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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 photoluminescence~PL! and femtosecond transient absorption experiments. In solid mixtures~blends! 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 C60 concentration and ranges between (66 ps)21 and (5 ps)21 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-phenylene!. Our results are of direct relevance for further optimization of polymer photo-
voltaic devices.@S0163-1829~99!07923-0#
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I. INTRODUCTION

Composite systems consisting of fullerenes and con
gated polymers have a large potential for applications in
toelectronic devices like, e.g., photodetectors and s
cells.1 In such blend materials, charge-carrier generation
considerably enhanced in comparison to single compon
systems due to an electron transfer~ET! process that can
occur after photoexcitation of the conjugated polymer. Af
completion of the transfer, the electron is located on
fullerene molecule while the hole~polaron! remains on the
conjugated polymer. Due to the resulting spatial separa
of the two charges, their Coulomb attraction is reduced co
pared to the primary photoexcitation, which is the intrach
exciton. As demonstrated in photocurrent and magne
resonance experiments, the ET leads to a much more
cient generation of charge carriers.2–4

Although there is ample evidence for a fast and effici
electron transfer in conjugated polymer/fullere
mixtures,5–7 the microscopic mechanisms of the char
transfer have not been satisfactorily identified, i.e., the tim
scale and the relevant distances that are involved in the
have to be clarified. The delocalization length of thep elec-
trons is of fundamental importance for a deeper understa
ing of the electronic properties of conjugated polymers
also plays a crucial role for the ET. Vice versa a clarificati
of the ET process will also add to the knowledge about
conjugated polymer electronic properties.

A direct way to study the dynamics of the photoinduc
ET is the investigation of the conjugated polymer excit
state population—in semiconductor physics terms—the e
ton density. The populationNS1

of the first excited singlet

stateS1 of the conjugated polymer is reduced by the E
Concomitantly, the photoluminescence~PL! as well as the
stimulated emission~SE! due to radiative transitions from
the stateS1 to the electronic ground stateS0 are also
PRB 590163-1829/99/59~23!/15346~6!/$15.00
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quenched. This opens up an optical way to detect the dyn
ics of ET. Furthermore, the stimulated emission can be
rectly observed in a time-resolved manner in femtosec
pump/probe-experiments and is therefore, a useful techn
for studying the dynamics of ET directly.

Most of the experiments until now have been limited
the investigation of simple blend systems where the fuller
and the polymer are mixed in the same solvent and then
cast into a thin-solid film. To understand the fundamen
steps of the ET, the investigation of more defined syste
i.e., heterostructures, is needed.8 One promising approach fo
a controlled deposition of well-defined heterostructures is
method of layer-by-layer adsorption.9 In this technique,
monolayers of a certain molecule are formed on an appro
ate substrate by simply dipping into a solution containing
compound. This technique has been successfully used fo
mono- and multilayer growth of differently charged pol
ions. We have recently extended this self-assembly~SA!
technique for the preparation of monolayers of a suita
functionalized fullerene, namely fullerene carboxylic acid10

In our contribution we report on a systematic study of t
photoinduced ET in conjugated polymer/fullerene blend s
tems with gradually increasing fullerene concentrations a
conjugated polymer/fullerene heterostructures. In our exp
ments, the ladder-type poly~p-phenylene! ~LPPP! @see Fig.
1~a! for the chemical structure# is used as the conjugate
polymer. By pump/probe experiments we measure the e
tron transfer dynamics directly. Even for fullerene conce
trations as high as 5 wt % the ET is not instantaneous but
be time resolved via detection of the transient fulleren
induced depletion of the excited state. From our study
derive transfer times from 66 to 5 ps for weight concent
tions ranging from 0.5% to 5% C60 in LPPP. Our data is in
accordance with an exciton diffusion process occurring p
to the ET.

Direct evidence for diffusion is obtained from exper
15 346 ©1999 The American Physical Society
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PRB 59 15 347EXCITON DIFFUSION AND DISSOCIATION IN . . .
ments on heterostructures comprising a self-assem
fullerene monolayer and an ultrathin spin-coated conjuga
polymer layer. We find the polymer PL to be strong
quenched by the fullerene monolayer with a pronounced
pendence on the thickness of the conjugated polymer fi
The experimental data can be quantitatively underst
within a simple model considering the diffusion of neutr
excitations in the polymer. From the comparison of the
perimental data with the model calculations, we derive
value of 14 nm for the exciton diffusion length in LPPP.

II. EXPERIMENT

A. Sample preparation

We use two sets of organic thin films in our experimen
As the first set of samples we have prepared simple bl
systems by spin coating a toluene solution containing vari
relative concentrations of LPPP and the buckmins
fullerene. All films have the same optical density. Indium
tin-oxide ~ITO! coated substrates were used in these exp
ments to avoid collective stimulated emission processes
occur in highly fluorescent conjugated polymers at hig
excitation densities.11,12 Due to the optical waveguide struc
ture of the ITO-coated substrates, amplified spontane
emission~ASE! leading to an ultrafast excited state depleti
in LPPP is suppressed.13 With the use of simple glass sub
strates ASE would obscure the observation of the ET p
cesses under consideration.

Heterostructures of a spin-coated LPPP film on top o
fullerene monolayer deposited via SA were used as the
ond set of samples. We have utilized a carbox
functionalized fullerene adduct, namely fullerene carboxy
acid (C69H8O2), prepared by Diels-Alder cycloaddition.14

The chemical structure of this compound is shown in F
1~b!. The fullerene monolayer was deposited on a glass s
strate after coating with a thin layer of poly~ethylen imine!
~PEI!. For depositing the fullerene monolayer the clean
glass substrates were dipped into the PEI solution for 10 m
rinsed with pure water, spin dried, and then immersed i
the fullerene solution. Apart from the simple preparation p
cedure, self-assembled monolayers offer the advantage o
ing adsorbed to the substrate. This leads to a more st
fullerene film than a thin evaporated C60 film. For bilayers
comprising an evaporated film interdiffusion of the two co

FIG. 1. Chemical structure of the compounds used for film f
rication.~a! The ladder-type poly~p-phenylene! conjugated polymer
is deposited via spin coating.X represents a methyl-group andR
and R8 are n-hexyl and 1,4-decylphenyl, respectively.~b! The
fullerene monolayer is deposited from a toluene solution contain
a carboxy-functionalized C60-fullerene (C69H8O2).
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ponents might lead to rather ill-defined heterojunctions15

Thin LPPP films with thicknesses ranging from 5 to 65 n
were spin coated on top of the SA layer by varying the co
centration of the LPPP solution and choosing the appropr
spin frequency. The polymer films were not intentionally o
ented. There is, however, experimental evidence that
macromolecules close to the substrate are aligned in par
to the surface with a random in-plane orientation.16 The film
thicknesses were measured using x-ray reflectivity a
atomic force microscopy. In order to directly compare t
influence of the fullerene molecules on the PL of the con
gated polymer we have only covered half of the substr
with the fullerene monolayer. Using this geometry, the po
mer emission with and without an adjacent fullerene mo
layer can be directly compared by simply moving the sam
by a few millimeters~see inset in Fig. 5!.

B. Optical techniques

Our time-resolved optical experiments are performed w
the output of a regeneratively amplified modelocked Ti:s
phire laser~Spectra Physics Spitfire! operating at a repetition
rate of 1 kHz. For excitation of the polymer, we frequen
double the femtosecond laser pulses at 800 nm. The l
beam is focused onto the sample with a spot diamete
200 mm. The excitation densities are in the range
531018 cm23. The probe pulses for the transient absorpti
experiments are derived from a white-light continuum ge
erated by focusing a small portion of the 800 nm output
the regenerative amplifier onto a sapphire crystal. The te
poral resolution is approximately 200 fs and has been de
mined by two-photon absorption in zinc oxide. The chirp
the probe pulse has been characterized by the same me
For obtaining the differential transmission spectrum sho
in Fig. 2 several spectra for different time delays were tak
followed by a numerical chirp correction. For the detail
investigation of the dynamics of the transmission change
small portion of the white light was spectrally selected by
interference filter at a wavelength of 500 nm and a ba
width of 10 nm. The pump-induced transmission changes
the probe beam were recorded with a photodiode and su
quent phase-sensitive amplification locked to the chop

-

g

FIG. 2. The dashed line is the absorption spectrum of LP
while the solid line are the transient absorption changes in LPP
time delay zero after photoexciting with a femtosecond pulse h
ing a pulse energy of 80 nJ at a wavelength of 400 nm. The arr
indicate the spectral positions of the pump pulse as well as
probe pulse used for a more detailed investigation of the excita
dynamics.
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15 348 PRB 59A. HAUGENEDERet al.
pump beam. The chopping frequency was set to half
repetition rate of the laser system. The polarization of
probe pulses was chosen to be orthogonal to the polariza
of the pump pulses.17 As excitation source for the time
integrated PL measurements we directly frequency dou
the output of the modelocked Ti:sapphire laser at a repeti
rate of 82 MHz. Typical time-averaged excitation intensit
on the sample are about 15 W/cm2. The emission spectra ar
recorded with a spectrometer and a subsequent cha
coupled-device~CCD! detector. All experiments were ca
ried out at room temperature.

III. RESULTS AND DISCUSSION

A. Electron transfer in LPPP/C60 blends

The spectral positions of the pump and probe pulses
indicated in Fig. 2. The figure compares the absorption sp
trum ~dashed line! with the induced transmission chang
immediately~time delay 0 ps! after pumping with a femto-
second laser pulse~solid line!. The pump pulses at 400 nm
excite vibronic progressions of the mainS1←S0 absorption
band of LPPP, which is located at 453 nm. The most pro
nent features in the differential transmission spectrum are
enhanced transmission at the low-energy tail of the pu
electronic transition at 460 nm as well as at the spec
positions of the vibronic side bands at 490 and 526 n
respectively. For longer wavelengths, we observe a phot
duced absorption that can be attributed to a superpositio
anSn←S1 excited state absorption and the absorption du
charged excitations~polarons! that are formed by spontane
ous or trap-assisted dissociation of the neutralS1 state.18,19

For a detailed investigation of the charge-transfer dyna
ics, we use probe pulses centered at a wavelength of 500
with a bandwidth of 10 nm. These pulses are derived fr
the white-light continuum via spectral filtering. At this wav
length, the positive transmission change is optical gain
to stimulated emission from the vibronic ground state of
first excited electronic stateS1 into a vibronically excited
state of the electronic ground stateS0. The transmission
change, being proportional to the density of excited state
used to monitor the transient excited state population in
time-resolved experiments discussed below.

The basic observation of ET is manifested in the tim
integrated PL spectra of LPPP/C60 mixtures with different
fullerene concentrations shown in Fig. 3. The upperm
curve represents the PL spectrum of undoped LPPP.
spectra for the C60-doped samples indicate that the polym
PL is efficiently quenched for increasing fullerene concen
tions. No changes in the spectrum are observed as expe
for a system where all the emission bands originate from
radiative decay of the same excited state. The inset disp
the concentration dependent relative PL quenchingDI /I 0
~with DI being the PL-quenching andI 0 representing the PL
intensity of the undoped sample!. At a concentration as low
as 0.5% the PL is already reduced by almost 40%. For
highest concentration of 10 wt % the PL is reduced by m
than 95% of the value for the undoped sample. This str
PL quenching is attributed to the ET, which occurs af
photoexciting the conjugated polymer.

For a detailed study of the transfer dynamics we ha
carried out femtosecond stimulated emission~SE! measure-
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ments. The transient SE for the LPPP films doped with va
ous amounts of C60 are depicted in Fig. 4. The maximum
transmission change observed around time delay zer
identical for all C60 concentrations. This indicates that no E
occurs within the time resolution of the system. The exci
state dynamics for larger time delays changes notably u
doping with C60. The main observation is an accelerat
decay for increasing fullerene concentrations. Additionally
long-living component becomes more and more promine
The latter observation is attributed to the buildup of pho
induced absorption due to dissociated charge-carrier p
created by the ET.

After photoexciting with a femtosecond laser pulse, t
transient populationNS1

of excited singlet states is describe
by the following rate equation:

]NS1

]t
52@k01kT~c!#NS1

2gNS1

2 . ~1!

FIG. 3. PL-spectra of LPPP/C60-blends with various
C60-concentrations. The samples were excited with femtosecond
ser pulses at 400 nm. The inset shows the relative PL quenchin
an emission wavelength of 460 nm.

FIG. 4. Stimulated emission transients of LPPP/C60 blends for
various C60 concentrations ranging between 0% and 5%~open sym-
bols!. The pump pulses have a duration of 150 fs and are cent
at 400 nm. The probe pulses are derived from a white-light c
tinuum by spectrally filtering (l05500 nm, Dl510 nm). The
solid lines represent the results based on the fitting procedure
scribed in the text. The deduced electron transfer rates are show
the inset.
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Here the first term on the right-hand side describes the de
of the population with the intrinsic LPPP ratek0 being the
sum of the radiative and nonradiative decay rate. The sec
term accounts for the C60 concentration-dependent electro
transfer. The last term considers bimolecular exciton ann
lation processes.13 The exciton dissociation due to the ele
tron transfer leads to a transient buildup of the density
charge carriersNeh

]Neh

]t
5kT~c!NS1

. ~2!

The spatially separated charges have lifetimes exceeding
time-scale of our measurements. Thus, we neglect the b
transfer~recombination! process that reduces the density
the charged excitations.

In order to be compared with the experimental data,
calculated transient densitiesNS1 ,eh have to be multiplied by
their respective cross sections for transmission changes.
first step in the fitting procedure is to determinek0, the bi-
molecular annihilation coefficientg and the effective stimu-
lated emission cross section from the SE transient of
undoped LPPP film. In agreement with our recent work
stimulated emission and gain narrowing in the same po
mer, we find values of k0

21545 ps and g54.2
31029 cm3 s21.13 From fitting the transients for the molecu
larly doped samples we derive the concentration-depen
transfer rateskT(c) and the cross sectionsPIA for the photo-
induced absorption due to the charged species. The res
tive transfer timestT5@kT(c)#21 decrease from 66 ps a
0.5% C60 to 5 ps at 5% C60, sPIA is determined to be 4
310216 cm2.

In order to get a deeper insight into the underlying phys
the experimentally determined transfer rateskT(c) versus the
fullerene concentration are plotted in the inset of Fig. 4. T
observed linear dependence is compatible with a diffus
process preceding the dissociation.20,21,27

Microscopically, the diffusion is due to hopping of loca
ized photoexcitations. The photogenerated excitons hop f
one fully conjugated segment to a nearby segment eithe
the same chain or on another chain of the polymer. As s
as it reaches a site that is next to a C60 molecule the electron
can transfer. A reasonable starting point for a more qua
tative discussion is given by earlier work on energy trans
by exciton hopping in molecular crystals doped with gu
molecules.20,22 In the simplest form a constant hopping tim
th , being the average time spent by an exciton at a partic
site, can be assumed. While the termsite has a well-defined
meaning for molecular crystals, it is much less clear in
case of conjugated polymers. The underlying fundame
problem that has not yet been fully resolved is the probl
of the delocalization of the electronic states. There is, ho
ever, growing evidence that only a small number (n<10) of
repeat units are coherently coupled.23,24 Guided by earlier
photoinduced absorption measurements25 we assume that the
conjugation length in LPPP amounts to eight phenyl ring

In guest-host molecular crystals where energy tran
from a donating species to an accepting species occurs
rate of energy transfer is simply given

kT5~th!213
cG

cH
, ~3!
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where cG and cH are the molecular concentrations of th
guest and the host molecules. Hence, a plot of the tran
rate versus the molar concentration ratio cG /cH gives a
straight line with a slope given by the inverse hopping tim

This model forenergytransfer can be adapted to the ca
of electron transfer in C60-doped conjugated polymers b
assuming that the electron transfer to a specific fuller
molecule occurs only from one single-conjugated polym
segment in the direct neighborhood. This is rationalized
the fact that the electron transfer relies on spatial overlap
exponentially decaying electronic wave functions. The
process itself occurs on a subpicosecond time scale, whe
specific polymer site is occupied by an exciton. Based
these considerations the electron transfer rate is then g
by

kT5~th!21
cC60

csites
, ~4!

where cC60
and csites are the molar concentrations o

fullerene molecules and fully conjugated polymer segme
respectively. The predicted linear concentration depende
is in agreement with the experimentally found behavior
Fig. 4. From the slope we derive a hopping time of 1 ps
value which is in agreement with previous estimates in
poly~p-phenylene vinylene! ~PPV!.26 The total number of
jumps of an exciton in the absence of the molecular dop
and for low-excitation pulse energies~low enough to avoid
bimolecular annihilation processes! is nh5t0 /th545. This
enables us to estimate the exciton diffusion lengthLD in
LPPP. Withd5(csites)

21/3 as the typical distance of neare
neighborsLD is calculated according to20

Ld5
dAn

A3
. ~5!

In our case, this yields a first estimate for the diffusion leng
Ld of '6 nm. In the following paragraph this value will b
compared to the results of a more direct measuremen
exciton diffusion in heterostructures of LPPP and a functio
alized C60.

B. LPPP/C60 heterostructures

In order to investigate exciton dissociation in a mo
quantitative manner it is crucial to have a better control
the spatial distances involved. We have therefore fabrica
LPPP/C60-heterostructures comprising a self-assemb
fullerene monolayer below a spin-coated LPPP film w
various thicknesses. Figure 5 compares the emission sp
of an LPPP layer 35-nm thick with and without an adjace
fullerene monolayer. A strong reduction of the polymer P
due to the presence of the single fullerene monolayer is
served over the entire wavelength range. As discussed a
for the blend systems, the PL quenching is not only due t
direct ET. Excitations that are generated far away from
interface have to diffuse prior to the dissociation process

For a more detailed investigation of the involved diffusio
and dissociation processes we now systematically study
thickness dependence of the PL quenching for the full se
samples exhibiting polymer film thicknesses between 5
65 nm.
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15 350 PRB 59A. HAUGENEDERet al.
The relative PL-quenching valuesDI /I 0 are depicted in
Fig. 6 for the different polymer films. For the thinnest LPP
film ~thickness 5 nm! the PL is almost totally quenched
whereas the PL of the thickest film investigated here~ap-
proximately 65 nm! is only reduced by 15%. The experime
tally found thickness dependence of the PL quenching sh
in Fig. 6 can be discussed in a simple model that accounts
the generation, the recombination, the diffusion, and the
sociation of excitons in the LPPP layer. For a quantitat
analysis we use the following continuity equation for t
temporally and spatially dependent density of photoexc
tions n(z,t)

]n~z,t !

]t
5g~z,t !2k0n~z,t !2F~z!n~z,t !1D

]2n~z,t !

]z2
.

~6!

FIG. 5. PL spectra of a LPPP film 35-nm thick with~dashed
line! and without~solid line! an adjacent self-assembled fullere
monolayer. The inset shows a sketch of the experimental setup
excitation we use femtosecond laser pulses at 400 nm. The d
tion is accomplished with a spectrometer and a subsequent C
camera.

FIG. 6. The relative PL quenching of LPPP films with vario
thicknesses. The filled squares and circles are the experim
quenching values at different emission wavelengths. The solid
represents the calculation based on Eq.~6! and a diffusion length of
14 nm. For comparison we have included hypothetical curves
diffusion lengths of 10 and 20 nm, respectively.
n
or
s-
e

-

Here,z is the distance from the fullerene/conjugated po
mer interface andg(z,t) describes the generation proce
being proportional to the temporally and spatially depend
intensity of the femtosecond laser pulse. A Gaussian la
pulse with a full width at half maximum~FWHM! of 120 fs
is assumed and the attenuation of the laser pulse during
penetration of the LPPP layer is taken into account. T
second term on the right-hand side of Eq.~6! accounts for
the superposition of radiative and nonradiative process
lead to a PL decay in the C60-free case. We have used a valu
of k0

215t0545 ps for the 1/e PL-decay time. The two la
terms in Eq.~6! model the dissociation and the diffusion o
photoexcitations, respectively. The dissociation process
described within a hopping ansatz with an exponential
pendence of the rate for electron transfer between two lo
ized states with overlapping wave functions

F~z!5 f 0S 11
2z

a De2(2z)/a. ~7!

The simple exponential dependence has to be multip
by thez-dependent prefactor shown in Eq.~7! which results
from the integration of the transfer rates from one conjuga
segment of the LPPP to all fullerene molecules at the in
face. In Eq.~7!, a describes the wave-function overlap of th
electron donating polymer electronic state and the elec
accepting state of the fullerene andf 0 is a constant. If a
reasonable value fora of less than 2 nm is assumed th
thickness dependence of the PL quenching shown in Fi
can only be understood if diffusion of excitations to the i
terface is taken into account. The solid line in Fig. 6 sho
the good agreement that is found when a diffusion cons
of D54.431022 cm2/s is assumed. Since this constant
related to the diffusion length via

LD5ADt0, ~8!

this comparison of the experimental data with the model c
culations allows to determine the diffusion length to beLD
514 nm. Albeit this value is of the same order of magnitu
as the value of 6 nm estimated in the previous section i
significantly higher. Due to the more direct nature of t
second measurement, we believe that the value deduced
the work on the heterostructures is much more reliable.

The smaller value for the exciton diffusion length foun
in the femtosecond measurements can be easily explaine
the uncertainty in the concentration of polymer sites that
as donors in the ET to a fullerene molecule in the dir
neighborhood. The most important contribution to this u
certainty is the delocalization length, which is not prope
known. Other open questions are more related to
fullerene. We cannot rule out that more than one fullere
molecule form clusters in the polymer sample. Additional
one can speculate that some of the C60 molecules are only
surrounded by sidegroups of the LPPP and are thus elect
cally not active. Further work using scanning probe micro
copy techniques with high spatial resolution might give mo
insight into these issues.

It is also interesting to note that the value derived fro
our results on the heterostructures is larger than earlier
mates of 7 nm obtained by photocurrent experiments on
erostructures of PPV and C60.4 This difference might be ex-
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plained by the small inhomogeneous broadening in LP
which favors exciton diffusion. A larger value for the diffu
sion length of photoexcitations was estimated for poly~2,5-
dioctyl-oxy-p-phenylene vinylene! ~OO-PPV!. This conclu-
sion, however, was based on a strictly one dimensio
model.27

The diffusion length we derived is surprisingly large, i.
if the rather small exciton lifetime of only 45 ps in our LPP
is kept in mind. Since this value is most likely due to defe
related nonradiative quenching processes one expect
even larger diffusion length for a defect free LPPP fi
where the lifetime is solely determined by the radiative d
cay. If we assumed a lifetime of 1 ns we would expec
diffusion length of more than 60 nm. Such high values wo
offer interesting prospects for heterojunction photovolt
devices.

IV. SUMMARY AND CONCLUSION

In conclusion, we have investigated electron transfer p
cesses in LPPP/C60 composite systems. The quenching of t
ric
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photoluminescence and the stimulated emission of the p
mer due to the ET to the electron accepting fullerene can
used for sensitive measurements. Femtosecond pump/p
experiments have directly revealed the timescale of the E
C60. For fullerene concentrations between 0.5% and 5%
electron is transferred within 66 and 5 ps, respectively. T
concentration dependence can be explained by exciton d
sion occurring prior to the electron transfer process its
The diffusion length of excitons in LPPP was quantitative
measured in well-defined LPPP/C60 heterostructures consis
ing of a self-assembled fullerene monolayer and a sp
coated LPPP film. We deduce a value of 14 nm.
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