aerosols of a TiO2 precursor, films of
nanoparticles can be formed in a controlled way in
ambient atmosphere. It is shown that these films can
be used in solar cells. After spin coating poly(3-octyl)-
thiophene on top of these porous TiO2 films, solar cells
are obtained. It is shown that enlargement of the
interfacial area improves the conversion efficiency. It
is also possible to add polymer to the film during
deposition, yielding TiO2/P3OT interpenetrating net-
works in one step.

Polythiophenes are relatively stable in ambient at-
mosphere and under illumination in comparison to, for
example, poly vinylene phenylenes (PPVs). The band
gap, position of the conduction band, and hole mobility
make them interesting candidates for solar cells. For
successful application in solar cells, the distance that
both excitons and holes have to travel must be kept as
small as possible, as the exciton diffusion length is only
3-5 nm in regioregular P3OT.19,20 There have been a
number of reports on heterojunctions of TiO2 and oligo-
or polythiophenes.10,21-31 Recently, a bulk heterojunction
of CdSe nanorods and poly(3-hexylthiophene) was re-
ported to have an efficiency of 1.7% under AM 1.5
conditions.21

Experimental Section

The employed aerosol synthesis technique for nanosized
TiO2 particles is known in the literature under a variety of
names including aerosol decomposition, spray roasting, and
spray pyrolysis.32-36 Figure 1 shows the setup for aerosol
synthesis of nanocrystalline TiO2 particles. It comprises a
commercial ultrasonic nebulizer (oscillating frequency 1.63
MHz) in which a diluted precursor solution is agitated to form
small droplets. As precursor titanium isopropoxide (TTIP,

Aldrich 98%+) diluted with absolute ethanol is used, kept at
a constant temperature of 40 °C. Part of the as-formed aerosol
is transported along with an argon carrier flow through a
quartz tube, which passes a furnace at the end. The temper-
ature inside the furnace is measured with a thermocouple. A
flow of oxygen is added just before the furnace. When the
droplets of the titanium precursor solution travel through the
furnace, they are pyrolyzed to form TiO2 particles, which are
subsequently deposited on a horizontal substrate placed at the
exhaust of the tube. The substrate is attached to a spin-coater,
which is rotating at 3000 rpm. As substrate material fluor-
doped SnO2 is used (Transparent Conducting Oxide, Libbey
Owens Ford, 20 Ω/cm). Substrates are thoroughly cleaned in
an ultrasonic bath with ethanol and acetone successively and
are dried in a nitrogen stream. Most substrates are covered
with a thin dense film of anatase TiO2 (70 nm, deposited by
spray pyrolysis) prior to deposition of the nanocrystalline TiO2

particles.37 This film serves as a selective contact, preventing
short-circuiting.

On top of the TiO2 films, a solution of poly(3-octyl)thiophene
(Aldrich, regioregular) is spin-coated. The polymer is used
without additional purification. A solution of 5-20 mg/mL in
chloroform is freshly prepared and ca. 5 drops are applied to
the substrate until the whole surface is covered with a solution
layer. Subsequently, the substrate is spinned at 1500 rpm for
20 s, leading to a polymer film with the same optical density
(OD) as an equivalent film of 30-115 nm (depending on the
concentration) deposited on a flat substrate. After spin coating
of P3OT, the samples are annealed for 1/2 hour at 100 °C to
remove remaining chloroform. For the samples that are
prepared in one step, the P3OT solution is added dropwise
from a syringe during the aerosol deposition of nc-TiO2. The
number of drops that are added, the concentration of the
solution, and the interval are varied.

The crystal structure of the films is studied with grazing
incidence X-ray diffraction by using a Bruker D8 Advance
X-ray diffractometer. Raman spectra are recorded on a home-
built setup, using a SpectraPhysics Millenia Nd:YVO4 laser
with a wavelength of 532 nm. Raman scattering is recorded
in the backscattering mode, using a set of notch filters to
remove Raleigh scattering, a liquid-nitrogen-cooled CCD cam-
era (Princeton Instruments LN/CCD-1100PB), and a Spex
340E monochromator equipped with a 1800 grooves/mm
grating. The morphology and layer thickness are studied with
(high-resolution) scanning electron microscopy using a JEOL
JSM-5800 LV scanning electron microscope (SEM) and a JEOL
JSM 6500 F field emission SEM (high-resolution SEM).

Current-voltage characteristics and wavelength-dependent
photocurrent spectra are recorded using a Keithley 2400 digital
source meter. A 250 W tungsten-halogen lamp in combination
with an Acton Spectra-Pro-275 monochromator is used to
illuminate the samples through the TCO substrate with an
intensity of 100 mW/cm2 in the case of white light, and with
ca. 2 mW/cm2 in the case of monochromatic light. A 360-nm
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Figure 1. Setup for synthesis of TiO2 particles using an
ultrasonically generated aerosol.

4618 Chem. Mater., Vol. 15, No. 24, 2003 Huisman et al.



high-pass filter is used for the wavelength-dependent photo-
current spectra and a 400-nm high pass filter is used to remove
UV-light during the measurements under white light il-
lumination. As back contacts evaporated gold contacts with a
diameter of 2 mm and a thickness of 50 nm are used. Contact
to the contacts is made with a gold-coated tip, attached to a
spring with a spring constant of 7 × 10-3 Nm-1 (Ingun
Prüfmittelbau GmbH). Some measurements are carried out
using a mercury back contact, yielding the same results as
for gold. Measurements are performed in ambient atmosphere
and at room temperature. Care is taken to measure samples
directly after the polythiophene film is spin-coated and to avoid
exposure to light, as this is known to cause degradation of
semiconducting polymers.38,39

For comparison, some devices are prepared using a nc-TiO2

film formed from commercially available TiO2 powder. Films
are made consisting of either Solaronix HT paste (average
particle size 9 nm, thickness of the film 300 nm and 1 µm) or
a 50-nm particle size paste, prepared by a sol-gel method
(thickness of the film 50 nm and 2 µm). On top of all these
nc-TiO2 films, P3OT is spin-coated from a 10 mg/mL solution
in chloroform, leading to an amount of polymer in the pores
with the same OD as an equivalent flat film of 60 nm.

Results and Discussion

Preparation of Nanoporous TiO2. To study the
influence on the structure and the morphology of the
TiO2 particles, the following process parameters are
systematically varied: the concentration of TTIP in the
precursor solution, the distance between tube exhaust
and substrate, the temperature of the furnace, the flow
of argon, and the flow of oxygen.

In Figure 2 grazing incidence X-ray diffraction pat-
terns are shown of TiO2 films produced with the aerosol
technique at different furnace temperatures. Below 550
°C, only peaks originating from the tin dioxide substrate
are present; the TiO2 film is amorphous. At tempera-
tures above 550 °C, additional peaks appear, which can
be assigned to the anatase phase of titanium dioxide.
The temperature at which anatase is formed in these
experiments is much higher than, for example, in
chemical vapor deposition of TiO2, where anatase
already forms at 300 °C.40-42 This apparent increase in

anatase formation temperature is caused by the short
residence time of the precursor droplets in the furnace
(typically less than a second). In this short period, the
vapor is not fully heated to the temperature of the
furnace. Only when the furnace temperature is suf-
ficiently high, complete thermolyis of TTIP to anatase
TiO2 does take place. To check for the presence of
possible minor fractions of other phases, which cannot
be detected by XRD, Raman measurements are per-
formed. In Figure 3 Raman spectra are shown for TiO2
deposited at different furnace temperatures. Again, it
is clear that at temperatures lower than 550 °C the TiO2
formed is amorphous, whereas above 550 °C the par-
ticles exhibit the anatase structure.43 No other phases
are detected, but it is possible that a small amorphous
fraction is present in the films, because this would not
be visible in either Raman or XRD.

Using (HR)SEM the morphology of the TiO2 layers is
studied. Figure 4A shows a SEM micrograph of anatase
particles, deposited at a furnace temperature of 550 °C,
with 100% TTIP as precursor, distance between tube
exhaust-to-sample distance 2 cm, oxygen flow of 13 L/h,
and argon flow of 20 L/h. The particles are spherical
and the size distribution ranges from 50 nm to 1 µm.
Figure 4B shows a detailed HRSEM recording of a TiO2
film, deposited at a furnace temperature of 640 °C, with
5% TTIP in ethanol as precursor, distance between tube
exhaust-to-sample distance 0.5 cm, oxygen flow of 53
L/h, and argon flow of 1.1 L/h. The particle size
distribution is now much smaller, ranging from 50 to
300 nm. The pores between the particles are about 30
nm in diameter. It is found that at higher precursor
dilution and with a smaller argon flow, the size disper-
sion decreases. This can be explained by the fact that
the smallest particles are formed from one single droplet
of precursor solution. Part of the precursor droplets fuse
before pyrolysis takes place, leading to larger particles.
Lower carrier gas flows and a more diluted solution
yield a smaller concentration of droplets and, therefore,
a more homogeneous particle size distribution with a
higher fraction of the smallest particles.

In Figure 5 SEM micrographs are shown for samples
obtained with different process parameters. If the
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Figure 2. Grazing incidence X-ray diffraction patterns of
nanocrystalline TiO2 for different furnace temperatures. The
crosses denote the tin dioxide peaks; the asterisks denote the
anatase peaks. The spectra are offset for clarity.

Figure 3. Raman spectra of nanocrystalline TiO2 for different
deposition temperatures. The asterisks denote the anatase
peaks. The spectra are offset for clarity.
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distance between tube exhaust and substrate is small
(0.5 cm), sintering between the TiO2 particles occurs as
a result of the hot gas flow. Exactly beneath the tube
exhaust, where the temperature is highest, an almost
smooth layer develops in which the individual particles
are hardly visible anymore (Figure 5A). More to the
edges of the sample, the particles are still present, but
they form large agglomerates with cracks between them
(Figure 5B). These cracks are probably stress-induced
and are caused by the fast cooling rate after deposition.
At the edge of the sample, the temperature is low
enough to prevent sintering (Figure 5C). If the distance
between the tube exhaust and the substrate is in-
creased, no sintering is observed (see Figure 4A for a
distance of 2 cm). Although the temperature of the
substrate is not monitored, an estimated temper-
ature of about 100 °C can be reached if the dis-
tance between tube exhaust and substrate is 0.5 cm,
whereas the temperature stays below 50 °C if the
distance is increased to 2 cm. Locally much higher

temperatures can be reached which explains the ob-
served sintering of the particles. Although extensive
sintering is detrimental for the morphology of the
TiO2 film, we have reason to believe that a certain
increase of substrate temperature is beneficial for the
creation of a well-conducting TiO2 network, as it allows
the formation of necks between the individual particles.
To prevent degradation of the polymer in the experi-
ments where devices are prepared by adding P3OT
during TiO2 deposition, a “cool-down” time of 30 s is
introduced before P3OT solution droplets are added. No
color change is observed for the samples that are
prepared during TiO2 deposition as compared to the
samples that are prepared by postdeposition addition
of P3OT, indicating that major degradation is not
occurring.

At prolonged deposition times a thick, porous network
is formed (Figure 5D-F). Substrates become opaque and
the film can be removed rather easily by brushing it
gently with a tissue.

Figure 4. (A) SEM micrograph of TiO2 particles deposited with a furnace temperature of 550 °C, 100% TTIP as precursor, a
distance from tube to sample of 2 cm, an oxygen flow of 13 L/h, and an argon flow of 20 L/h. The length of the scale-bar is 5 µm.
(B) HRSEM recording of TiO2 particles, deposited on SnO2:F with a furnace temperature of 640 °C, 5% TTIP in ethanol as precursor,
a distance from tube to sample of 0.5 cm, an oxygen flow of 10 L/h, and an argon flow of 1.1 L/h.

Figure 5. Scanning electron micrographs of TiO2 particles, deposited on SnO2:F with different process parameters. Middle of
the sample (A), halfway between center and edge (B), at the edge (C). TiO2 networks are formed for thicker samples (D, E).
Cross-section of a thick film (F).
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If TiO2 particles are deposited without additional
oxygen the films become gray. This is caused by the
presence of oxygen vacancies compensated by conduc-
tion-band electrons and the product is best described
as TiO2-x. Supplying a flow of oxygen to the tube leads
to the formation of stoichiometric TiO2 films that appear
to be white. Thick films (more than 2 µm) appear
opaque, but thinner films are transparent. The effect
of additional oxygen on the solar cell characteristics will
be discussed in more detail later.

By measuring the thickness of cross-sections of TiO2
films deposited with different argon flow rates, it is
possible to determine the growth rate as a function of
argon flow. A graph of this relationship is shown in
Figure 6. The growth rate is roughly linearly dependent
on the flow rate. The growth rate increases when the
distance between tube exhaust and substrate is de-
creased. With a typical argon flow of 1 L/h and a
distance of 2 cm, films are deposited at about 200 nm/
min. As shown in Figure 6, the linear fit does not pass
the origin. At zero argon flow, a small growth-rate
remains, due to diffusion of TTIP droplets.

In Table 1 the optimal process parameters for the
deposition of stoichiometric anatase TiO2 particles with
a homogeneous particle size distribution are sum-
marized. In short, we find that the distance between
tube exhaust and sample must be large enough to
prevent extensive sintering but small enough to form
interconnected TiO2 particles. The supply of additional
oxygen is necessary to prevent the formation of oxygen
vacancies. The temperature of the furnace should be
higher than 550 °C to obtain anatase TiO2. The argon
carrier flow rate determines the growth-rate and the
size distribution, whereas the concentration of the

precursor also influences the latter. The values given
in Table 1 are used to deposit films for the devices with
poly(3-octyl)thiophene.

Devices with Poly(3-octyl)thiophene. Electrical
and photovoltaic properties of devices of TiO2 and
polymer are investigated. These cells are prepared by
spin-coating a P3OT solution either during or after
deposition.

In literature, dye-sensitized solar cells contain TiO2
particles with a size around 15 nm.44 But to allow
polythiophene to penetrate into a TiO2 film, the pore
diameters should not be too small. Furthermore, a
maximum penetration depth of spin-coated polymer is
expected, leading to an optimal thickness for the TiO2
layer. In the remainder of this paper, we will investigate
the relation between pore size, penetration depth, and
photovoltaic properties in more detail. The size of the
particles and the pores shown in Figure 5 is about 50
nm.

First, cells are investigated that consist of nc-TiO2 on
which P3OT is spin-coated after deposition. The thick-
ness of the nc-TiO2 film is varied and current-voltage
characteristics are recorded in the dark and under
illumination. In Figure 7A, the photocurrent at 0 V (Isc;
short circuit current) is plotted as a function of deposi-
tion time for two different distances between tube
exhaust and substrate. When converted into film thick-
nesses (using the calculated growth rate), it is clear that
the maximum of the photocurrent is reached at a TiO2
film thickness of approximately 1 µm for both exhaust-
to-sample distances (Figure 7B). Furthermore, it is
observed that the maximum is higher at a smaller tube
exhaust to substrate distance. This is probably caused
by an increase of the substrate temperature for smaller
tube exhaust to substrate distances leading to an
improved contact between the TiO2 particles. At dis-
tances that are too small, the particles sinter com-
pletely and nanostructured film is no longer formed
(vide infra).

To find the optimum flow of oxygen in the deposition
process, devices are prepared under the same conditions
while the oxygen flow rate is varied. In Figure 8 the
short circuit current of the TCO/TiO2/nc-TiO2/P3OT/Au
cells is plotted as a function of the oxygen flow. For low
oxygen flows the photocurrent increases linearly with
the amount of oxygen, whereas it levels off at flow rates
around 50 L/h. Therefore, this oxygen flow rate is chosen
for all TiO2 film depositions (see Table 1).

Other devices are prepared by adding P3OT during
the deposition of the porous TiO2 while systematically
varying the process parameters. In Table 2 photovoltaic
characteristics are summarized for a number of devices.
As can be seen, these cells yield at maximum about the
same photovoltaic characteristics as postdeposition
spincasting of P3OT. This indicates that the penetration
of P3OT occurs quite effectively in this porous system.

To investigate in more detail the penetration of poly-
(3-octyl)thiophene into a nanoporous network of TiO2,
experiments without selective contacts are carried out.
When an interpenetrating film of TiO2/P3OT (spin-
coated after nc-TiO2 deposition) mixture is sandwiched
between TCO and Au two situations can be distin-
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Figure 6. Growth rate of nc-TiO2 films as a function of argon
carrier gas flow. The distance between tube exhaust and
substrate is kept constant at 2 cm. The oxygen flow is 10 L/h.
The concentration of TTIP in the precursor solution is 5%, kept
at a constant temperature of 40 °C. The temperature of the
furnace is kept constant at 630 °C. The solid line is a linear
fit to the data points.

Table 1. Optimal Process Parametersa for Thin Films of
nc-TiO2

furnace temperature 640 °C
TTIP concentration 5% in ethanol
distance tube exhaust to substrate 1 cm
oxygen flow 53 L/h
argon flow 1.1 L/h

a These parameters are used for the deposition of TiO2 films to
make devices with poly(3-octyl)thiophene.
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guished. In the first case, the nc-TiO2 film is thin enough
for the P3OT to penetrate completely from top to bottom
(Figure 9A). P3OT makes an ohmic contact to both TCO
and gold contacts, and a linear I-V graph, with the
reciprocal of the resistance of the P3OT film as slope,
is observed when the voltage is scanned. In the second

case, the nc-TiO2 film is too thick for the P3OT to reach
the bottom (Figure 9B). Hence, a clear interface between
TiO2 and P3OT will be present at some location in the
film and a diode-type I-V characteristic is observed. For
different thicknesses of the nanoporous TiO2 film I-V
curves are recorded of TCO/nc-TiO2/P3OT/Au devices
with a spin-coated P3OT layer (10 mg/mL, leading to a
flat film equivalence of about 60 nm) on top of the nc-
TiO2. In Figure 10 I-V curves are shown for TiO2 films
with a thickness of 340 (A) and 1780 nm (B), respec-
tively. It can be seen that in the dark the 340-nm film
shows a symmetrical curve (I), although not completely
linear. The 1780-nm film shows diode-type behavior (V).
If illuminated, both samples show an increase in slope
at 0V (II and VI), which is equivalent to a decrease in
resistance. This is caused by the light-induced formation
of electrons and holes in the P3OT (photoconductivity).
The UV light is filtered out to prevent TiO2 from
beingoptically excited. Upon heating of the samples kept
in air and in darkness, even steeper curves are meas-
ured (III, IV, and VII), indicating that the resistance of
the heated films decreases. This is ascribed to the
temperature dependence of the specific resistance of
poly(3-octyl)thiophene. From the I-V curves measured
in the dark it can be concluded that for the 340-nm thick
film the P3OT penetrates all the way to the bottom and
touches the TCO electrode. For the 1780-nm thick film
this is not possible and at some location in the film
interpenetration ends, which excludes contact between
the TCO electrode and P3OT. Note that we cannot
distinguish between complete and incomplete pore
filling, as only information on how deep the P3OT
penetrates the nanoporous TiO2 is obtained. The change
of the slope, if the samples are illuminated or heated,
reveals that the resistance clearly originates from the

Figure 7. Short circuit current of TCO/TiO2 (dense, <100 nm)/nc-TiO2/P3OT as a function of the thickness of the nc-TiO2 layer
for two different distances between tube exhaust and substrate. P3OT is spin-coated after deposition of the nc-TiO2 film. See
Table 1 for deposition parameters. Illumination with white light (100 mW/cm2, not AM 1.5, 400-nm high pass filter to remove
UV-light) takes place through the tin dioxide electrode. (A) Isc plotted versus deposition time. The distance from tube exhaust to
substrate is 1 cm (filled squares) or 2 cm (open circles). (B) Isc plotted after conversion to thickness of the TiO2 layer, using the
growth rate for the two distances. The lines are drawn as guide for the eye.

Figure 8. Short circuit current, Isc, of TCO/TiO2 (dense, <100
nm)/nc-TiO2/P3OT devices as a function of oxygen flow. See
Table 1 for deposition parameters of the TiO2 particles.
Illumination with white light (100 mW/cm2 and a 400-nm high
pass filter to remove UV-light) takes place through the tin
dioxide electrode.

Table 2. Devices Prepared by Dropwise Addition of P3OT
during TiO2 Depositiona

P3OT conc.
(mg/mL)

number
of drops

interval
between
drops (s)

film
thickness

(µm)
Isc

(mA/cm2)
Voc
(V)

2.5 1 90 1 0.15 0.45
2.5 1 60 1 0.099 0.7
2.5 1 40 1 0.048 0.6
2.5 1 20 1 0.012 0.3
2.5 1 10 0.2 0.041 0.25
2.5 1 5 0.2 0.038 0.2
1 1 40 1 0.13 0.2
1 1 20 1 0.14 0.55
1 1 10 1 0.16 0.35
1 3 90 1 0.025 0.2
1 3 30 1 0.0096 0.2
1 3 20 1 0.019 0.2
1 3 10 1 0.035 0.4

a For TiO2 deposition parameters see Table 1.

Figure 9. Schematic overview of penetration of P3OT in nc-
TiO2. (A) P3OT penetrates completely to bottom of the nc-TiO2

film; (B) P3OT partly penetrates the nc-TiO2 film.
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P3OT film inside the TiO2 pores and excludes pinholes
or short-circuiting being the reason for the symmetrical
or linear I-V curves.

The current-voltage measurements without selective
TiO2 contacts are repeated for different layer thick-
nesses of the nc-TiO2 film and the resistance is calcu-
lated from the slope of the I-V curves at zero volts. All
curves are recorded in the dark. For nc-TiO2 films of
200 nm to around 1 µm the I-V curves show a straight
or symmetrical line with a resistance around 1000 Ω
(not shown). If the film thickness increases beyond
approximately 1 µm, the shape of the I-V curves
changes from linear/symmetrical to a more diode-like
type of curve. The resistances increase to values of
around 10 kΩ. From this we conclude that the maxi-
mum penetration depth of P3OT in this system is
approximately 1 µm. This matches very well with the
maximum of the short-circuit current, which occurs also
for 1-µm thick films as shown in Figure 7B. In general,
it is expected that the maximum penetration depth
depends on of the concentration of the spin-coated P3OT
solution, the amount of spin-coated material, and the
spin-coat method (for example, whether multiple coat-
ings are applied), and the pore size of the TiO2 films.
The influence of the latter parameters is studied by
performing the same experiment with titanium dioxide
powder of different particle sizes. In the case of 50-nm
particles (prepared using a sol-gel method) the pore size
is larger than that for the aerosol-synthesized TiO2 as
confirmed by SEM (not shown). For both the 50-nm and
the 2-µm thick samples the I-V curve showed ohmic
behavior, indicating that the P3OT reached all the way
to the TCO electrode. The maximum penetration depth
for this system is, therefore, substantially larger than
that for the aerosol-synthesized TiO2. For commercial
9-nm particles (Solaronix HT) the pore size is around
10 nm. For both 300-nm and 1-µm thick samples the
I-V curve shows diode-type behavior, indicating that
the P3OT does not penetrate all the way to the TCO
contact. The maximum penetration depth for this

system is, therefore, substantially less than that for the
aerosol-synthesized TiO2.

Figure 11 shows the current-voltage response for a
1-µm thick film of aerosol-synthesized anatase TiO2 with
interpenetrating P3OT (10 mg/mL). Also a current-
voltage curve is shown for a solar cell comprising a flat
dense TiO2 layer (70 nm) with an equal amount of P3OT
spin-coated on top (dotted curve). Although the light
source is not AM 1.5 calibrated, the fill factor and
efficiency can be determined to provide an indication of
the cell performance. The values for the nanostructured
cell are Isc ) 0.25 mA/cm2, Voc ) 0.72 V, FF ) 0.35, and
η ) 0.06%, and for the flat cell are Isc ) 37 µA/cm2, Voc
) 0.66 V, FF ) 0.25, and η ) 0.003%. The nanostruc-
tured cell has a 20× higher efficiency than the flat cell.
The photocurrent is linearly dependent on the irradia-
tion intensity between 0.1 and 200 mW/cm2. If the cells
are kept in the dark at room temperature or at elevated
temperatures (100 °C), the photovoltaic characteristics

Figure 10. I-V curves for TCO/nc-TiO2/P3OT/Au with two different thicknesses of the nc-TiO2 film. The concentration of spin-
coated P3OT is 10 mg/mL in chloroform, which leads to a film with the same optical density (OD) as an equivalent film of 60 nm
deposited on a flat substrate. The slope of the curve at 0 V is taken as the reciprocal of the resistance of the TiO2/P3OT combination.
(A) Film thickness of nc-TiO2 is 340 nm. I: measured in dark, R ) 2750Ω. II: measured under illumination (white light, 100
mW/cm2, 400-nm high pass filter to remove UV-light), R ) 2130Ω. III: measured in dark, heated with hot air to about 40 °C, R
) 1630Ω. IV: measured in dark, heated by hot air to about 60 °C, R ) 450Ω. (B) Film thickness of nc-TiO2 is 1870 nm. V:
measured in dark, R ) 8350Ω. VI: measured under white light illumination (1000 W/m2, 400-nm high pass filter to remove
UV-light), R ) 2520Ω. VII: measured in dark, heated to about 40 °C, R ) 1370Ω.

Figure 11. I-V curve for TCO/TiO2 (70 nm)/nc-TiO2/P3OT/
Au. The nanocrystalline TiO2 layer is 1 µm thick and consists
of 50-nm particles. The dotted curve is a current-voltage
graph of TCO/TiO2 (70 nm)/P3OT/Au. Illumination with white
light (100 mW/cm2, not AM 1.5) takes place through the tin
dioxide electrode, and a 400-nm high pass filter is used to
prevent excitation of the TiO2.
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are stable for several weeks. If illuminated continuously,
the photocurrent decreases slightly at a time scale of a
few hours indicating that photodegradation is occurring.
This process is irreversible.

In Figure 12 the wavelength-dependent photocurrent
spectra for these same cells are shown, converted to the
incident photon to current efficiency (IPCE), together
with the absorption spectra. The IPCE curve matches
the shape of the absorption spectrum. The ODs of the
nanostructured and flat cell are comparable, showing
that indeed an amount of polymer similar to a flat film
of 60 nm is penetrated inside the nc-TiO2. When we
estimate the nc-TiO2 film to be around 50% porous (as
for the TiO2 in dye-sensitized cells1), a pore filling of
slightly more than 10% is estimated.

Gebeyehu et al.15,45 have reported on similar cells,
using poly(3-octyl)thiophene spin-coated on top of 2-µm
thick films consisting of 13-nm particles of anatase TiO2.
These cells have an efficiency of 0.08% under solar
simulated white light of 80 mW/cm2. When Ru 535-dye
(cis-[L2Ru(SCN)2] in which L is 2,2′-dipyridine-4,4′-
dicarboxylic acid) is applied between TiO2 and polymer,
as in dye-sensitized solar cells,2 the efficiency becomes
twice as high. The Ru-dye absorbs visible light and
injects electrons very efficiently into the TiO2 network.
The P3OT has a double function: light-absorption/
carrier injection and hole conduction. Still, these ef-
ficiencies are small compared to cells functioning with
a liquid electrolyte. Gebeyehu et al. remark that the
limiting step for these devices is probably the hole

transfer from the Ru-dye to the polymer, because
injection of electrons from the Ru-dye to TiO2 is expected
to be very fast and there is sufficient hole transport in
the polymer. In the present study the transport of
excitons to the TiO2 particle surface is probably also a
bottleneck of the device. Nevertheless, the area enlarge-
ment is effective, as nanostructured cells exhibit a
remarkable efficiency enhancement of a factor of 20
compared to that of bi-layer devices.

Conclusions

Using an aerosol synthesis route, thin films of nano-
crystalline, stoichiometric anatase titanium dioxide are
deposited. The minimum size of the particles is 50 nm;
at higher concentrations and carrier gas flows ag-
glomeration occurs. The growth rate is linearly depend-
ent on the flow rate of the carrier gas. Spin-coating
poly(3-octyl)thiophene on top of these TiO2 films leads
to solar cells, which show efficiencies 20 times higher
than that of cells with “flat” TiO2. Maximum photo-
currents are obtained for cells with 1-µm thick TiO2
films consisting of 50-nm particles. These cells exhibit
a short circuit current of 0.25 mA/cm2, an open circuit
voltage of 0.72 V, a fill factor of 0.35, and an overall
efficiency of 0.06%. The IPCE is 2.5% at 488 nm. Devices
for which the P3OT is spin-coated during TiO2 deposi-
tion show similar efficiencies, indicating that the pen-
etration of the P3OT in the porous TiO2 network is quite
effective. By analysis of current-voltage characteristics
of intermixing layers of aerosol-synthesized TiO2 and
P3OT (10 mg/mL in chloroform), sandwiched between
two electrodes, we have found that the maximum
penetration depth of P3OT inside the nanoporous TiO2
is around 1 µm. Larger pore sizes facilitate penetration
of P3OT, but because of the small exciton diffusion
length more recombination occurs. Interpenetrating
solar cells with polymers and TiO2 will be a tradeoff
between pore-filling ability and recombination losses.
An increase of the amount of P3OT in the pores will
probably increase the efficiency. We have shown that
it is possible to make interpenetrating networks of TiO2
and P3OT both in one and in two steps, but an increase
in efficiency is demanded before practical application
of these kinds of cells comes into view.
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Figure 12. IPCE curve for TCO/TiO2 (70 nm)/nc-TiO2/P3OT/
Au (solid line). The nanocrystaline TiO2 layer is 1 µm thick
and consists of 50-nm particles. The dotted curve is an IPCE
plot of TCO/TiO2 (70 nm)/P3OT/Au. The dashed curve is the
absorption spectrum for the nanostructured cell and the
dashed-dotted curve is the absorption curve for the flat cell.
Illumination with monochromatic light (around 1 mW/cm2)
takes place through the tin dioxide electrode, and a 360-nm
high pass filter is used.

4624 Chem. Mater., Vol. 15, No. 24, 2003 Huisman et al.


