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Abstract

Composites of nanostructured metal oxides with conjugated polymers are promising material combinations for efficient solar
energy conversion. However, performance of such combinations is normally limited by the low interfacial area of planar structures
and poor charge carrier mobility of the polymer. In this study, we focus on TiO with a high hole-mobility polymer, poly(9,99-2

dioctylfluorene-co-bithiophene) (F8T2). Transient optical spectroscopy confirms that efficient photo-induced electron transfer
occurs from F8T2 to TiO in both planar TiOyF8T2 structures and in high surface area, porous TiOyF8T2 structures.2 2 2

Recombination between the positive polaron in the polymer and electron in the TiO is remarkably slow(;ms) in both cases.2

The influence of layer thickness and surface morphology on cell performance was examined. The best cell was made with
reduced layer thickness and increased surface morphology and offered an external quantum efficiency of 11.5% and monochromatic
power efficiency of 1 at.% 440 nm. This cell produced an open circuit voltageV of 0.80 V and a short circuit current densityoc

of approximately 300mAycm under simulated air mass(AM) 1.5 illumination. However, the power conversion efficiency is2

limited by a poor fill factor, which is attributed to an energy barrier at the polymerymetal interface. We investigate this problem
using alternative polymer and top contact metals.
� 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Nanostructured metal oxide films combined with a
conjugated polymer overlayer comprise a promising
system for low cost photovoltaics. The metal oxide acts
as the electron acceptor and transporter in a donor–
acceptor heterojunction, and is thus an alternative to
fullerene or electron-transporting polymer films. It also
offers stability, reasonable electronic conductivity and
control of the nanostructured morphology. Simple pro-
cedures allow the fabrication of rigid, connected porous
metal oxide films, which can be filled with the hole-
transporting component to combine electrical connectiv-
ity with large interfacial area. Such films are widely
studied for use in dye-sensitised solar cells.
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Photovoltaic action has been demonstrated previously
in ‘bi-layer’ structures of polymer with TiOw1–3x. In2

such structures, performance is limited by the low area
for charge separation of the planar polymer–TiO inter-2

face. Use of a nanostructured metal oxide layer increases
the interfacial area and should increase charge separation
yield, yet previous attempts were limited by poor poly-
mer penetration into the porous filmw4–6x, while
attempts using dispersed nanocrystalsw7,8x were limited
because of the poor electron transport between discrete
nanocrystals.

In this work, we study structures based on a fluorene–
bithiophene copolymer, poly(9,99-dioctylfluorene-co-
bithiophene) (F8T2) and TiO substrates of different2

morphology. The polymer possesses a high hole-mobility
w9x and a liquid crystal phase at 2608C. We show that
polymer penetration into thick porous films can be
achieved by melt processing and chemical treatment of
the TiO surface. However, better devices are made2

using thin, spin-coated porous TiO films, in which case2
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Fig. 1. Transient absorption due to the positive polaron state of the
F8T2 polymer at 720 nm following laser pulse excitation at 500 nm,
at an excitation density of 50mJypulseycm . The decay is assigned2

to recombination between electrons in TiO and F8T2 polarons.q
2

Black curves represent transient absorption kinetics for an ITOydense
TiO y600 nm porous TiOy200 nm F8T2 structure that has been sur-2 2

face treated and annealed. Grey curves are for an untreated structure.
The difference between the response for front(TiO ) and back(poly-2

mer) side illumination in the latter case shows that without additional
treatments, the spin-coated polymer does not penetrate into the thick
(600 nm) porous TiO layer.2

penetration is achieved without additional process steps.
We report the effect of layer thickness and choice of
electronic materials on device performance.

2. Experimental

F8T2 and poly(9,99-dioctylfluorene-co-bis-N,N9-(4-
butylphenyl)-bis-N,N9-phenyl-1,4-phenylenediamine)
(PFB) polymers were dissolved in toluene at concentra-
tions 10–20 mgyml. Colloidal TiO paste(;15 nm2

diameter, 50% porosity) was prepared by a sol–gel route
as described in Ref.w10x.

All samples were prepared on indium tin oxide(ITO)
coated glass substrates(;1 cm ), which were first2

cleaned by ultrasonic agitation in acetone and isopro-
panol. The cleaned substrate was then covered with a
dense TiO layer that prevents direct contact of polymer2

with ITO, called the ‘Hole blocking layer’, using a
spray pyrolysis techniquew11x. This dense layer prevents
direct contact between the polymer and the substrate.
For ‘thick’ multi-layer samples, a 500–1000 nm layer
of porous TiO was deposited by doctorblading a col-2

loidal paste in carbowax onto the backing layer. For
‘thin’ multi-layer samples, a thin porous TiO layer of2

thickness approximately 100 nm was deposited by spin
coating (2000 rpm) a diluted aqueous colloidal paste
onto the backing layer. The layers were then sintered at
450 8C for 30 min. The hole-conductor was applied by
spin coating a solution of polymer in toluene(10–20
mgyml) at 1000–2000 rpm, which produced polymer
film thicknesses of 50–200 nm. For bi-layer samples,
the polymer was spin-coated directly onto the backing
layer. The thickness of all the films was measured with
a Tencor Alpha-Step 200 profilometer. For electrical
characterization, gold or aluminium contacts(;50 nm)
were deposited onto the polymer film by evaporation
though a shadow mask. Each sample contained six
devices of active area 0.042ycm . For optical measure-2

ments, uncontacted samples on ITO substrates were
used.

Photo-induced charge transfer yield and recombina-
tion kinetics were measured using nanosecond–millisec-
ond transient optical spectroscopy as described in Ref.
w12x. For F8T2yTiO samples, the pump wavelength2

was 500 nm and the probe wavelength 720 nm. The
transient optical spectrum, which peaks at approximately
720 nm, is assigned to the positive polaron in F8T2
after comparison with the absorption spectrum of chem-
ically oxidized polymer. The decay in absorbance as a
function of time after the laser pulse is attributed to
recombination of F8T2 polarons with electrons in TiO .2

For electrical measurements the sample was loaded
in a home-built sample holder with a quartz window.
All measurements were taken under vacuum. The light
source was a 100-W xenon lamp, which was driven by
a Bentham 505 stabilized power supply. The light from

the lamp was dispersed by a CM110, 1y8 m monoch-
romator. Current–voltage(I–V) measurements were tak-
en using a Keithley 237 high voltage source
measurement unit with computer control.

External quantum efficiency spectra of the sample
were calculated by comparison of the short circuit
photocurrent spectrum of the sample with that of a
calibrated silicon photodiode(Newport) when measured
under the same conditions and at the same position as
the sample. MonochromaticI–V curves were taken at
the wavelength that gave the highest photocurrent. The
I–V characteristic in the dark was measured before and
after the illuminated I–V characteristic in order to
confirm that the device behaviour had not changed.I–
V characteristics were also measured under simulated
sunlight using a home-built potentiostat measurement
unit with computer control and a halogen lamp calibrated
to AM 1.5 equivalent intensity(100 mWycm ).2

3. Results

3.1. Charge separation and recombination kinetics

Fig. 1 shows the transient absorption signal for two
multi-layer samples with 100-nm backing layer, 600-nm
porous TiO and 200-nm F8T2 polymer, under laser2

light intensity of approximately 50mJypulseycm . One2

sample(black curves) was treated with titanium isopro-
poxide solution before spin-coating the polymer and
was annealed at 3008C to melt the polymer into the
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Fig. 2. External quantum efficiency spectra of ITOyTiO yF8T2yAu devices with different TiO and polymer layer thickness and surface mor-2 2

phology. (a) Thick bi-layer and multi-layer devices, showing the effect of different process steps.(b) Thin bi-layer and multi-layer devices,
showing the strong effect of roughened interface for thin devices. Details of the structures and layer thickness of the corresponding devices are
given in Table 1. The insert shows the transient absorption kinetics of thin bi-layer and multi-layer device structures.

pores. The Ti(iPr) surface treatment is intended to4

increase the OH-population on the surface of TiO2

substrate in order to improve adhesion between TiO2

surface and the polymer. The second sample(grey
curves) was neither surface treated nor annealed. In
both cases the transient optical signal is measured for
illumination from the back(polymer side) and front
sides. Comparison of these signals reveals the extent of
polymer penetration into the film. In the case of the
untreated sample, the lower signal for back side than
front side illumination indicates that less light reaches
the charge separating interface for back side illumina-
tion. This is attributed to poor polymer penetration into
the porous film, leaving a layer of polymer on the back
side of the film that attenuates the light reaching the
TiO ypolymer interface. For the treated and annealed2

sample, the signals for back and front side illumination
are similar, indicating effective penetration of polymer
into the highly structured TiO . The charge separation2

yield is higher, suggesting better interfacial contact.(We
estimate the charge separation yield as close to unity
from the polaron extinction coefficient.) However, the
faster decay of the signal for the treated sample indicates
that recombination is accelerated by the treatments, with
the polaron half life reducing from;10 ms to;100
ms. This is consistent with more intimate interfacial
contact. Nevertheless, the lower value still compares
favourably with values reported for polymer–fullerene
blends(1–100 ms) w13x and solid dye-sensitised solar
cells w12x.

In the case of thin multi-layer devices, charge recom-
bination kinetics were very similar to those for the thick
treated sample shown here, with similar signals for back
and front illumination, and a half life of;100 ms.
However, for thin porous TiO films((100 nm), similar2

signal size and kinetics were observed for back and
front side illumination without any surface or annealing
treatment(Fig. 2b, inset). Treatment did not improve
the transient optical signal or the device performance.
Therefore, we conclude that effective infiltration of
F8T2 polymer into thin porous TiO films is achieved2

without additional process steps.

3.2. External quantum efficiency

First, bi-layer devices with F8T2 polymer and differ-
ent metal electrodes are compared. The device with Au
electrode generates a photocurrent directed from ITO to
metal, with a maximum EQE of approximately 1.3%,
while the device with Al electrode generates a negative
photocurrent with EQE two orders of magnitude smaller.
In the first case, the high work function of Au(nomi-
nally 5.1 eV) compared to that of ITO(4.5 eV)
establishes an electrostatic driving force attracting holes
to the metal and electrons to the ITO. In the case of the
Al contact (work function ;4.2 eV) the polarity is
reversed and electrons are drawn through the polymer.
The very low EQE in this case indicates that TiO is a2

poor hole-conductor andyor that the polymer is a poor
electron-conductor. We conclude that a high work func-
tion cathode is needed to collect photocurrent in this
system. Note that this is the reverse to most organic
solar cell structures, where holes travel to the ITO and
a low work function top contact is needed to collect
electrons. Studies of Pt contacted devices further support
our conclusionw14x.

Next we look at the effect of the surface morphology
and layer thickness on the EQE. We compare the
following devices(summarised in Table 1): bi-layers
with two different backing layer thicknesses(50 and
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Table 1
Layer thicknesses and peak EQE of devices presented in Fig. 2

Devices Hole blocking Porous TiO2 Polymer Peak EQE
layer (nm) layer (nm) layer (nm) (%)

Thin bi-layer 50 – 50 2.2
Thick bi-layer 100 – 100 1.3
Thin multi-layer 50 100 75 11.5
Thick multi-layer, untreated 100 600 200 0.2
Thick multi-layer, treated 100 600 200 2.2

Fig. 3. Current–voltage characteristic of the thin multi-layer device under simulated sunlight(a) comparison of light and darkI–V curves;(b)
different light intensities.

100 nm); multi-layer samples similar to those discussed
above, with and without treatment steps and an untreated
multi-layer sample with thinner backing, porous and
polymer layers. All devices were contacted with Au
contacts and illuminated through the ITO. The EQE
spectra are presented in Fig. 2.

Comparing thin and thick bi-layer devices, the higher
EQE of the thin bi-layer device can be attributed to
reduced series resistance by the thinner TiO and poly-2

mer layer. For both thin and thick layer devices, inserting
the porous layer increases the quantum efficiency. This
can be attributed to the increased interfacial area for
charge separation between TiO and polymer. In the2

case of the thick multi-layer devices, improved EQE is
only achieved after the surface treatment and annealing
steps described above. This is consistent with the evi-
dence that such treatments are needed for polymer
penetration into the pores of the TiO . Without these2

process steps, the EQE for the thick multi-layer device
is worse than that for the control,(probably) due to the
lower charge separation yield and the increased series
resistance of the additional TiO layer. For thin multi-2

layer devices, EQE was increased by a factor of 5 to
over 11% at peak wavelength. The improvement can be
attributed to the increased charge separation yield due
to increased interfacial area. The insert of Fig. 2b shows

that the magnitude of the transient absorption signal
increases by a factor of 5–7 on insertion of the porous
TiO layer in the bi-layer structure. The similar kinetics2

obtained in the multi-layer device for both front and
back side illumination confirm that the polymer infiltra-
tion is effective in the thin multi-layer device structure.

3.3. Current–voltage characteristics

The current–voltage characteristics of the best device,
under simulated sunlight of different intensities and in
the dark, are shown in Fig. 3. The device hasV of 0.8oc

V and J of 0.3 mAycm under simulated AM 1.52
sc

radiations. However, the current falls off before reaching
V , leading to a point of inflection or ‘kink’ in theI–oc

V curve and low fill factor(0.25). Similar shapes ofI–
V curves have been observed elsewhere for polymery
TiO structuresw1,15,16x and molecular film solar cells2

w17x. We investigated the origin of this effect by varying
light intensity, wavelength, polymer and contact metal.

Under increasing light intensity(Fig. 3) the effect
becomes more pronounced. This shows that it is not due
to an effect of charge trapping in the system, since such
effects would become less important, not more, at higher
illumination levels. Varying the illumination wavelength
while keeping the same photocurrent density allows us
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Fig. 4. I–V characteristics of ITOyTiO yF8T2yAu and2

ITOyTiO yPFByAu bi-layer devices, under monochromatic illumina-2

tion and in the dark.

to study the effect of photogeneration profile, to see if
the effect is related to a diffusive driving force for
photocurrent generation. Varying the wavelength from
470 to 510 nm, which changes the absorption depth
from 3=10 to 1=10 ycm, had no observable effect on5 5

the shape of the curve(data not shown).
Notice that the dark current for the device is very

low in forward bias. This can be explained by the large
energy barrier, of approximately 0.5 eV, for hole injec-
tion at the metal–polymer interface, which is due to the
difference between the HOMO level of F8T2(ionisation
potential 5.5 eV) and the work function of Au(nomi-
nally 5.1 eV, but may be less when deposited on
polymer). Numerical simulations show that an ohmic
injection can be achieved only for barrier heights of
approximately 0.3–0.4 eV or less at room temperature
w18x.

To study whether this energy barrier might also be
responsible for the poor fill factor, we varied the energy
barrier by using alternative polymers and contact metals.
In Fig. 4 light (monochromatic) and darkI–V charac-
teristics are presented for two bi-layer devices, one
containing 50 nm of F8T2 polymer and the other PFB
polymer(ionisation potential 5.1 eV). In the case of the
PFB polymer, the dark current is higher, as expected
from the much better match of metal work function to
the HOMO level of the polymer. The kink has disap-
peared and the fill factor is better than that for the F8T2
device, although the overall efficiency is lower. The
lower V for the PFB than the F8T2 device is consistentoc

with easier charge transfer at the Au–polymer contact.
(The lower J for PFB is mainly due to the lowersc

photon flux at the wavelength used.) Additional studies
on ITOyTiO yF8T2yPt devices again showed the2

increase in dark current and improvement in fill factor,
confirming that the effect is indeed due to the polymer–

metal interface and not to the polymer–TiO interface2

w14x. The work function of Pt(5.6 eV) is well matched
to the HOMO level of F8T2. An explanation for the
origin of the kink in theI–V curve is given elsewhere
w19x.

4. Conclusions

In summary, we have studied charge recombination
and photovoltaic device performance in structures con-
sisting of a fluorene–bithiophene copolymer and nano-
crystalline TiO . Efficient photo-induced charge transfer2

is observed using a TiO film of high interfacial area,2

while charge recombination between the hole in the
polymer and the electron in the TiO is slow(;1002

ms–10 ms). Polymer penetration into the pores of thin
(-150 nm) porous TiO films is achieved by spin-2

coating without any additional processing steps, while
additional surface treatment of TiO and melting of the2

polymer was needed to achieve polymer penetration into
pores for thicker TiO films. Photovoltaic devices are2

made from ITOyTiO backing layeryporous TiOymetal2 2

contact. Comparison of different(Al and Au) top
contacts suggests that high work function top contacts
are necessary for efficient photocurrent collection and
the energy step between HOMO of the polymer and
work function of the top contact must be small for good
fill factor. The best performance is achieved with devices
with thin (;100 nm) porous TiO and polymer layers2

and very thin (;50 nm) backing layers. Quantum
efficiencies of over 11% and monochromatic power
conversion efficiencies of approximately 1% are
achieved.
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