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Charge-transfer range for photoexcitations in conjugated polymer/fullerene bilayers and blends
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Time-resolved photoinduced absorption was measured on bilayers of poly-@2-methoxy,5-~28-ethyl-
hexoxy!-1,4-phenylenevinylene# ~MEH-PPV! and fullerene (C60), and on MEH-PPV/C60 composite films of
various concentrations. We find that even in the picosecond regime, charge transfer from the conjugated
polymer to C60 slows down the decay dynamics relative to the decay in the pure samples. The fact that charge
transfer occurs in the picosecond time scale in bilayer structure~thickness'200 Å! implies that diffusion of
localized excitations to the interface is not the dominant mechanism; the charge-transfer range is a significant
fraction of the film thickness. From an analysis of the excited-state decay curves, we estimate the charge-
transfer range to be 80 Å and interpret that range as resulting from quantum delocalization of the photoexci-
tations.@S0163-1829~97!04332-4#
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I. INTRODUCTION

The nature of the primary photoexcitations in conjuga
polymers such as poly~ p-phenylene vinylene! ~PPV! and its
soluble derivatives remains an important and controver
issue. A fundamental question concerns the magnitude o
binding energy of the polaron excitation, i.e., what is t
binding energy between positively and negatively charg
polarons in semiconducting polymers? One can formu
the same question in terms of the spatial extent of the
mary excitations: Is the wave function confined to a fe
repeated units of the conjugated polymer chain or is it
tended over many monomers of the polymer backbone
even extended over multiple chains? Unfortunately, ther
not yet a widely accepted answer. Data have been interpr
in terms of models that describe delocalized carriers w
small exciton binding energies~0.1–0.2 eV or less! and spa-
tial delocalization over 30 Å or more.1 Alternatively,
strongly correlated models have been proposed with exc
binding energies from 0.4 eV to greater than 1 eV,2,3 imply-
ing primary excitations with wave functions localized on t
order of a single repeated unit. To resolve this issue, i
important to develop alternative methods of experimenta
determining the spatial extent of excitations in conjuga
polymers. These data will aid in developing theoretical mo
els that can accurately describe the electronic propertie
conjugated polymers in the solid state.

A number of previous experiments have studied
quenching of luminescence in conjugated polymer us
nanosecond time-resolved or cw~non-time-resolved! lumi-
nescence measurements and applied these results to in
diffusion range for excitons to defects that act as quench
sites. In one class of experiments4 pristine polymer samples
were photo-oxidized in a controlled way to create a varia
density of defects on the polymer chains. These defects
560163-1829/97/56~8!/4573~5!/$10.00
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formed photochemically in PPV when vinylene linkages a
severed to form carbonyl species, which act as electron
ceptors and efficient luminescence quenching sites. A di
sion time of order 1 ns was estimated and a correspond
diffusion range of 50 Å was inferred. In a second class
experiments, exciton dissociation properties were infer
from steady-state experiments of bilayer structures co
prised of PPV/C60 ~Ref. 5! and PPV oligomer/Ca.6 Dissocia-
tion occurs at the interface because the electron and hole
separated by charge transfer. Diffusion ranges of 70 and
Å respectively, were inferred.

The C60 molecules in the polymer/fullerene mixtures a
in some ways analogous to the defect sites in the ph
oxidized polymer system described above.4,7 After photoex-
citation, the electron in thep* band transfers from the poly
mer ~as the donor! to the C60 ~as the acceptor!.8 With the
addition of a few percent C60, luminescence is quenched b
approximately three orders of magnitude, relative to the p
conjugated polymer. The quenching results from cha
transfer, which separates the electron and the hole on a
scale three orders of magnitude faster than the radiative
cay time. The implied forward electron transfer rate indica
that charge transfer occurs in the picosecond time scale

1

tCT
5S 1

QD S 1

t rad
D>1033109.1012 s21, ~1!

where 1/tCT is the charge-transfer rate, 1/t rad is the radiative
lifetime, andQ!1 is the quenching ratio. Measurements
photoinduced absorption and photoinduced dichroi
showed that in the polymer/fullerene system charge tran
occurs within a few hundred femtoseconds,9 in agreement
with Eq. ~1!.

The ultrafast charge-transfer process has been challe
recently.10 A forward charge-transfer time of more than 1
4573 © 1997 The American Physical Society
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ps was inferred from transient absorption studies on
heavily doped PPV-derivative/C60 blend. In the present work
a larger range of concentrations, as well as charge transf
a donor/acceptor interface, has been studied in an attem
resolve this controversy. Even in relatively thick bilay
structures, we observe the effects of charge transfer in
picosecond regime. We develop a quantitative model
describes the ultrafast nature of the charge transfer proce
MEH-PPV/C60 composites and bilayers. The change in d
namics during the first few picoseconds results from cha
transfer occurring in parallel with exciton-exciton bimolec
lar recombination. The dynamics of photoinduced cha
transfer can be used to infer a spatial extent of the excit
on time scales too short for diffusion to play a significa
role. We show that the dynamical data imply a delocalizat
of the excitonic wave function in MEH-PPV over approx
mately 80 Å. Diffusion across this distance in less than 1
is eliminated as a possibility. Delocalization over such d
tances implies that the exciton binding energy must be r
tively small.

II. EXPERIMENT

A. Sample preparation

The MEH-PPV/C60 blends were spin cast at 1500 rpm
obtain 2000-Å-thick films@the optical density~OD! equals 2
at peak absorption#. Blends having three concentrations
the acceptor molecule were prepared: 5 wt. %~2 mol %!, 10
wt. % ~4 mol %!, and 25 wt. %~10 mol %!. Visual examina-
tion showed that the films were of excellent optical quali

For bilayers, MEH-PPV films were first spin cast fro
dilute solutions onto sapphire substrates, followed by eva
ration of a 400-Å layer of C60. A 200-Å layer~measured with
Dektak profilometer! was cast at 4000 rpm~the measured
OD for the polymer layer was 0.2 at maximum absorptio!.

B. Instrumentation for transient absorption

The second harmonic of a regeneratively amplifi
Ti:sapphire laser ~Clark-MXR CPA 1000! provided a
400-nm ~3.1-eV! pump pulse~150-fs pulse width!. At this
wavelength~on the high-energy side of the absorption ma
mum!, the polymer absorbs strongly, while the absorpt
from C60 is much smaller. Therefore, the C60 molecules are
not excited directly by the pump in significant quantity. T
pump energy was approximately 3mJ per pulse illuminating
an area of 1 m2 at the sample plane. The intensity of th
pump beam was varied using neutral density filters. The p
toexcited sample was then probed in the near-IR with
800-nm~1.55-eV! fundamental beam.

The probe was time delayed with respect to the pump
passing the probe beam through a computer controlled d
stage before reaching the sample. The pump beam was
chanically chopped and phase sensitive~lock-in! detection
was utilized to detect the modulation in the transmitted pro
intensity. During the measurements on the bilayer struct
the pump and the probe beams were incident on the C60 layer
and reached the polymer through the C60/polymer interface.
The samples were kept in vacuum to avoid photo-oxidati
All measurements were performed with samples at ro
temperature.
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III. RESULTS

The 400-nm pump pulse caused a reduction in the tra
mitted intensity of the 800-nm probe pulse~photoinduced
absorption!. The relative change in transmissionD T/T is
directly proportional to the change in absorptionDa, where
Da5sN, with s the excited-state absorption cross sect
and N the excited-state population density. The photo
duced absorption decreases with time as a consequenc
the decay of the excited-state population.

Transient photoinduced absorption data obtained at
nm from MEH-PPV/C60 bilayers and blends are presented
Fig. 1. The incident excitation density for all data in Fig.
was N052.531019 cm23. The population decay in the
blends~solid lines! slows down as the acceptor concentrati
increases from the pure sample to the 5 wt. % blend and t
to the 25 wt. % blend. The results for the bilayer structu
correspond to the thinnest MEH-PPV film that we could p
pared. Two other films produced data that were identic
within the experimental resolution, to the data presen
here. A reasonably good overlap of the normalized de
curves of the pure MEH-PPV samples~thin and thick
samples! is observed in Fig. 1. Small differences result fro
the different substrates and the different thickness of the
samples~see Ref. 2!.

Three experimental facts emerge from Fig. 1.~i! The
presence of C60 in the vicinity of the polymer~at the inter-
face in bilayers or intermixed blends! slows down the decay
dynamics relative to the decay in the pure samples. A
consequence of the charge transfer, the excited state o
polymer/C60 system is longer lived than the excited state
the pristine parent polymer.~ii ! The quenching of the fas
component decay is evident on picosecond time scales, i
cating ultrafast charge transfer in bilayer structures~thick-
ness'200 Å!. ~iii ! The decay dynamics of the polyme
fullerene bilayer system~MEH-PPV! thickness'200 Å!
~circles! is essentially identical to the decay dynamics of t
5 wt. % homogeneous blend. With these experimental ob
vations in mind, we turn to a discussion of the nature of
excited state and the decay mechanism that leads to the
sured photoinduced absorption~PA! data.

FIG. 1. Decay dynamics for MEH-PPV/C60 blends: 0 wt. %,
solid line; 5 wt. %, dashed line; and 25 wt. %, dotted line, for a th
~200-Å! MEH-PPV monolayer, squares, and a~200-Å! MEH-PPV/
~400-Å! C60 bilayer, circles.
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IV. DISCUSSION

Diffusion of localized excitations to the interface cann
explain the observation of charge transfer in bilayers wit
the picosecond regime. The diffusion length over a dista
d can be expressed as

d25Dt, ~2!

whereD is the diffusion coefficient andt is the time. As-
sumingd'100 Å for the bilayers andt'10212 s, D would
be of order 1 cm2/s. Using Einstein’s relationm5eD/kBT,
wherem is the mobility,e is the electron charge,kB is the
Boltzmann constant, andT is the temperature, we conclud
that m'40 cm2/V s would be required. Such large diffusio
constants~and mobilities! are not possible either for charge
polarons or for neutral excitons in disordered polyme
From picosecond transient photoconductivity measureme
the charge carrier~polaron! mobility in semiconducting poly-
mers has been estimated to be11 0.5 cm2/V s. Under steady-
state conditions, the carrier mobility is much smaller.D52
31024 cm2 s21 was estimated for PPV in the nanoseco
quenching experiments4 mentioned above. Neutral excito
diffusion constants are only of order 1025– 1024 cm2 s21

even in organic single crystals.12 Therefore, in order to ex-
plain the rapid charge transfer over such long distances,
wave functions of the primary excitations must be spatia
extended over distances approaching 100 Å. In the remai
of this section, we present a detailed analysis of the de
that enables a quantitative estimate of the charge-tran
range.

There has been a considerable volume of rec
work4,13–15concerning the nature of the excited-state spec
in conjugated polymers and in particular which species c
tribute to the near-IR PA band around 800 nm. For simplic
we will assign the PA of pristine MEH-PPV at 800 nm to
single excited-state species. We denote the population of
excited state asNex. For the following discussion, the size o
the exciton binding energy is not important. Moreover, it
not relevant whether the primary excitation is emissive
nonemissive.

A number of recent papers have discussed bimolec
annihilation processes in PPV derivatives.14,16,17It was dem-
onstrated that the intensity-dependent dynamics of
excited-state absorption in PPV oligomers can be mode
by a rate equation of the form14

dNex

dt
52

Nex

t
2

b

At
Nex

2 , ~3!

where the first term represents the natural lifetime decay
the second term describes the bimolecular arising from
interaction between excitations. At low excitation densiti
the first term is dominant and the decay is exponential.
high excitation densities the second term is dominant at e
times when the excited species annihilate.18 The fast initial
decay rapidly leads to densities sufficiently low that the na
ral decay dynamics are recovered at later times. The ex
tion densities and the mean separation between excita
encountered in our experiment~see Ref. 2! fall within the
regime where Eq.~1! applies reasonably well.
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Bimolecular dynamics of the form shown in Eq.~3! ~i.e.,
with the t21/2 factor! arise in three dimensions when th
interaction between excitations arises from spatial delo
ization rather from particle diffusion.18 Particle diffusion in
three dimensions gives a nonlinear component in the
equation proportional toNex

2 ~independent of time!.18 Since
the long-range nature of the charge transfer also imp
three-dimensional~3D! interactions of the excitons and sinc
the time scales for the bimolecular decay are again too ra
for diffusion to be important, we use the form as shown
Eq. ~3!, which only accounts for annihilation by wave func
tion overlap in the 3D limit.

The early time decay dynamics for pristine MEH-PP
~the thick sample! are presented in Fig. 2. The paramete
used to fit the data are the natural lifetimet5500 ps and the
bimolecular factorb51.2310220 cm3 ps21/2. As expected,
the fast component of the population decay is reduced w
the initial excitation density decreases. The quality of the
implies that Eq.~3! ~with the t21/2 factor! can provide a
simple quantitative means to understand the intens
dependent recombination dynamics in these materials,
spite the fact that in Eq.~3! many features of decay in rea
samples are neglected~including nonexponential deca
mechanisms at low excitation densities and also the varia
of excitation density along the sample to absorption of
pump beam!. This latter effect in the bilayers results in a
excitation density at the rear of the sample approximately
times the value at the entrance face; in the bulk samples
variation along the sample is larger still. However, a mo
detailed model is not necessary to show the basic phys
features that contribute to the decay in our samples.

In the presence of C60, the excited-state absorptionDa
arises from a superposition of the remaining primary exc
tionsNexand the newly formed charge-transferred excitatio
NCT:

Da~ t,l!5Nex~ t !sex~l!1NCT~ t !sCT~l!. ~4!

The spectral dependence of each excited species is d
mined by its cross sections i .

FIG. 2. Decay dynamics for MEH-PPV at various incident e
citation densities: N05531019 cm23, squares; N052.5
31019 cm23, circles; andN05531018 cm23, triangles. The lines
represent solutions to a bimolecular decay rate equation~see the
text!.
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The physical model that describes the data follows
functional form of Eq.~4!, with the following features.~i!
The charge-transferred populationNCT is formed at times
within the experimental resolution~approximately 200
fs!.9,19 ~ii ! The magnitude ofNCT is approximately constan
in the picosecond regime.

Equation ~4! implies that the two components of th
excited-state population are not strongly interacting. Fea
~i! implies that by the time the pump beam leaves
sample, a populationNCT of charged-transferred states h
formed, leaving behind a populationNex5N02NCT of pri-
mary states on the polymer chains. This reduced ‘‘initia
population ofNex then decays via its intrinsic decay cha
nels. Feature~ii ! is valid because the forward and the reve
charge-transfer rates are highly asymmetric; while the
ward charge transfer occurs on subpicosecond times, the
time for the charge-transferred state can be up
milliseconds.8,9 Thus, during the first 10 ps, the contributio
of NCT to Da will be approximately constant.

We have shown that for pristine thin films of MEH-PP
the nonlinear decay of the primary excitationsNex can be
deduced from the intensity-dependent decay ofDa at 800
nm. In the bilayer, a fraction ofNex transfers an electron to
the C60 layer, thereby formingNCT states within 1 ps. As a
result, the bimolecular decay of the populationNex slows
down because the effective initial population is reduced re
tive to that when there is no C60 layer. In addition, the state
NCT contribute a near-constant component to the decay
namics. The general effect is a concerted slowing do
~‘‘flattening’’ ! of the PA decay. In the following, we use th
parameters derived from the fits of the dynamics in the t
layers of MEH-PPV, together with the relative magnitude
Da at 800 nm in the bilayer to deduce both the char
transfer probabilityj and the relative excited-state cross se
tion of the charge-transferred probability statesCT/sex. To
do this, we first normalize the measuredD T/T curve in the
bilayer to the value of the pristine thin film at a zero del
and we rewrite Eq.~4! in the form

DTnorm5~12j!g~ t,j!1j
sCT

sex
. ~5!

The decay functiong(t,j) in the first term of Eq.~5! is
simply the nonlinear decay obtained by integrating Eq.~2!
with the same parameterst andb used to fit the dynamics o
the primary excitationsNex in the pristine samples. The de
pendence of this decay function onj is included explicitly to
indicate the sensitivity of the bimolecular decay to the p
centage of states undergoing charge transfer, as desc
above. The second term accounts for the time-depen
contribution toD T/T from NCT; the correct magnitude fo
this second term is crucial to achieve the proper value
DTnorm at zero delay~0.82 in our measurement relative to th
pristine thin film!. The strength of the two componen
~found self-consistently! yields the relative fraction of the
two species that contribute to the excited-state absorptio
800 nm.

As shown in Fig. 3, this simple self-consistent mod
yields excellent fits to the data. The fraction of charg
transferred states extracted from the fit isj50.3860.03, with
a value ofsCT/sex50.5360.04. A corresponding fraction o
e

re
e

’

e
r-
fe-
o

-

y-
n

n
f
-
-

-
ed
nt

f

at

l
-

the polymer layer participates in the charge transfer. The
fore, we infer an effective charge-transfer range of appro
mately 80 Å from the fit in Fig. 3. This more accurate val
is consistent with the qualitative conclusion, inferred fro
the observation that charge transfer occurs in the picosec
time scale in bilayer structures~thickness'200 Å!, that the
charge-transfer range is a significant fraction of the fi
thickness.

We showed in Fig. 1 that the PA dynamics for the bilay
and for the 5 wt. % blend are almost the same, implying
similar fraction of charge-transferred species in these
cases: about 40%. The obvious trend for the MEH-PP
fullerene blends is that as the concentration of C60 increases,
a larger fraction of the primary excitation population unde
goes charge transfer in the first picosecond. However, e
at high concentrations, the efficiency of charge transfer
picosecond time scales does not reach 100%. The h
concentration limit was studied by Kraabelet al.9 in transient
PA measurements of 50 mol % functionalized fulleren
polymer blends. The data presented in Fig. 6 of Ref. 9 in
cate that even at these high concentrations some deca
observed on the picosecond time scale; the intrinsic deca
on the order of 15% of the excitations remaining on t
polymer accounts for this observed decay and implies
phase separation of the polymer/fullerene composite at h
concentrations of fullerene is the limiting factor for comple
charge transfer within the first picosecond. On longer ti
scales, of course, diffusion still plays a significant role in t
charge-transfer process, especially for composites at lo
fullerene concentrations. For example, we conclude tha
the 5 wt. % bulk blend approximately 40% of the prima
excitations undergo charge transfer in the first picoseco
However, the luminescence in these samples is quenche
more than three orders of magnitude, indicating that on ti
scales intermediate between the intrinsic forward trans
time and the radiative lifetime~10 ps–1 ns! the diffusion of

FIG. 3. Decay dynamics for thin~200-Å! MEH-PPV monolayer,
squares, and a~200-Å! MEH-PPV/~400-Å! C60 bilayer, circles. The
lines represent fits to a model involving bimolecular decay of p
mary excitations in the MEH-PPV and a constant contribution fr
long-lived charge-transferred states~see the text!.
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excitations to find acceptor sites is the dominant decay ch
nel for the remaining excitations on the polymer.

V. SUMMARY AND CONCLUSIONS

Time-resolved photoinduced absorption experiments
MEH-PPV/C60 bilayers and on composites of various co
centrations showed that the presence of C60 slows down the
picosecond decay dynamics relative to the decay in the p
samples. As a consequence of the charge transfer, the ex
state of the polymer/C60 system is longer lived than the ex
cited state of the pristine parent polymer. The fact tha
large fraction of excited states undergo charge transfe
bilayer structures implies that the charge-transfer range
significant fraction of the film thickness. This conclusio
holds true regardless of the model used to interpret the d

In order to obtain more quantitative results, a model w
developed that assumes that the PA dynamics results
two noninteracting species, the primary excitations and
charge-transferred states. Charge transfer occurs in less
1 ps. The primary excitations follow bimolecular decay d
namics, while the charge-transferred states are longed li
Based on this model we conclude that in the bilaye
38~63!% of the initial photoexcitations on the polymer u
dergo ultrafast charge transfer. A similar fraction of the i
tial photoexcitations are charge transferred in the 5 wt
blends. The ratio of excited-state absorption cross section
the charge-transferred state to the polymer excited stat
800 nm issCT/sex50.5360.04. Diffusion of localized exci-
tations to the interface cannot explain the observation
charge transfer in bilayers within the picosecond regime;
required diffusion constants for charged polarons or for n
tral excitons would be too large by at least two orders
magnitude. In order to explain the rapid charge transfer o
such long distances, the wave functions of the primary e
tations must be spatially extended over approximately 80
c
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McBranchet al. showed20 that for thin films, spin cast a
high rpm, the polymer chains are arranged primarily para
to the substrate. In the bilayer structures, the MEH-P
layer was thin~200 Å! and was spin cast at 4000 rpm, im
plying that the delocalization length estimated in this work
primarily transverse to the polymer chains. A quasi-thre
dimensional wave function, extended over 80 Å for the p
mary excitations of the luminescent polymers, is in agr
ment with the 100-Å localization length found from studi
of the metal-insulator transition in conducting polyme
~polyaniline and polypyrrole!.21,22

The inferred spatial extent of the wave function of 80 Å
larger than the value of 30 Å~5 monomers! often quoted for
PPV ~Refs. 23 and 24! and would imply spatial delocaliza
tion over approximately 13 monomers. The persisten
length for MEH-PPV has been estimated25 to be 60 Å ~in
solution!; this would be a lower bound for delocalized
weakly interacting polarons. The large spatial spread of
primary excitations inferred from the present measureme
implies a weak binding energy between the charged polar
~‘‘electrons and holes’’!, i.e., 0.05–0.1 eV, or a few time
kT.
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