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Ultrafast detection of charged photocarriers in conjugated polymers
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Institute for Polymers and Organic Solids, University of California, Santa Barbara, Santa Barbara, California 93106

~Received 2 September 1999!

Ultrafast measurements of transient excited-state absorption in the spectral region spanning the infrared-
active vibrational active~IRAV ! modes in the prototypical luminescent polymers, poly~phenylene vinylene!
~PPV! and poly@2-methoxy-5-~2-ethyl-hexyloxy!-~phenylene vinylene!# ~MEH-PPV!, reveal charge carrier
generation within 100 fs after photoexcitation. The photocarrier quantum efficiency in MEH-PPV isf0'0.1 in
zero applied electric field. There is no correlation between the temporal behavior of the photoinduced IRAV
signals and the exciton lifetime. Thus, carriers are photoexcited directly and not generated via a secondary
process from exciton annihilation. Comparison of the recombination dynamics in MEH-PPV and PPV dem-
onstrates the importance of the strength of interchain interaction on the carrier recombination dynamics. The
quantum efficiency is the same (f0'0.1) when the system is pumped either at photon energies well above the
first p-p* transition~at 267 nm, 4.7 eV! or when pumped into the firstp-p* transition~at 400 nm, 3.1 eV!.
The carrier lifetime, however, increases at the higher photon energy, providing a natural explanation for the
increase in the photoconductivity at photon pump energies above 3 eV.
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INTRODUCTION

Although the onset of steady-state photoconductivity
incides with the onset of absorption in PPV and its solu
derivatives, it has been known for some time that there
large increase in the magnitude of the photoconductive
sponse at higher energies~typically above approximately 3
eV!. Chandrosset al.1 used the separation between the on
of absorption and the onset of this higher energy photoc
ductive response to infer an exciton binding energy of
proximately 1 eV. More recently, Ko¨hler et al.2 presented an
experimental study of the steady-state photoconductivity
tion spectrum coordinated with quantum chemical calcu
tions of the wave functions of higher lying excited states i
model oligomer@i.e., states at energies above the low
(1Bu) excited state#. They noted two points:

~1! Their measurements showed that when C60 is added in
quantities of approximately 1:1 per polymer repeat un
the magnitude of the sensitized photoconductivity3 near
the onset of the lowestp-p* transition becomes com
parable to that observed in the pure polymer at pho
energies above 3 eV.

~2! Quantum chemical calculations for the model oligom
showed that there are higher lying excited states~at ;5.6
eV! in which there is a higher probability of finding th
electron and hole separated by a few phenyl rings. Th
states correspond to excitations polarized in the plan
thep network with strong contributions perpendicular
the chain axis. The more ‘‘delocalized’’ character
these higher excited states~with higher probability of
intrachain spatial separation between the electron
hole than in the 1Bu state! was identified as being o
principal importance. Their model is based on the co
parison of these calculations with the photoconductiv
action spectra of MEH-PPV and heavily dope
MEH-PPV/C60 composites; both systems exhibit an i
crease of the photocurrent at photon energies abov
eV.
PRB 610163-1829/2000/61~14!/9373~7!/$15.00
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Quite generally, however, photoconductivity is propo
tional to the product ofNcmt, whereNc is the density of
photoinduced charge carriers,m is the mobility, andt is the
carrier lifetime.3 Note thatNc5f0nph wheref0 is the quan-
tum efficiency~QE! for photogeneration of charge carrier
nph5Ia/hn, I is the incident flux of the pump beam
~intensity/cm2!, a is the absorption coefficient of the pum
beam, andhn is the photon energy. Thus, in order to dedu
Nc , one needs to know the detailed behavior oft andm at
various photon energies. Moreover,Nc , m, andt are all time
dependent. Thus, steady-state photoconductivity meas
ments such as those reported by Ko¨hler et al.2 are inherently
difficult to interpret.

We have utilized an approach for directly measuring
density of photoinduced charge carriers in semiconduc
polymers at subpicosecond times~100 fs temporal
resolution!.4 This is accomplished by transient photoinduc
absorption~PIA! measurements, pumped in the visible a
probed in the 6–10mm spectral region which spans the in
frared active vibrational~IRAV ! modes in conjugated poly
mers. This approach opens a unique window to the car
generation process since it directly probes the carrier den
Once Nc is known, the mobility in the subnanosecond r
gime~and its dependence on temperature, external field, e!
can be determined from the photoconductivity.

When introduced onto the backbone of a conjugated po
mer either by chemical doping or photoexcitation, charg
carriers ~solitons, polarons, or bipolarons! break the local
symmetry and thereby transform the even parity Ram
active vibrational modes into odd-parity infrared-acti
modes~IR vibrational modes!.5,6 Consequently, the IRAV
modes are distinguished from the ‘‘normal’’ IR-active mod
by being in 1:1 correspondence with the strongest Ram
active modes of the polymer backbone, as observed in r
nant Raman scattering.5,6 Because the IRAV modes ar
turned on by local charges, the strength of the IRAV abso
tion provides a probe for the carrier density generated ei
by chemical doping or photoexcitation.
9373 ©2000 The American Physical Society
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On the contrary, since neutral bound states of an elec
and a hole have zero net charge at any point, photogener
of neutral excitons do not lead to photoinduced IRA
modes. Indeed, as discussed in the next section, there is
experimental evidence that neutral excitons do not contrib
to the IRAV signals.

Using transient, photoinduced IRAV mode absorpti
measurements, pumped in the visible and probed with 10
temporal resolution, we demonstrate a relatively large qu
tum efficiency for photogeneration of charged carriers
MEH-PPV, f0'0.1. Although the initial quantum efficien
cies for charge generation are approximately the sam
PPV and MEH-PPV, the carrier decay rate is much faste
MEH-PPV, implying thatt is sensitive to the strength of th
interchain coupling. We find that the initial density of ph
togenerated carriers is insensitive to the pump energy;
quantum efficiency is the same (f0'0.1) when the system
is pumped either at photon energies well above the
p-p* transition~at 267 nm, 4.7 eV! or when pumped into
the first p-p* transition ~at 400 nm, 3.1 eV!. The carrier
lifetime, however, increases at the higher photon energy

These findings indicate that charged carriers~positive and
negative polarons! are primary photoexcitations, and sugge
a simpler alternative explanation for the increase in the p
toconductivity at high photon energies: From the point
view of a conjugated chain in a higher excited state, nei
boring chains appear as ‘‘acceptors.’’ The situation is sim
to the photoinduced electron transfer from a conjuga
chain in the first excited state to a nearby C60 molecule7,8 In
this case, however, the specific conjugated chain excited
higher level acts as a ‘‘super-donor’’ to the neighbori
chains. As a result, ultrafast interchain charge transfer is
nificantly enhanced at high photon energies, leading
longer carrier lifetime and thereby to the observed incre
in the photoconductivity above 3 eV in PPV and its solub
derivatives.1,2 Thus, while the onset of enhanced photoco
ductivity above 3 eV has a natural explanation in terms
reduced carrier recombination because of interchain ch
separation, the onset of the photogeneration of charge c
ers coincides with the onset of the lowestp-p* interband
absorption.

Finally, we note that the observation of photoinduc
IRAV at 100 fs after photoexcitation confirms the ultrafa
formation of polarons predicted nearly 20 years ago by
and Schrieffer.9

PHOTO-INDUCED IRAV MODE MEASUREMENTS: A
DIRECT, ALL-OPTICAL, ULTRAFAST PROBE

OF THE CHARGE CARRIER DENSITY

The utilization of photoinduced IRAV modes for measu
ing photocarrier density was reported by Mizrahiet al. for
MEH-PPV/C60.

10 With a temporal resolution on the order o
100 ps, they demonstrated PIA with the spectral signatu
of the IRAV modes, identical to those observed in stea
state experiments. We have extended this initial work
probing the photocarrier density via PIA measurements
the IRAV spectral region with significantly higher tempor
resolution ~100 fs!, by measuring the photoinduced IRA
signals in pristine samples of PPV and MEH-PPV, and
determiningf0 from the ratio of the signals obtained in pri
n
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tine MEH-PPV and the MEH-PPV/C60 composite.4

In doped conjugated polymers, the strength of the IRA
modes is proportional to the doping level. Upon photoex
tation of pure semiconducting polymers,11 there is a one-to-
one correspondence between the photoinduced IRAV mo
~steady-state and transient! and the doping-induced IRAV
modes of the same polymers.6,9,11 Thus, the strength of the
photoinduced IRAV modes is directly proportional to th
density of photogenerated charge carriers on the poly
chain. These experimental observations in conjunction w
the detailed theoretical work of Horovitz and others5,6 have
established the mechanism by which charged carriers ge
ate the IRAV modes.

Based upon this detailed theoretical understanding of
origin of the IRAV modes, one concludes that neutral ex
tons do not generate IRAV absorption because electron-
bound states have zero net charge everywhere. Experim
results are consistent with this observation. In MEH-PP
for example, we find that the lifetime of the photoinduc
IRAV modes and the exciton lifetime are different; th
IRAV lifetime is more than an order of magnitude short
than the lifetime of the neutral excitons as inferred from t
photoluminescence decay time.7

When mixed with acceptors such as C60, conjugated poly-
mers~e.g., PPV, MEH-PPV, etc.! undergo ultrafast photoin
duced electron transfer with an associated increase in
PIA ~both, steady-state and transient!7 and the
photoconductivity8 signals, and with an associated decrea
in the photoluminescence.7 As expected for photoinduce
electron transfer, the strength of the photoinduced IRA
modes is proportional to the concentration of C60 in
polymer/C60 composites. These observations provide dir
experimental evidence that neutral excitons do not gene
IRAV mode absorption. If excitons did generate IRAV mod
absorption, addition of C60 would reduce the strength of th
photoinduced IRAV modes, since the exciton density
quenched by efficient photoinduced electron transfer. In c
trast, a significant increase in the IRAV mode PIA signal
measured upon addition of C60.

We conclude that the strength of the photoinduced IRA
mode absorption provides a direct, all-optical, ultrafast pro
to the charge carrier density at the short-time scalest
,100 fs) typical of carrier thermalization in disordere
semiconductors.

PHOTOINDUCED IRAV MEASUREMENTS: DETAILS
OF THE EXPERIMENTAL METHOD

An amplified Ti-sapphire laser system, equipped with
optical parametric amplifier~OPA!, was used to produce 10
fs pulses at a repetition rate of 1 KHz. The modified Spec
Physics OPA system~shown in Fig. 1!, pumped by the am-
plified oscillator atvpump, generates idler and signal beam
with photon frequenciesv i and vs , where vpump5v i
1vs . These two beams were mixed in a nonlinear crys
(AgGaSe2) to generate a beam atvprobe5vs2v i ,12 tuned to
the desired probe beam frequencyv IRAV in the 6–10mm
range. The probe pulse bandwidth was approximately 0
eV, consistent with that expected from the Fourier transfo
of the short pulses. For the pump beam, we used the fun
mental laser beam at 800 nm, its second harmonic at 400
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PRB 61 9375ULTRAFAST DETECTION OF CHARGED . . .
and its third harmonic at 267 nm.
The probe pulse was tuned to the IRAV frequencies

determined by Mizrahiet al.10 for MEH-PPV/C60. Although
the intrinsic bandwidth of the 100 fs pulses~Dl;1 mm, for
l between 6 and 10mm! prevented accurate determination
the IRAV spectrum, the PIA signals resulted from photo
duced enhancement of the IRAV bands; see Ref. 10~to re-
solve the sharp features in the IRAV spectrum requires p
widths .1 ps!. In our experiments, PIA was detected on
whenvprobe was tuned to the IRAV modes~around 7 and 9
mm!; there was no detectable signal when probed in the
but well away from the IRAV modes~e.g., at wavelengths
shorter than 5mm!.

Measurements were taken on free-standing~15 mm thick!
stretched-aligned PPV~draw ratio of 1/1054), on films of
MEH-PPV ~40 mm thick! and on two MEH-PPV/C60 blends
~10% and 50% C60 by weight with thickness of 2 and 12mm,
respectively!. The MEH-PPV and MEH-PPV/C60 films were
prepared by drop-casting onto KBr substrates. In orde
produce more homogeneous MEH-PPV/C60 blends, we used
the soluble derivative of C60, 1-~3-methoxycarbonyl!propyl-
1-phenyl@6,6#C61.

DETERMINATION OF THE QUANTUM EFFICIENCY
FOR PHOTOGENERATION OF CHARGE CARRIERS

Photoinduced IRAV mode absorption in MEH-PPV/C60
confirms charge transfer in less than 100 fs. Ultrafast e
tron transfer from the photogenerated excited state of P
~and its soluble derivatives! to C60 occurs because the lowe
energy unoccupied state in C60 lies within the energy gap an
because energy can be conserved in the charge-transfer
cess by promoting the hole left behind to a higher ene
state within the relatively broadp band of the semiconduct
ing polymer.13 Because of the ultrafast charge transfer,
quantum efficiency~QE! for charge separation and charg
carrier generation in MEH-PPV/C60 approaches unity, con
sistent with the quenching of the photoluminescence7,8 and
the enhancement of the photoconductivity in blends cont
ing C60.

8

s

-

e

R

to

c-
V

ro-
y

e

-

Thus, the QE for photogeneration of charge carriers in
semiconducting polymer can be determined from the ratio
the photoinduced IRAV signals from MEH-PPV an
MEH-PPV/C60. Additionally, by comparing the photoin
duced IRAV signals in PPV~where there are no side chain!
and MEH-PPV~where the side chains introduced for im
proved solubility reduce the strength of the interchain ho
ping interaction!, we demonstrate the sensitivity of the ra
of carrier recombination to the strength of interchain inter
tions.

In stretch-aligned PPV samples, the photoinduced in
red absorption~in the IRAV spectral range! is polarized
along the chain axis as expected for photoinduced IR
modes. Because of the complete absorption of light polari
perpendicular to the orientation axis in the thick PP
samples~15 mm thickness!, the photoinduced IRAV absorp
tion is independent of the polarization of the pump beam

When pumped at 800 nm, the dependence of the P
signal strength on light intensity~I! in stretched aligned PPV
is quadratic, as shown in the inset of Fig. 2. Since the ex
tation is via two-photon absorption, theI 2 dependence of the
PIA indicates a linear dependence of the PIA signal on
carrier density.

Figure 2 shows the PIA wave form as obtained from P
when excited at 800 nm and probed at 7mm. The PIA re-
sponse is limited by the system temporal resolution,;100 fs.
Figure 3 depicts the PIA risetime in PPV, where the so
curve represents a step function convoluted with a Gaus
with 100 fs full width at half maximum. A fast initial PIA
decay due to mono- and bimolecular recombination~identi-
fied from the variation of the PIA wave form at variousI! is
followed by a longer-lived exponential decay witht
5250 ps. While the PIA decay rate might be expected
increase at higherI ~due to bimolecular recombination a
high carrier densities!, the peak photoinduced IRAV signa
observed in our experiments is linear withI.

Figure 4 compares the photoinduced IRAV signal o
tained from MEH-PPV to that obtained from MEH-PPV/C60
~50% C60, by weight! when pumped with identical intensit
at 800 nm and probed at 7mm. Similarly, Fig. 5 compares
d
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d

t

e
the
ed
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FIG. 1. Schematic diagram of the modifie
Spectra Physics OPA system used for generat
the pump and probe beams for the photoinduc
IRAV measurements; the output of an amplifie
Ti-sapphire laser~at 800 nm! serves as the inpu
to the OPA; AgGaS2 is the difference-frequency
mixing crystal used for generating the prob
beam; the harmonic generator unit prepares
harmonics of the signal or idler beams, to be us
as the pump beam; BS 1,2 are beam splitters;
1–4 are high reflectors for 800 nm, WLR 1–3 a
white-light reflectors;D 1–4 are dichroic mirrors;
R 1,2 are output reflectors.



t 9

th
H

l t
a
b

im
ns

o

vi

dary

a
ar

am

am
ity

t
,

,

ted
n
es

and

s,

s
a

a

he
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the PIA responses in MEH-PPV and MEH-PPV/C60 ~10%
C60, by weight!, when pumped at 400 nm, and probed a
mm.

The short rise time sets an upper bound of 100 fs for
onset of the carrier generation process in PPV and ME
PPV and for electron transfer from MEH-PPV to C60.

8 Since
the strengths of the IRAV mode signals are proportiona
the density of carriers, these short rise times imply ultraf
carrier generation and polaron formation at times smaller
more than three orders of magnitude than the exciton lifet
(t;300 ps).14 Thus, any branching of the photoexcitatio
into the carrier and exciton channels occurs att,100 fs,
most likely before the completion of the thermalization pr
cess.

The absence of correlation between the temporal beha
of the photoinduced IRAV signals from MEH-PPV~see
Figs. 4 and 5! and the exciton lifetime~as determined by the

FIG. 3. Fast PIA risetime in PPV; the solid curve represent
step function convoluted with a Gaussian with 100 fs full width
half maximum.

FIG. 2. The measured PIA wave form in PPV when pumped
800 nm via two photon absorption and probed at 7mm; the inset
shows the quadratic PIA dependence on light intensity w
pumped at 800 nm.
e
-

o
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decay of the photoluminescence! implies that carriers are
photoexcited directly and not generated through a secon
process from exciton annihilation~e.g., from interaction with
impurities, defects, etc.!. Moreover, carrier generation vi
exciton-exciton interaction is not consistent with the line
dependence of the carrier density on light intensity.

The strength of the prompt PIA signal, PIA~0!, is propor-
tional to the charge carrier density along the probe be
path. Thus, att50; PIA~0!52DT/T;sNc(0)d for smalla
~relevant to pumping at 800 nm, at which the pump be
traverses the sample almost without a reduction in intens!,
or PIA~0!52DT/T;sNc(0)/a for large a ~relevant to
pumping at 400 nm!, whereNc(0) is the carrier density a
t50, s is the cross section of the IRAV absorption bandsa
is the absorption coefficient of the pump beam, andd is the
sample thickness. Thus,

PIA~0!MEH-PPV/PIA~0!MEH-PPV /C60

}Nc~0!MEH-PPV/Nc~0!MEH-PPV /C60
. ~1!

From the data in Fig. 4, Nc(0)MEH-PPV
/Nc(0)MEH-PPV/50% C60

50.3 and from the data in Fig. 5

Nc(0)MEH-PPV/Nc(0)MEH-PPV/10% C60
50.32. Thus, in pristine

MEH-PPV, the initial charge carrier density, photogenera
in t,100 fs in zero field, is smaller by only a factor of 3 tha
in MEH-PPV/C60 where the quantum efficiency approach
unity.7,8

To determine f0 from the measured ratioR
5N(0)MEH-PPV/N(0)MEH-PPV/C60

, one must correct for the
following: ~1! The volume fractiong of MEH-PPV which
was replaced by C60 in the MEH-PPV/C60 composite reduces
the number of photons absorbed by the conjugated chain
thus reduces the carrier densityN(0); ~2! The probabilityf
of electron transfer from the polymer to C60 changesN(0) in
the MEH-PPV/C60 composite. Including these correction
we obtain

R52f0 /$~12g!@f01f0~12 f !1 f ~12f0!#%;

thus,

a
t

t

n

FIG. 4. Comparison of the PIA wave form in MEH-PPV~d!
and MEH-PPV/C60 ~50% C60, by weight! ~m!, when pumped at the
same light intensity at 800 nm and probed at 7mm.
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f05R@~12g! f /2#/@12R~12g!~12 f !#. ~2!

Equation~2! accounts for the contribution to the PIA sign
in the MEH-PPV/C60 composite of fractionf0 of holes di-
rectly excited along the polymer chain, the remaining fra
tion f0(12 f ) electrons directly excited on the polyme
chain, which in blends with a relatively small concentrati
of C60 did not undergo a charge-transfer reaction, and
fraction (f @12f0#) of holes left on the MEH-PPV chain
following the charge-transfer reaction from excited sta
which do not yield free carriers. In MEH-PPV/50% C60, f
'1, andg50.26. Thus, from the data in Fig. 4,f0'0.1. For
the 10% blend,f '0.5 as inferred from the concentratio
dependence of the photoconductivity,8 andg'0 since nearly
all of the 400 nm pump light is absorbed in the polym
Thus, from the data in Fig. 5,f0'0.1. The two values ob
tained from samples with different concentrations of C60 and
using two widely different pump frequencies~one involving
a directp-p* transition and the other involving two-photo
absorption! are in agreement.

The relatively large value off0 implies significant delo-
calization of the excited-state wave functions. Coval
bonding and the associated short intrachain bond len
lead to relatively largep-electron overlap integrals an
broadp andp* bands. As a result, even in disordered film
cast from solution, there is a relatively high probability th
the electron-hole separation in a geminate pair will be su
cient to prevent geminate recombination.

INTERCHAIN INTERACTIONS

Comparison of the temporal evolution of the photo
duced IRAV signals in PPV~Fig. 2 and Fig. 3! and MEH-
PPV ~Figs. 4 and 5! reveals that the initial decay depends
the strength of the interchain interaction~there are no func-
tional groups to separate the main chains in PPV!. The t
;250 ps decay time obtained for oriented PPV is sim
to that deduced from transient photoconductiv
measurements.15 In disordered films of MEH-PPV where th

FIG. 5. Comparison of the PIA wave form in MEH-PPV~d!,
magnified by a factor of 3.2, and MEH-PPV/C60 ~10% C60 by
weight! ~m! when pumped at the same light intensity at 400 nm a
probed at 9mm.
-

e

s

.

t
hs

t
-

r

side chains reduce the interchain interaction,f0 remains
large (f0'0.1), but the photocarrier density decays with
10–15 ps~see Figs. 4 and 5!. Thus, interchain hopping
tunneling enhances the spatial extent of the wave functi
and reduces the probability of early time recombinatio
Note that ‘‘early time’’ recombination and ‘‘geminate’’ re
combination are not the same; e-h pairs which undergo ge
nate recombination do not contribute to the current.

These observations are consistent with the photocond
tivity data. The longer carrier lifetimes in PPV an
MEH-PPV/C60 enhance the photoconductive response. T
fast carrier recombination in MEH-PPV reduces the mag
tude of the transient photoconductivity measured at la
times~;100 ps! when most of the photocarriers have alrea
recombined.3,15

DEPENDENCE OF f0 ON THE PHOTON ENERGY

In Fig. 6, we present a comparison of the PIA in MEH
PPV measured at two different pump wavelengths, 400
~3.1 eV, into the lowestp-p* interband transition! and 267
nm ~4.7 eV, into a higher lying excited state! and probed at 7
mm. Normalizing the data to equal pump intensity, we fi
that the magnitude of the ultrafast photoinduced IRAV
sponse is insensitive to the pump photon energy;f0'0.1 at
the two photon energies. There is, however, a significan
longer carrier lifetime when pumped at 4.7 eV compared
that at 3.1 eV.

Thus, in contrast to models for the carrier generation t
predict that the quantum efficiency should depend upon
photon energy~e.g., the Onsager model!,16–18the data in Fig.
6 show that varying the pump photon energy from 3.1 to
eV does not changef0 . We interpret the longer lifetime for
carriers photogenerated at 4.7 eV as arising from the hig
probability of interchain charge separation when the pho
carriers are generated at a sufficiently high energy that
specific conjugated chain excited to a higher level acts a
‘‘super-donor’’ to the neighboring chains. As a result, u

d

FIG. 6. The PIA signals in MEH-PP, normalized to equal lig
intensity, pumped at 400 nm~3.1 eV, squares! and 267 nm~4.7 eV,
circles! and probed at 7mm.
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9378 PRB 61DANIEL MOSES, ARTHUR DOGARIU, AND ALAN J. HEEGER
trafast interchain charge transfer is significantly enhance
high photon energies, leading to enhanced carrier deloca
tion and to longer carrier lifetime. The enhanced carrier
localization is expected to result in an increase in the car
mobility when pumped at 267 nm as well.

The data in Fig. 6 imply a straightforward explanation f
the increase in the photoconductive response above 3 e
MEH-PPV. Since the steady-state photoconductive respo
is proportional to the (f0mt) product, the data in Fig. 6
imply that this increase originates from the dependence
the carrier lifetime and possibly the mobility, rather thanf0 ,
on the photon energy. Such an increase of the carrier lifet
and mobility when pumped at higher photon energies is c
sistent with the observation that the increase in the stea
state photoconductivity above 3 eV seen in MEH-PPV p
sists also in MEH-PPV/50% C60,

2 a system for which the
charge carrier QE approaches unity.

The sensitivity of the rate of recombination of carriers
the probability of interchain hopping is consistent with t
larger carrier lifetime found in PPV compared to that
MEH-PPV. Thus, the onset of enhanced photoconducti
above 3 eV has a natural explanation in terms of redu
carrier recombination because of interchain charge sep
tion.

CONCLUSION

Ultrafast photoinduced IRAV absorption measureme
have enabled direct determination of the initial quantum
ficiency for photogeneration of charge carriers. The data
veal photogeneration and thermalization of charged carr
and the formation of polarons, and confirm the ultraf
~,100 fs! electron transfer in MEH-PPV/C60 blends. The
initial quantum efficiency for photogeneration of charg
carriers in MEH-PPV,f0'0.1, is comparable to the quan
tum efficiency for photoluminescence. The absence of co
lation between the fast photogeneration of charge carr
~,100 fs! and the exciton lifetime (tex;300 ps), and the
linear dependence of the carrier density on pump intens
rd

as
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indicate that carriers are directly photogenerated. Comp
son of the recombination dynamics in MEH-PPV and PP
demonstrates the sensitivity of the initial carrier recombin
tion processes to the magnitude of interchain interactio
higher carrier lifetime is correlated with higher probabili
for interchain hopping.

The quantum efficiency for carrier generation in MEH
PPV is the same (f0'0.1) when the system is pumped e
ther at photon energies well above the firstp-p* transition
~at 267 nm, 4.7 eV! or when pumped into the firstp-p*
transition~at 400 nm, 3.1 eV!. The carrier lifetime, however
increases at the higher photon energy, providing a sim
explanation for the increase in the photoconductivity wh
pumped at photon energies above 3 eV. The longer lifet
arises from interchain charge separation and indicates
important role of interchain coupling on the carrier recom
nation dynamics.

The relatively large quantum efficiency for photogene
tion of charged carriers measured in zero applied field,
independence of the quantum efficiency on photon ene
above 3 eV, the independence of the quantum efficiency
temperature, and the ultrafast photogeneration process a
inconsistent with the predictions of traditional exciton-bas
models of carrier generation that have been proposed
conjugated polymers~e.g., the Onsager model!. The data in-
dicate that charged carriers are primary photoexcitations
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