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Photoconductivity of an inorganic/organic composite containing
dye-sensitized nanocrystalline titanium dioxide

M. Kocher, T. K. Däubler, E. Harth, U. Scherf, A. Gügel, and D. Nehera)

Max-Planck Institut fu¨r Polymerforschung, Ackermannweg 10, 55128 Mainz, Germany

~Received 3 September 1997; accepted for publication 8 December 1997!

The photophysical properties of solid films of an inorganic/organic composite composed of
dye-sensitized nanocrystalline titanium dioxide (TiO2) particles, a conjugated polymer, and a@60#
fullerene derivative have been investigated. Large charge collection efficiencies of up to 10% at a
field of only 10 V/mm were observed. The photoaction spectrum of the composite is interpreted in
terms of three major contributions: a weak photocurrent due to the absorption of photons by the
polymer, photogeneration of charges involving the fullerene, and a broad region below the onset of
the polymer absorption which involves photophysical processes in the dye-loaded TiO2

nanoparticles. ©1998 American Institute of Physics.@S0003-6951~98!02806-X#
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Polymers have been investigated for many years as
photoactive components in photorefractive devices, s
cells, or xerographic layers. These applications require
efficient photogeneration of charges in the solid mater
While films of pure polymers often exhibit low
photoconductivities,1–5 sensitizers have been used to i
crease the efficiency of charge carrier generation and
broaden the photoaction spectrum.6–8 The process mostly in
volves a direct photoinduced charge transfer between
polymer and the sensitizer or vice versa. Recently, ne
quantitative conversion of light into electric current w
demonstrated for photoelectrochemical cells with nanoc
talline TiO2 electrodes coated with an appropriate Ru~II !
complex.9 The large conversion efficiency was explained
the efficient vectorial electron injection from the photoe
cited state of the dye into the conduction band of semic
ductor particles.10,11 In this letter we will show that the
photoinduced electron injection process in TiO2 nanocrystals
can be used as an alternative approach to considerabl
crease the photocurrent in polymer-based composites.

We have investigated the photophysical propert
of an inorganic/organic composite of nanocrystalline Ti2

particles coated with a cis-X2Bis~2,28-bipyridyl-4,
48-dicarboxylate!ruthenium~II ! (X5SCN2) dye @Ru
L2~NCS!2#,

11 mixed into a conjugated polymer~LPPP!12 ma-
trix, which also acts as the hole transport medium. An e
accessible@60# fullerene derivative was added as the electr
conducting compound.13 This derivative has electronic prop
erties comparable to those of C60 but is more soluble in com
mon organic solvents. TiO2 was synthesized through hy
drolysis and condensation of Ti~OEt!4 under acid conditions
The modification of the TiO2 was anatas/brookit (70/30) a
determined by x-ray powder defraction. During preparat
the TiO2 nanocrystals of;10– 20 nm in diameter agglome
ated to larger particles with diameters of;100 nm. The
Brunauer–Emmett–Teller~BET! surface area of these ag
glomerates is 278 m2/g. The particles were sensitized in
solution of RuL2~NCS!2 in EtOH, followed by freeze-drying

a!Author to whom correspondence should be addressed. Electronic
neher@mpip-mainz.mpg.de
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of the reddish-colored product. From elementary analysis
surface coverage was determined to be 46%~assuming a
surface requirement of 1 nm2 of one adsorbed dye molecul
according to Ref. 10!. The reddish powder was redispers
in the solution of the polymer in toluene. The fullerene d
rivative was dissolved in toluene and added to the mixtu
Solid sandwich cells were fabricated by casting from so
tion onto glass substrates which had previously been cov
with semitransparent gold stripe electrodes. Aluminum
electrodes were added on top by thermal evaporation, giv
sandwich structures with a surface area of 5.6 mm2. The in-
spection of the cast films with an optical microscope
vealed an aggregation of the@60# fullerene and TiO2, which
leads to an inhomogeneity of the local concentration of
two compounds. Spin-coated layers were rather rough
cause of the large TiO2 particle size and sandwich devices
these films were short in all cases. Photocurrent spectra w
recorded with illumination through the bottom electrode u
ing a home-built setup.4

The photoaction spectrum of an LPPP~75 wt %!/
TiO2~12.5 wt %!/fullerene~12.5 wt %! composite is shown in
Figure 1. The photocurrent is low within the spectral ran
of the polymer absorption and raises abruptly below
polymer band gap, followed by a smooth decrease with
creasing wavelength. There is a small peak at;710 nm be-
yond which the photocurrent drops to zero.

For comparison, the photoaction spectrum of t
LPPP~80 wt %!/fullerene~20 wt %! two-component blend
~Figure 1! exhibits a broad and structured peak with maxim
at 580 nm and 710 nm. Due to the above mentioned varia
in the local concentration of the fullerene molecules the p
tocurrent value varied for different sandwich cells but t
shape of the spectrum was almost the same in each c
Steady state photoconductivity experiments on pure60

films had consistently shown a large photogeneration e
ciency in the tail of the C60 absorption.14–16The rise in pho-
togeneration efficiency above 2.3 eV was interpreted
terms of intermolecular charge-transfer states. The deta
analysis gave maxima in the photogeneration efficiency
350 nm, 540 nm, 570 nm and 715 nm.14 The good agreemen
with the positions of the photocurrent peaks of our LPP
il:
© 1998 American Institute of Physics
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fullerene blend films indicates that the large photocurren
longer wavelengths can in part be explained by proces
involving intermolecular charge transfer within the fullere
aggregates. We do not yet understand the reason for the
photocurrent within the polymer absorption range for t
fullerene doped films. Recent work has shown that the a
tion of @60# fullerene derivatives to semiconducting polyme
raises the charge carrier generation efficiency by severa
ders of magnitude.7,17–19 We have observed a pronounce
increase in photoconductivity only in 200 nm thick spi
coated layers of LPPP/fullerene.

The comparison between the spectra in Figure 1 sh
that the photocurrent of the LPPP/TiO2/fullerene composite
must involve photophysical processes in the dye-loaded T2

nanoparticles. Here, we propose a two-step process for
photogeneration of charge carriers in the composite~Figure
2!. In the first step the dye is photoexcited and an electro
injected from the dye into the conduction band of TiO2. This
is followed by a second charge separation process betw
the TiO2 particle and a fullerene molecule and between
dye and the polymer, respectively. The proposed schem
supported by two experimental findings. It has been dem
strated that fullerene radicals can be generated in a sus
sion with TiO2 by photoexcitation of the TiO2 particles with
light of energy higher than the semiconductor band gap.20,21

Further, electron transfer between a solid organic hole tra
port material and the photoexcited ruthenium dye after p
toexcitation has recently been proven.22,23 Provided that the
primary electron transfer occurs upon photoexcitation of
dye, the subsequent charge separation can be well expe
due to the particular electronic level scheme of the const
ents of the hybrid composite. It is quite surprising that t
largest photocurrent of the composite arises at the poly
absorption egde and not at the absorption peak of

FIG. 1. Photoconductivity spectra of a sandwich device of a 5.6mm thick
LPPP/TiO2 /fullerene ~75:12.5:12.5! composite film ~j! and a 17.2mm
thick LPPP/fullerene~80:20! blend layer~L! between Au and Al electrodes
IPH is defined as the difference in current with and without illumination. T
spectra were recorded in dry nitrogen atmosphere~p51 bar! at room tem-
perature. The samples were illuminated through the Au bottom elect
with a constant photon flux of 1013 photons/cm2 s at the film side facing the
light source. In both cases an external voltage of 10 V was applied with
Au electrode biased as the anode. Also shown is the absorbance of a
film of pure LPPP.
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RuL2~NCS!2 dye ~at 525 nm!. The particular shape of the
spectrum suggests a contribution by electron transfer p
cesses at the Al electode. However, the shape of the sp
trum was similar for films measured in a gold surface com
geometry. We could not detect a considerable photocurr
in any films with nonsensitized TiO2 particles or with pure
RuL2~NCS!2 pigments dispersed in the polymer matrix be
low the band gap of the polymer. This indicates that th
photogeneration of charges in the composite involves t
electron transfer between the photoexcited dye and an e
tron acceptor species, probably TiO2.

Figure 3 shows the charge collection efficiency under t
assumption that all light is absorbed in the film. The effi
ciency increases strongly with applied electric field in th
entire wavelength range and is up to 10% at a field of on
10 V/mm. The photocurrent was linear as a function of ligh
intensity at wavelengths above and below the onset of po
mer absorption, which indicates that the fraction of photog
nerated charges recombining in the film is not significan

e

e
ast

FIG. 2. Schematic energy band diagram of the used compounds and o
proposed charge transfer processes following photoexcitation of the Ru d

FIG. 3. Charge collection efficiency of a sandwich device of a 5.6mm thick
LPPP/TiO2 /fullerene ~75:12.5:12.5! composite film. The spectra were re-
corded under the same conditions as the spectra shown in Figure 1.
external voltage of120 ~3!, 40 ~L! and 60 V~j! was applied with the Au
electrode biased as the anode.
P license or copyright, see http://apl.aip.org/apl/copyright.jsp
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Furthermore, the spectral dependence of the photocur
was independent of the scanning direction~increasing or de-
creasing wavelength! and changed only slightly upon reve
sal of the field direction. In contrast the photoaction spec
of a pure LPPP cast film as shown in Figure 4 exhibits
pronounced dependence on polarity. In this case photo
rent is only produced by the fraction of the incident lig
absorbed fairly close to the anode.24–26 The enhanced and
spectrally broadened photocurrent of the composite indic
that dye-loaded TiO2 nanoparticles act as efficient centers f
the photogeneration of charges in a polymer matrix with f
ther use in photorefractive or xerographic devices.

The authors would like to acknowledge helpful discu
sions with Professor G. Wegner~MPI, Mainz!, Dr. P. Gat-
tinger ~MPI, Mainz!, Dr. D. Lupo ~Hoechst Exploratory Re
search, Frankfurt!, Dr. U. Lemmer~LMU, München!, and
Dr. V. Cimrova ~Prague!. The cis-X2Bis~2,28-bipyridyl4,
48-dicarboxylate!ruthenium~II ! complex (X5SCN2) was

FIG. 4. Photoconductivity spectra of a sandwich device of a 8mm thick
LPPP between Au and Al electrodes. The spectra were recorded unde
same conditions as the spectra shown in Figure 1. An external voltage
V was applied with the Au electrode biased either as the anode~j! or the
cathode~h!.
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the German Ministry for Education and Science~BMBF!
under Project No. 03N1009A5 and by the Volkswagen fou
dation.

1M. Gailberger and H. Ba¨ssler, Phys. Rev. B44, 8643~1991!.
2N. T. Binh, M. Gailberger, and H. Ba¨ssler, Synth. Met.47, 77 ~1992!.
3V. Cimrova and S. Nespurek, Chem. Phys.184, 283 ~1994!.
4P. Gattinger, H. Rengel, and D. Neher, Synth. Met.83, 245 ~1996!.
5S. Barth, H. Ba¨ssler, H. Rost, and H. H. Ho¨rhold, Phys. Rev. B56, ~1997!.
6H.-H. Hörhold, M. Helbig, D. Raabe, J. Opfermann, U. Scherf, R. Stoc
mann, and D. WeiX, Z. Chem.27, 126 ~1987!.

7Y. Wang, Nature~London! 356, 585 ~1992!.
8K.-Y. Law, Chem. Rev.93, 449 ~1993!.
9B. O’Regan and M. Gra¨tzel, Nature~London! 353, 737 ~1991!.

10B. O’Regan, J. Moser, M. Anderson, and M. Gra¨tzel, J. Phys. Chem.94,
8720 ~1990!.

11M. K. Nazeeruddin, A. Kay, I. Rodicio, R. Humphry-Baker, E. Mu¨ller, P.
Liska, N. Vlachopoulos, and M. Gra¨tzel, J. Am. Chem. Soc.115, 6382
~1993!.

12U. Scherf and K. Mu¨llen, Makromol. Chem. Rapid Commun.12, 489
~1991!.

13The @60# fullerene derivative was synthesized according to the gen
procedure described in P. Belik, A. Gu¨gel, A. Kraus, M. Walter, and K.
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