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Photoconductivity of an inorganic/organic composite containing
dye-sensitized nanocrystalline titanium dioxide
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The photophysical properties of solid films of an inorganic/organic composite composed of
dye-sensitized nanocrystalline titanium dioxide (J)i@articles, a conjugated polymer, andd]
fullerene derivative have been investigated. Large charge collection efficiencies of up to 10% at a
field of only 10 V/ium 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 TiO
nanoparticles. ©1998 American Institute of Physid$S0003-695(98)02806-X

Polymers have been investigated for many years as thef the reddish-colored product. From elementary analysis the
photoactive components in photorefractive devices, solasurface coverage was determined to be 4@¥suming a
cells, or xerographic layers. These applications require asurface requirement of 1 rinof one adsorbed dye molecule
efficient photogeneration of charges in the solid materialaccording to Ref. 10 The reddish powder was redispersed
While films of pure polymers often exhibit low in the solution of the polymer in toluene. The fullerene de-
photoconductivitied;® sensitizers have been used to in-rivative was dissolved in toluene and added to the mixture.
crease the efficiency of charge carrier generation and t&olid sandwich cells were fabricated by casting from solu-
broaden the photoaction spectrmi.The process mostly in- tion onto glass substrates which had previously been covered
volves a direct photoinduced charge transfer between theith semitransparent gold stripe electrodes. Aluminum top
polymer and the sensitizer or vice versa. Recently, nearlglectrodes were added on top by thermal evaporation, giving
quantitative conversion of light into electric current was sandwich structures with a surface area of 5.62mfine in-
demonstrated for photoelectrochemical cells with nanocrysspection of the cast films with an optical microscope re-
talline TiO, electrodes coated with an appropriate(lRu  vealed an aggregation of th60] fullerene and TiQ, which
complex? The large conversion efficiency was explained byleads to an inhomogeneity of the local concentration of the
the efficient vectorial electron injection from the photoex-two compounds. Spin-coated layers were rather rough be-
cited state of the dye into the conduction band of semiconeause of the large Tigparticle size and sandwich devices of
ductor particle$®!! In this letter we will show that the these films were short in all cases. Photocurrent spectra were
photoinduced electron injection process in Ji@nocrystals recorded with illumination through the bottom electrode us-
can be used as an alternative approach to considerably iing a home-built setuf.
crease the photocurrent in polymer-based composites. The photoaction spectrum of an LPRBwt %)/

We have investigated the photophysical propertiesTiO,(12.5 wt %/fullereng12.5 wt %9 composite is shown in
of an inorganic/organic composite of nanocrystalline JiO Figure 1. The photocurrent is low within the spectral range
particles coated with a cis-X,Bis(2,2-bipyridyl-4,  of the polymer absorption and raises abruptly below the
4’ -dicarboxylatgrutheniungll) (X=SCN") dye [Ru  polymer band gap, followed by a smooth decrease with in-
L,(NCS),],* mixed into a conjugated polymécPPP*?ma-  creasing wavelength. There is a small peak-a10 nm be-
trix, which also acts as the hole transport medium. An easyond which the photocurrent drops to zero.
accessibl¢60] fullerene derivative was added as the electron  For comparison, the photoaction spectrum of the
conducting compountf This derivative has electronic prop- LPPRS80 wt %/fullereng20 wt %) two-component blend
erties comparable to those ofdbut is more soluble in com-  (Figure 1) exhibits a broad and structured peak with maxima
mon organic solvents. TiDwas synthesized through hy- at 580 nm and 710 nm. Due to the above mentioned variation
drolysis and condensation of(QEY), under acid conditions. in the local concentration of the fullerene molecules the pho-
The modification of the TiQwas anatas/brookit (70/30) as tocurrent value varied for different sandwich cells but the
determined by x-ray powder defraction. During preparationshape of the spectrum was almost the same in each case.
the TiO, nanocrystals of- 10—20 nm in diameter agglomer- Steady state photoconductivity experiments on pugg C
ated to larger particles with diameters of100 nm. The fiims had consistently shown a large photogeneration effi-
Brunauer—Emmett—Telle{BET) surface area of these ag- ciency in the tail of the g, absorption:*~*6The rise in pho-
glomerates is 278 ffy. The particles were sensitized in a togeneration efficiency above 2.3 eV was interpreted in
solution of Ruly(NCS), in EtOH, followed by freeze-drying terms of intermolecular charge-transfer states. The detailed
analysis gave maxima in the photogeneration efficiency at
“Author to whom correspondence should be addressed. Electronic mais20 NM, 540 nm, 570 nm and 715 fffiThe good agreement

neher@mpip-mainz.mpg.de with the positions of the photocurrent peaks of our LPPP/
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FIG. 1. Photoconductivity spectra of a sandwich device of auBbthick proposed charge transfer processes following photoexcitation of the Ru dye.

LPPP/TiQ /fullerene (75:12.5:12.%5 composite film (M) and a 17.2um

thick LPPP/fulleren€80:20 blend layer( ¢ ) between Au and Al electrodes. .
Iy is defined as the difference in current with and without illumination. The RUL,(NCS), dye (at 525 nm. The particular shape of the

spectra were recorded in dry nitrogen atmospliprel bap at room tem-  spectrum suggests a contribution by electron transfer pro-
perature. The samples were illuminated through the Au bottom electrodgesses at the Al electode. However, the shape of the spec-

with a constant photon flux of #®photons/cris at the film side facing the L ! .
light source. In both cases an external voltage of 10 V was applied with th(;[rum was similar for films measured in a g0|d surface comb

Au electrode biased as the anode. Also shown is the absorbance of a c&€0metry. We could not detect a considerable photocurrent
film of pure LPPP. in any films with nonsensitized TiOparticles or with pure
RuL,(NC9), pigments dispersed in the polymer matrix be-

fullerene blend films indicates that the large photocurrent atow the band gap of the polymer. This indicates that the
longer wavelengths can in part be explained by procességlotogeneration of charges in the composite involves the
involving intermolecular charge transfer within the fullerene €lectron transfer between the photoexcited dye and an elec-
aggregates. We do not yet understand the reason for the IofPn acceptor species, probably HiO

photocurrent within the polymer absorption range for the  Figure 3 shows the charge collection efficiency under the
fullerene doped films. Recent work has shown that the addi@ssumption that all light is absorbed in the film. The effi-
tion of [60] fullerene derivatives to semiconducting polymersciency increases strongly with applied electric field in the
raises the charge carrier generation efficiency by several ofhtire wavelength range and is up to 10% at a field of only
ders of magnitudé!’~'°We have observed a pronounced 10 V/um. The photocurrent was linear as a function of light
increase in photoconductivity only in 200 nm thick spin- intensity at wavelengths above and below the onset of poly-
coated layers of LPPP/fullerene. mer absorption, which indicates that the fraction of photoge-

The comparison between the spectra in Figure 1 showgerated charges recombining in the film is not significant.
that the photocurrent of the LPPP/Ti@ullerene composite

must involve photophysical processes in the dye-loaded TiO . . . .

i ﬁh"‘\.‘ -
.
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nanoparticles. Here, we propose a two-step process for the
photogeneration of charge carriers in the compogtigure

2). In the first step the dye is photoexcited and an electron is
injected from the dye into the conduction band of JiQ his

is followed by a second charge separation process between
the TiG, particle and a fullerene molecule and between the
dye and the polymer, respectively. The proposed scheme is
supported by two experimental findings. It has been demon-
strated that fullerene radicals can be generated in a suspen-
sion with TiO, by photoexcitation of the Ti@particles with

light of energy higher than the semiconductor band Yap.
Further, electron transfer between a solid organic hole trans-

Charge Collection Efficiency [%]

port material and the photoexcited ruthenium dye after pho- 0.01 . . . .
toexcitation has recently been provért Provided that the 400 500 600 700
primary electron transfer occurs upon photoexcitation of the Wavelength [nm]

dye, the subsequent charge separation can be well expected

due to the particular electronic level scheme of the constituE!G. 3. Charge collection efficiency of a sandwich device of adrbthick
: : : : . L PPP/TiQ /fullerene (75:12.5:12.5 composite film. The spectra were re-
ents of the hybl‘ld composite. It is quite surprising that thecorded under the same conditions as the spectra shown in Figure 1. An

largest photocurrent of the composite arises at the polymelyierma voltage of+ 20 (X), 40 (<) and 60 V(M) was applied with the Au

absorption egde and not at the absorption peak of thelectrode biased as the anode.
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FIG. 4. Photoconductivity spectra of a sandwich device of an8 thick
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