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Exciton diffusion and dissociation in conjugated polymer/fullerene blends and heterostructures
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We investigate the exciton dynamics in composite systems of conjugated polymers and fullerene molecules
by photoluminescencéPL) and femtosecond transient absorption experiments. In solid mixtblesds we
find a strong concentration-dependent quenching of the polymer PL. This is attributed to an efficient electron
transfer(ET) from the photoexcited conjugated polymer to the fullerene. The ET dynamics is directly moni-
tored by measuring the transient stimulated emission of the conjugated polymer. The transfer rate depends
linearly on the G, concentration and ranges between (66 psind (5 ps)* for concentrations from 0.5% to
5%. This dependence is in accordance with an exciton diffusion process occurring prior to the ET. The exciton
diffusion length in the conjugated polymer is directly determined by measuring the PL quenching in well-
defined heterostructures comprising a self-assembled fullerene monolayer and a thin spin-coated polymer layer
of variable thickness. From these measurements we infer a value of 14 nm for the exciton diffusion length in
ladder-type poly(p-phenyleng Our results are of direct relevance for further optimization of polymer photo-
voltaic devices[S0163-18209)07923-(

[. INTRODUCTION quenched. This opens up an optical way to detect the dynam-
ics of ET. Furthermore, the stimulated emission can be di-
Composite systems consisting of fullerenes and conjurectly observed in a time-resolved manner in femtosecond
gated polymers have a large potential for applications in oppump/probe-experiments and is therefore, a useful technique
toelectronic devices like, e.g., photodetectors and solafor studying the dynamics of ET directly.
cells! In such blend materials, charge-carrier generation is Most of the experiments until now have been limited to
considerably enhanced in comparison to single componenke investigation of simple blend systems where the fullerene
systems due to an electron transf&T) process that can and the polymer are mixed in the same solvent and then spin
occur after photoexcitation of the conjugated polymer. Aftercast into a thin-solid film. To understand the fundamental
completion of the transfer, the electron is located on thesteps of the ET, the investigation of more defined systems,
fullerene molecule while the hdlgolaron remains on the e heterostructures, is neede@ne promising approach for
conjugated polymer. Due to the resulting spatial separatiog, controlled deposition of well-defined heterostructures is the
of the two charges, their Coulomb attraction is reduced commethod of layer-by-layer adsorptidnin this technique,
pared to the primary photoexcitation, which is the intrachainmonolayers of a certain molecule are formed on an appropri-
exciton. As demonstrated in photocurrent and magneticate substrate by simply dipping into a solution containing the
resonance experiments, the ET leads to a much more effiompound. This technique has been successfully used for the
cient generation of charge carriérs. mono- and multilayer growth of differently charged poly-
Although there is ample evidence for a fast and efficientons. We have recently extended this self-assentsi§)
electron  transfer in conjugated polymer/fullerene echnique for the preparation of monolayers of a suitably
mixtures;”" the microscopic mechanisms of the chargefynctionalized fullerene, namely fullerene carboxylic add.
transfer have not been SatiSfaCtOl’ily |dent|f|ed, i.e., the time- In our Contribution we report on a Systematic Study of the
scale and the relevant distances that are involved in the EBhotoinduced ET in Conjugated po'ymer/fu”erene b|end Sys_
have to be clarified. The delocalization length of thelec-  tems with gradually increasing fullerene concentrations and
trons is of fundamental importance for a deeper understandonjugated polymer/fullerene heterostructures. In our experi-
ing of the electronic properties of conjugated polymers. Itments, the ladder-type pdjy-phenyleng (LPPP [see Fig.
also plays a crucial role for the ET. Vice versa a clarificationy(g) for the chemical structuieis used as the conjugated
of the ET process will also add to the knOWledge about thq)o|ymer_ By pump/probe experiments we measure the elec-
conjugated polymer electronic properties. tron transfer dynamics directly. Even for fullerene concen-
A direct way to study the dynamics of the photoinducedtrations as high as 5 wt % the ET is not instantaneous but can
ET is the investigation of the conjugated polymer excitedpe time resolved via detection of the transient fullerene-
state population—in semiconductor physics terms—the excimduced depletion of the excited state. From our study we
ton density. The populatioNs of the first excited singlet derive transfer times from 66 to 5 ps for weight concentra-
stateS; of the conjugated polymer is reduced by the ET.tions ranging from 0.5% to 5% ¢ in LPPP. Our data is in
Concomitantly, the photoluminescendelL) as well as the accordance with an exciton diffusion process occurring prior
stimulated emissiofSE) due to radiative transitions from to the ET.
the stateS; to the electronic ground stat§, are also Direct evidence for diffusion is obtained from experi-
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FIG. 1. Chemical structure of the compounds used for film fab- Wavelength (nm)

rication. (a) The ladder-type polyp-phenylengconjugated polymer
is deposited via spin coatingl represents a methyl-group amd
and R’ are n-hexyl and 1,4-decylphenyl, respectivelgh) The
fullerene monolayer is deposited from a toluene solution containin
a carboxy-functionalized &fullerene (GgHgO5).

FIG. 2. The dashed line is the absorption spectrum of LPPP
while the solid line are the transient absorption changes in LPPP at
time delay zero after photoexciting with a femtosecond pulse hav-
g?ng a pulse energy of 80 nJ at a wavelength of 400 nm. The arrows
indicate the spectral positions of the pump pulse as well as the
obe pulse used for a more detailed investigation of the excitation

ments on heterostructures comprising a self-assemblel )
ynamics.

fullerene monolayer and an ultrathin spin-coated conjugate

polymer layer. We find the polymer .PL to be strongly onents might lead to rather ill-defined heterojunctibhs.
quenched by the fuII.erene monolayer V\."th a pronounced .d Thin LPPP films with thicknesses ranging from 5 to 65 nm
pendence on the thickness of the comu_ga;ed polymer m”&/ere spin coated on top of the SA layer by varying the con-
The experimental data can be quantitatively understoo entration of the LPPP solution and choosing the appropriate

\év)'(tgl{zt% nss'r?rﬁ)ltiemOgleImcsrnséfgr?]n%éhsoﬂﬁ:ﬁggn ngr;ﬁ:treai_spin frequency. The polymer films were not intentionally ori-
: pOlymer. P : ented. There is, however, experimental evidence that the
perimental data with the model calculations, we derive

. e : 3macromolecules close to the substrate are aligned in parallel
value of 14 nm for the exciton diffusion length in LPPP. %0 o iface with a random in-plane orientattBiThe film
thicknesses were measured using x-ray reflectivity and
Il. EXPERIMENT atomic force microscopy. In order to directly compare the
influence of the fullerene molecules on the PL of the conju-
o ) ) gated polymer we have only covered half of the substrate

We use two sets of organic thin films in our experiments.yith the fullerene monolayer. Using this geometry, the poly-
As the first set of samples we have prepared simple blenger emission with and without an adjacent fullerene mono-

systems by spin coating a toluene solution containing variougyyer can be directly compared by simply moving the sample
relative concentrations of LPPP and the buckminsteryy 4 few millimeters(see inset in Fig. b

fullerene. All films have the same optical density. Indium-
tin-oxide (ITO) coated substrates were used in these experi-
ments to avoid collective stimulated emission processes that
occur in highly fluorescent conjugated polymers at high- Our time-resolved optical experiments are performed with
excitation densities>*? Due to the optical waveguide struc- the output of a regeneratively amplified modelocked Ti:sap-
ture of the ITO-coated substrates, amplified spontaneoughire laserSpectra Physics Spitfir@perating at a repetition
emission(ASE) leading to an ultrafast excited state depletionrate of 1 kHz. For excitation of the polymer, we frequency
in LPPP is suppresséd.With the use of simple glass sub- double the femtosecond laser pulses at 800 nm. The laser
strates ASE would obscure the observation of the ET probeam is focused onto the sample with a spot diameter of
cesses under consideration. 200 wm. The excitation densities are in the range of
Heterostructures of a spin-coated LPPP film on top of &x 10 cm 3. The probe pulses for the transient absorption
fullerene monolayer deposited via SA were used as the seexperiments are derived from a white-light continuum gen-
ond set of samples. We have utilized a carboxy-erated by focusing a small portion of the 800 nm output of
functionalized fullerene adduct, namely fullerene carboxylicthe regenerative amplifier onto a sapphire crystal. The tem-
acid (GgHgO,), prepared by Diels-Alder cycloadditidfi. poral resolution is approximately 200 fs and has been deter-
The chemical structure of this compound is shown in Fig.mined by two-photon absorption in zinc oxide. The chirp of
1(b). The fullerene monolayer was deposited on a glass sulithe probe pulse has been characterized by the same method.
strate after coating with a thin layer of pédthylen iming  For obtaining the differential transmission spectrum shown
(PEI. For depositing the fullerene monolayer the cleanedn Fig. 2 several spectra for different time delays were taken,
glass substrates were dipped into the PEI solution for 10 mirfollowed by a numerical chirp correction. For the detailed
rinsed with pure water, spin dried, and then immersed intdnvestigation of the dynamics of the transmission changes a
the fullerene solution. Apart from the simple preparation pro-small portion of the white light was spectrally selected by an
cedure, self-assembled monolayers offer the advantage of berterference filter at a wavelength of 500 nm and a band-
ing adsorbed to the substrate. This leads to a more stabigidth of 10 nm. The pump-induced transmission changes of
fullerene film than a thin evaporated;dfilm. For bilayers the probe beam were recorded with a photodiode and subse-
comprising an evaporated film interdiffusion of the two com-quent phase-sensitive amplification locked to the chopped

A. Sample preparation

B. Optical techniques
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pump beam. The chopping frequency was set to half the 1.0} ' '

TOF "]

repetition rate of the laser system. The polarization of the . E’ o8| " -
probe pulses was chosen to be orthogonal to the polarization £ ;4 E 06k @460 nm
of the pump pulse$’ As excitation source for the time- 5" 38“2‘ ol
integrated PL measurements we directly frequency double g T Y
the output of the modelocked Ti:sapphire laser at a repetition 8 06 02 4 6 8 10]
rate of 82 MHz. Typical time-averaged excitation intensities > Coo-cone. (wt %)
on the sample are about 15 W/&nThe emission spectra are 2 04
recorded with a spectrometer and a subsequent charge- %
coupled-device(CCD) detector. All experiments were car- 0.2
ried out at room temperature. o
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Ill. RESULTS AND DISCUSSION
A. Electron transfer in LPPP/Cg, blends

The spectral positions of the pump and probe pulses arg FIG. 3£ t_PL'SpTeﬁtra Ofl LPPPé@b'?tmés .t‘;:’i;h tvariousdl
indicated in Fig. 2. The figure compares the absorption spec-ﬁo—conceln rafions. 'he samples were excited with temtosecond a-
. . . o ser pulses at 400 nm. The inset shows the relative PL quenching at
trum (dashed ling with the induced transmission changes an emission wavelength of 460 nm
immediately(time delay O ppafter pumping with a femto- '

second laser pulsesolid line). The pump pulses at 400 "M ents The transient SE for the LPPP films doped with vari-
excite vibronic progressions of the ma«—S, absorption 5 amounts of g are depicted in Fig. 4. The maximum
band of LPPP, which is located at 453 nm. The most promiy,nsmission change observed around time delay zero is

nent features in the Qiﬁerential transmission Spectrum are agyantica| for all Go concentrations. This indicates that no ET
elnhancgd transmission at the I0W-ene1|gy tail ththe pwe';iccurs within the time resolution of the system. The excited
electronic transition at 460 nm as well as at the spectraly e qynamics for larger time delays changes notably upon

position_s of the vibronic side bands at 490 and 526 MMyoping with Go. The main observation is an accelerated
respectively. For longer wavelengths, we observe a photon}l
®

. ) . ecay for increasing fullerene concentrations. Additionally, a
duced absorption that can be attributed to a superposition y g y

ited b ) d the ab ion d ng-living component becomes more and more prominent.
anS, S, excited state absorption and the absorption due tqpg |atter observation is attributed to the buildup of photo-
charged excitationgpolarons that are formed by spontane-

X . - 18,19 induced absorption due to dissociated charge-carrier pairs
ous or trap-assisted dissociation of the neufaktate. created by the ET.

For a detailed investigation of the charge-transfer dynam- s, photoexciting with a femtosecond laser pulse, the

ics, we use probe pulses centered at a wavelength of 500 NFansient populatiols, of excited singlet states is described
with a bandwidth of 10 nm. These pulses are derived fron}) P p_ 51 _ g
y the following rate equation:

the white-light continuum via spectral filtering. At this wave-

length, the positive transmission change is optical gain due N,
to stimulated emission from the vibronic ground state of the i —[ko+ kT(c)]Nsl— yNél. D
first excited electronic stat8; into a vibronically excited
state of the electronic ground staBy. The transmission 1.0
change, being proportional to the density of excited states, is o0
used to monitor the transient excited state population in the 0.8& ) 015 i
time-resolved experiments discussed below. :‘a
The basic observation of ET is manifested in the time- 0.6k
integrated PL spectra of LPPRyOmixtures with different e ) .00
fullerene concentrations shown in Fig. 3. The uppermost _ 04 % ’ C1 -cinca(w‘:%;j-
60 "
curve represents the PL spectrum of undoped LPPP. The = 0zl &) . 0.5%
spectra for the grdoped samples indicate that the polymer < 5er
PL is efficiently quenched for increasing fullerene concentra- 00k
tions. No changes in the spectrum are observed as expected s T
for a system where all the emission bands originate from the 02} e S e e o

radiative decay of the same excited state. The inset displays 0 — 1'0 1' 2'0 2 3'0 3' 4'0 4' 0
the concentration dependent relative PL quenchiigl S 5 Ti 5 5 5%
(with Al being the PL-quenching arg representing the PL ime (ps)

intensity of the undoped sampleAt a concentration as Iow ki 4. stimulated emission transients of LPP@/Blends for
as 0.5% the PL is already reduced by almost 40%. For thgarious G, concentrations ranging between 0% and @ien sym-
highest concentration of 10 wt% the PL is reduced by morg,s|g. The pump pulses have a duration of 150 fs and are centered
than 95% of the value for the undoped sample. This strongt 400 nm. The probe pulses are derived from a white-light con-
PL quenching is attributed to the ET, which occurs aftertinuum by spectrally filtering Xo=500 nm, AA=10 nm). The
photoexciting the conjugated polymer. solid lines represent the results based on the fitting procedure de-
For a detailed study of the transfer dynamics we havescribed in the text. The deduced electron transfer rates are shown in
carried out femtosecond stimulated emissi&k) measure- the inset.
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Here the first term on the right-hand side describes the decayhere c; and cy are the molecular concentrations of the
of the population with the intrinsic LPPP rakg being the guest and the host molecules. Hence, a plot of the transfer
sum of the radiative and nonradiative decay rate. The secon@te versus the molar concentration ratig/c; gives a
term accounts for the g concentration-dependent electron straight line with a slope given by the inverse hopping time.
transfer. The last term considers bimolecular exciton annihi- This model forenergytransfer can be adapted to the case
lation processe¥ The exciton dissociation due to the elec- of electron transfer in Gy-doped conjugated polymers by
tron transfer leads to a transient buildup of the density ofassuming that the electron transfer to a specific fullerene

charge carrierdgy, molecule occurs only from one single-conjugated polymer
ON segment in the direct neighborhood. This is rationalized by
ateh =kr(C)Ns, - (2)  the fact that the electron transfer relies on spatial overlap of

exponentially decaying electronic wave functions. The ET
The spatially separated charges have lifetimes exceeding tigocess itself occurs on a subpicosecond time scale, when the
time-scale of our measurements. Thus, we neglect the bagpecific polymer site is occupied by an exciton. Based on
transfer(recombination process that reduces the density ofthese considerations the electron transfer rate is then given

the charged excitations. by

In order to be compared with the experimental data, the c
calculated transient densitielssl,eh have to be multiplied by Ky= (7)1 Ceo , ()
their respective cross sections for transmission changes. The Csites

Qggcgﬁ.rsznonrlhg?gg; ggg:féﬂe]% r?qn?hteheSeEﬁ?r(::]\{se'esrftlr%l;- th fullerene molecules and fully conjugated polymer segments,
ISSI : ' ?espectively. The predicted linear concentration dependence

ur]doped LPPP f'.lm' In agregment W't.h our recent work Ms in agreement with the experimentally found behavior in
stimulated emission and gain narrowing in the same p0|y'Fig. 4. From the slope we derive a hopping time of 1 ps, a

. _1_ _
mer, we find values of ko"=45ps and y=4.2 4,0 which is in agreement with previous estimates in the

—9 —-113 Ty i
x 1079 em®s L3 From fitting the transients for the molecu- oly(p-phenylene vinylene(PP\).2 The total number of
larly doped samples we derive the concentratlon—dependej mps of an exciton in the absence of the molecular dopant

transfer rate&r(c) and the cross sectianp for the photo- 54 for |ow-excitation pulse energiéew enough to avoid
induced absorption due to thgfharged species. The respggiqlecular annihilation processes n,=7o/7,=45. This
tive transfer timesrr=[kr(c)]"" decrease from 66 ps at gnaples us to estimate the exciton diffusion lenggh in

0.5% Ggo 10 5 ps at 5% Go, opa is determined to be 4 | ppp Wwithd = (¢ ~ 12 as the typical distance of nearest

X107 cn, neighborsL  is calculated according t®
In order to get a deeper insight into the underlying physics b
the experimentally determined transfer rategc) versus the d\/ﬁ
fullerene concentration are plotted in the inset of Fig. 4. The Ld:f- )
observed linear dependence is compatible with a diffusion

process preceding the dissociatf@ri*?’ In our case, this yields a first estimate for the diffusion length

~ Microscopically, the diffusion is due to hopping of local- |, of ~6 nm. In the following paragraph this value will be
ized photoexcitations. The photogenerated excitons hop frorlompared to the results of a more direct measurement of

one fully conjugated segment to a nearby segment either ogxciton diffusion in heterostructures of LPPP and a function-
the same chain or on another chain of the polymer. As soogjized G,.

as it reaches a site that is next to g @olecule the electron
can transfer. A reasonable starting point for a more quanti-
tative discussion is given by earlier work on energy transfer
by exciton hopping in molecular crystals doped with guest In order to investigate exciton dissociation in a more
molecules®?2|n the simplest form a constant hopping time gquantitative manner it is crucial to have a better control of
v, being the average time spent by an exciton at a particuldhe spatial distances involved. We have therefore fabricated
site, can be assumed. While the tesite has a well-defined LPPP/Ggheterostructures comprising a self-assembled
meaning for molecular crystals, it is much less clear in thefullerene monolayer below a spin-coated LPPP film with
case of conjugated polymers. The underlying fundamenta¥arious thicknesses. Figure 5 compares the emission spectra
problem that has not yet been fully resolved is the problen®f an LPPP layer 35-nm thick with and without an adjacent
of the delocalization of the electronic states. There is, howfullerene monolayer. A strong reduction of the polymer PL
ever, growing evidence that only a small numbes(10) of  due to the presence of the single fullerene monolayer is ob-
repeat units are coherently coupféd? Guided by earlier ~served over the entire wavelength range. As discussed above
photoinduced absorption measuremé&hige assume that the for the blend systems, the PL quenching is not only due to a
conjugation length in LPPP amounts to eight phenyl rings. direct ET. Excitations that are generated far away from the
In guest_host molecular Crysta|s where energy transfeiﬂterface have to diffuse prior to the dissociation process.

from a donating Species to an accepting species occurs, the For a more detailed investigation of the involved diffusion

B. LPPP/Cg, heterostructures

rate of energy transfer is simply given and dissociation processes we now systematically study the
thickness dependence of the PL quenching for the full set of
kT=(7h)’1><C—G 3) samples exhibiting polymer film thicknesses between 5 and

Cy'’ 65 nm.
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i Here,zis the distance from the fullerene/conjugated poly-
mer interface andy(z,t) describes the generation process
being proportional to the temporally and spatially dependent
intensity of the femtosecond laser pulse. A Gaussian laser
pulse with a full width at half maximunFWHM) of 120 fs
is assumed and the attenuation of the laser pulse during the
penetration of the LPPP layer is taken into account. The
7 second term on the right-hand side of Ef) accounts for
the superposition of radiative and nonradiative process that
- lead to a PL decay in theggfree case. We have used a value
of kalz To=45 ps for the 1/e PL-decay time. The two last
{ . L e terms in Eq.(6) model the dissociation and the diffusion of
440 460 480 500 520 540 560 photoexcitations, respectively. The dissociation process is
Wavelength (nm) described within a hopping ansatz with an exponential de-
pendence of the rate for electron transfer between two local-

FIG. 5. PL spectra of a LPPP film 35-nm thick wittashed ized states with overlapping wave functions
line) and without(solid line) an adjacent self-assembled fullerene
monolayer. The inset shows a sketch of the experimental setup. For F(z)=f,
excitation we use femtosecond laser pulses at 400 nm. The detec-

tion is accomplished with a spectrometer and a subsequent CCD ) ) o
camera. The simple exponential dependence has to be multiplied

by the zdependent prefactor shown in E) which results
The relative PL-quenching valuesi/I, are depicted in rom the integration of the transfer rates from one conjugated
Fig. 6 for the different polymer films. For the thinnest LPPP Segment of the LPPP to all fullerene molecules at the inter-
film (thickness 5 nmthe PL is almost totally quenched, face.In Eq.(7), a describes the wave-function overlap of the
whereas the PL of the thickest film investigated heap-  €lectron donating polymer electronic state and the electron
proximately 65 nis only reduced by 15%. The experimen- &ccepting state of the fullerene arig is a constant. If a
tally found thickness dependence of the PL quenching showffasonable value foa of less than 2 nm is assumed the
in Fig. 6 can be discussed in a simple model that accounts fdhickness dependence of the PL quenching shown in Fig. 6
the generation, the recombination, the diffusion, and the dis¢@n only be understood if diffusion of excitations to the in-
sociation of excitons in the LPPP layer. For a quantitativelerface is taken into account. The solid line in Fig. 6 shows
analysis we use the following continuity equation for thethe good agreement that is found when a diffusion constant

temporally and spatially dependent density of photoexcita®f D=4.4X 10_,2 cmz/s is assumed. Since this constant is
tions n(z,t) related to the diffusion length via

Lp= VD, (8

this comparison of the experimental data with the model cal-
culations allows to determine the diffusion length tolhe
=14 nm. Albeit this value is of the same order of magnitude
as the value of 6 nm estimated in the previous section it is
significantly higher. Due to the more direct nature of the
s @458nm | ] second measurement, we believe that the value deduced from
the work on the heterostructures is much more reliable.
] The smaller value for the exciton diffusion length found
* in the femtosecond measurements can be easily explained by
N\ ¢Lp=14.3 nm the uncertainty in the concentration of polymer sites that act
N ] as donors in the ET to a fullerene molecule in the direct
neighborhood. The most important contribution to this un-
I~ . certainty is the delocalization length, which is not properly
B ) known. Other open questions are more related to the
L,=10nm ==~ | fullerene. We cannot rule out that more than one fullerene
0 . . . , . , molecule form clusters in the polymer sample. Additionally,
"0 10 20 30 40 50 60 one can speculate that some of thg, @olecules are only
Film thickness (nm) surrounded by sidegroups of the_LPPP ano_l are thus elgctronl-
cally not active. Further work using scanning probe micros-
FIG. 6. The relative PL quenching of LPPP films with various COPY techniques with high spatial resolution might give more
thicknesses. The filled squares and circles are the experimentHlSight into these issues.
quenching values at different emission wavelengths. The solid line It is also interesting to note that the value derived from
represents the calculation based on @jand a diffusion length of ~ OUr results on the heterostructures is larger than earlier esti-
14 nm. For comparison we have included hypothetical curves fomates of 7 nm obtained by photocurrent experiments on het-
diffusion lengths of 10 and 20 nm, respectively. erostructures of PPV andgg* This difference might be ex-
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plained by the small inhomogeneous broadening in LPPPphotoluminescence and the stimulated emission of the poly-
which favors exciton diffusion. A larger value for the diffu- mer due to the ET to the electron accepting fullerene can be
sion length of photoexcitations was estimated for (@fy- used for sensitive measurements. Femtosecond pump/probe
dioctyl-oxy-p-phenylene vinylene(OO-PP\}. This conclu- experiments have directly revealed the timescale of the ET to
sion, however, was based on a strictly one dimensionaCq,. For fullerene concentrations between 0.5% and 5% the
model?’ electron is transferred within 66 and 5 ps, respectively. The
The diffusion length we derived is surprisingly large, i.e., concentration dependence can be explained by exciton diffu-
if the rather small exciton lifetime of only 45 ps in our LPPP sion occurring prior to the electron transfer process itself.
is kept in mind. Since this value is most likely due to defectThe diffusion length of excitons in LPPP was quantitatively
related nonradiative quenching processes one expects ameasured in well-defined LPPRy(heterostructures consist-
even larger diffusion length for a defect free LPPP filming of a self-assembled fullerene monolayer and a spin-
where the lifetime is solely determined by the radiative de-coated LPPP film. We deduce a value of 14 nm.
cay. If we assumed a lifetime of 1 ns we would expect a
diffusion length of more than 60 nm. Such high values would ACKNOWLEDGMENTS
offer interesting prospects for heterojunction photovoltaic

devices. It is a pleasure to acknowledge O. Holderer and M. Perner
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