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We have investigated the eftect of photoinduced electron transfer on the photoconductivity (PC) of
conducting polymer-C6& films by comparing the photoconductivity (carrier generation and carrier trans-

port) of the conducting polymer sensitized with C6p with that of the conducting polymer alone. We
present time-resolved transient PC results, subnanosecond to 0.5 ps, obtained from poly[2-methoxy, 5-

(2'-ethyl-hexyloxy)-p-phenylene vinylene] (MEH-PPV) and poly(3-octylthiophene) (P3OT), and from
conducting polymer films sensitized with several concentrations of C6p. Both the magnitude and the life-

time of the transient PC increase substantially on increasing the concentration of C6p. The results imply
that quantum efficiency for photogeneration of charge carriers is increased by photoinduced electron
transfer and that early time recombination is inhibited by the spatial separation of the electron and hole
on the C6p and the conducting polymer, respectively. The greater enhancement of the transient PC in
MEH-PPV (nearly two orders of magnitude with the addition of a few percent of C6p) than in P3OT
(nearly one order of magnitude with the addition of a comparable amount of C6o) suggests a higher prob-
ability of early time recombination in pristine MEH-PPV. As a result of the enhancement in the photo-
generation efficiency and the carrier lifetime, the spectral response of the steady-state PC in both MEH-
PPV/C6p and P3OT/C6p films is significantly enhanced throughout the entire spectral range from the
near infrared to the ultraviolet.

I. INTRODUCTION

Evidence for the photoinduced electron transfer from
the excited state of poly [2-methoxy, 5-(2'-ethyl-
hexyloxy)-p-phenylene vinylene] (MEH-PPV) onto C6o,
has been reported. ' Photoinduced absorption (PIA)
studies demonstrate a different excitation spectrum for
the composite compared to that for the separate com-
ponents, and the photoinduced electron resonance signal
exhibits the spin-labeled signatures of both the conduct-
ing polymer cation and the C6o anion. The quenching of
the photolurninescence of MEH-PPV by electron transfer
onto C6o provided an estimate of the transfer rate ( ) 10'
s ') (Refs. 1 and 2) which was subsequently confirmed by
direct time-resolved measurements. The ultrafast charge
transfer implies a high quantum efficiency; since charge
transfer occurs nearly 10 times faster than any cornpet-
ing process, the quantum efficiency should be order unity.
The implication of high quantum efficiency for charge
transfer and charge separation stimulated the fabrication
of donor-acceptor thin-film heterojunction diodes and
photovoltaic cells.

The C6~ molecule is an acceptor capable of taking on as

many as six electrons. As a relatively good acceptor,
C6~ forms charge-transfer salts with alkali metals; these
compounds are conductors and exhibit superconductivi-
ty with relatively high temperatures. Conducting poly-
mers have relatively broad n (valence) and m' (conduc-
tion) bands, and they can be doped over the full range
from insulator to metal. ' '" Although these materials are
typically weak donors, semiconducting polymers can be
synthesized with a range of ionization potentials and elec-

tron affinities by controlling the energy gap and elec-
tronegativity through molecular design and directed syn-
thesis. ' '

Conducting polymers such as MEH-PPV and poly(3-
octylthiophene) (P3OT) are sufficiently weak donors that
charge transfer to C6p does not occur in the ground state;
the conducting polymer and C6p form a neutral donor
(D)-acceptor ( A) complex. The optical absorption spec-
trum of the MEH-PPV/C6o composite is a simple super-
position of the two components, implying relatively weak
mixing of the ground-state electronic wave functions.
For P3OT, a change in the absorption spectrum is ob-
served upon adding C6&, indicating significant mixing of
the P3OT and C6~ ground-state electron wave functions
with weak charge transfer in the ground state. ' In nei-
ther case, however, is the ground state truly ionic (D+-
A ).

After photoexcitation of the conducting polymer with
photon energy greater than the m.-~' gap, electron
transfer to the C6& molecule occurs in (10 ' s. ' The
evolution from the photoexcited state of the D-3 corn-
plex to free separated charge carriers is somewhat com-
plex. Photoinduced charge transfer depends on the ion-
ization potential (I ~) of the excited state of the donor,
the electron affinity (A~ ) of the acceptor, the Coulomb
energy ( Uc) of the separated ions (including polarization
effects, i.e., dielectric relaxation of the molecular environ-
ment to stabilize the charge separation), and structural
relaxation of the polymer backbone due to electron-
lattice coupling. Photoinduced electron transfer cannot
occur unless these quantities satisfy the following in-
equality I +

—A„—Uc (0. Charge separation can be
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stabilized by carrier delocalization and by structural re-
laxation.

Free charge-carrier generation, facilitated by charge
separation in the excited state, should result in
significantly enhanced photoconductivity (PC). By in-
ducing electron transfer from the photoexcited ~' band
of the semiconducting polymer, the C60 serves to sensitize
the photoconductive response. This sensitization should
be particularly effective if the transfer rate is fast enough
to be competitive with the mechanism(s) for early time
recombination of photoexcited electrons and holes in the
conducting polymer.

We have therefore, investigated the effect of photoin-
duced electron transfer on the photoconductivity of con-
ducting polymer-C60 films by comparing the PC of the
conducting polymer sensitized with C60 with that of the
conducting polymer alone. Time-resolved transient PC
results, subnanosecond to 0.5 ps, obtained from MEH-
PPV and P3OT and from conducting polymer films sensi-
tized with several concentrations of C60 demonstrate that
both the magnitude and the lifetime of the transient PC
increase substantially on increasing the concentration of
C60. Photoinduced electron transfer dramatically in-
creases the quantum efficiency for photogeneration of
charge carriers. Moreover, recombination is inhibited by
the spatial separation of the electron and hole (on the C60
acceptor and on the conducting polymer donor, respec-
tively). The enhancement of the transient PC is greater
in MEH-PPV (nearly two orders of magnitudes with ad-
dition of a few percent of C60) than in P3OT (nearly one
order of magnitude with addition of a comparable
amount of C60) suggesting that the probability of early
time recombination is higher in pristine MEH-PPV than
in pristine P3OT. Because of the increased quantum
yield and the increased carrier lifetime, the spectral
response of the steady-state PC in both MEH-PPV/C60
and P3OT/C60 composites shows significantly enhanced
PC from the near infrared to the ultraviolet, compared
with that of the conducting polymer alone. The tempera-
ture dependence and light intensity dependence are inves-
tigated for both transient and steady-state PC to study
the dynamics of charge carriers.

II. EXPERIMENTAI. METHODS
AND CHARACTERIZATION OF MEH-PPV/C6o

AND P3OT/C6o FII.MS

Thin films were prepared by drop casting or spincast-
ing from solution onto alumina substrates for the photo-
conductivity measurement and onto glass substrates for
the optical-absorption measurement. The synthesis and
properties of MEH-PPV and P3OT have been described
in earlier publications. '"'

C60 powder was purchased in
high purity (99.99%) from Polygon Enterprises.

The MEH-PPV/C60 mixture solutions (1,5, and 50%
C«& solutions) were prepared by dissolving MEH-PPV
and C60 in toluene in an appropriate weight ratio. The
procedures for preparation of the P3OT/C60 mixture (5
wt% C60) solutions have been described in detail previ-
ously. The nominal C60 concentrations are specified as
the wt%%uo in the conducting polymer. The composite

films are not as uniform as the films of the pure conduct-
ing polymer due to segregation of the less soluble C60
component.

Optical-absorption spectra were measured by transmis-
sion through thin films at room temperature using a Per-
kin Elmer Lambda 9 Spectrophotometer. Samples for
the photoconductivity measurement were mounted onto
the cold finger of a Helitran cryostat, and measurements
were carried out in the temperature ranges from 300 to
81 K under a vacuum of less than 10 Torr.

The transient PC data were taken using the Auston
microstripline-switch technique. ' The microstripline
gold electrodes were deposited on top of the sample
(which was cast on an alumina substrate), leaving a gap of
200 pm between 600 pm-wide microstriplines. A gold
backplane was deposited onto the back surface of the
alumina substrate to form a transmission line with 50-0
impedance and with a frequency response over 100 GHz.
Details of the transient PC measurement using the
Auston-switch transmission line configuration can be
found in earlier publications. ' ' One side of the micro-
strip was biased with 200 V, and the other side was con-
nected to an EG%G PAR 4400 boxcar system fitted with
a Tektronix S-4 sampling head. The boxcar was trig-
gered with the light pulse via a photodiode. Excitation
pulses were obtained from a PRA LN105A dye laser
pumped with a PRA LN1000 N2 laser operated at a re-
petition rate of 3—5 Hz. The pulse width was approxi-
mately 20—30 ps and the typical pulse intensity was
about 2 pJ/pulse at fico=2. 92 eV (425 nm). The overall
temporal resolution of the detection system was about 50
ps, resulting from a combination of the gatewidth and
trigger jitter of the boxcar system, the response of the
cable transmission line between the probe and the boxcar,
and the laser pulse width. For pristine MEH-PPV sam-
ples, however, the excitation pulse was the direct output
from a PRA LN1000 Nz laser at A'co =3.7 eV (pulse width
of approximately 600 ps) because the photocurrent of
MEH-PPV is too small to measure using the lower inten-
sity dye laser. The MEH-PPV data were obtained with a
sampling gatewidth of 2 ns.

Data were obtained with uniform illumination of the
sample across the 200-pm gap under the biasing electric
field of 1X 10 V/cm. To improve the signal-to-noise ra-
tio, signal averaging was employed, and the data were
baseline corrected to the dark response. For measure-
ments of the light intensity, electric field, and tempera-
ture dependence of the transient PC, the transient photo-
current was amplified by a 1.1-GHz-bandwidth amplifier,
and the signals from 100 laser pulses were averged. Dur-
ing the measurements, the light intensity was monitored
by splitting part of the pulse light onto a photodiode con-
nected to a Tektronix 468 digital storage oscilloscope.

The steady-state PC data were taken from the same
samples used for the transient PC (biasing electric field of
1 X 10 V/cm) in the photon energy range between 1.38
(900 nm) and 5.0 eV (250 nm). The steady-state PC mea-
surement was carried out using standard photomodula-
tion techniques: the excitation light from a 150-W xenon
lamp (dispersed by a grating monochromator equipped
with proper order fiters) was modulated with a Stanford
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FIG. 2. Wave forms of the time-resolved transient photo-
current in MEH-PPV/C6p films and a MEH-PPV film at room
temperature on a semilog plot. The PC data for MEH-PPV/C6p
are taken at %co=2.92 eV with a time resolution of about 50 ps,
whereas the MEH-PPV data are taken at Ace=3. 7 eV with a
sampling gatewidth of 2 ns. The transient PC data were nor-
malized to an incident photon flux of =7.5X 10' photons/cm
per pulse. The solid lines are fits of the transient PC decay of
MEH-PPV/C6p to the double exponential form Eq. (1). The
fitting parameters are summarized in Table I.

0 10 20 30 40 50
Concentration (wt. % C6O in MEH-PPV)

FIG. 3. The dependence of the transient PC on the C6p con-
centration; the magnitude of the transient PC peaks at room
temperature, shown in Fig. 2, are plotted vs C6p concentration
(by wt%) in MEH-PPV.

and lifetime of the transient PC are enhanced with in-
creasing concentration of C6o in the MEH-PPV/C6o
films. The magnitude of the transient PC (peak values) is
plotted in Fig. 3 versus C6o concentration (wt%) in

MEH-PPV; the initial PC increases sharply at low con-
centrations and then more slowly at higher concentra-

with other conjugated polymers suggests an initial fast
decay (a few hundred ps). ' ' '

The solid lines in Fig. 2 represent best fits to the tran-
sient PC decay of the MEH-PPV/C6o composites assum-
ing the double exponential form

I h(t) = 3 exp( t/r, )+B exp—( t/r2) . —

The fitting parameters and their dependence on the C6O

concentration are summarized in Table I. The extension
of the longer lifetime (r2) by addition of C6o is much
more dramatic than that of the initial fast decay time
(rt).

The magnitude of the transient photoconductivity of
pristine MEH-PPV is relatively small. Using the N2 laser
(fico=3 7eV) with a fi. ux for photoexcitation of =6X 10'
photons/cm per pulse, we found the peak transient pho-
toconductivity in MEH-PPV to be o h=2X 10 S/cm.

Compared to pristine MEH-PPV, both the magnitude
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FIG. 4. Wave forms of the time-resolved subnanosecond
transient PC in P3OT/C6p (open circles) and P3OT {solid cir-
cles) at room temperature, upon photoexcitation at %co=2.92
eV under a biasing electric field of 2X 10 V/cm. The transient
PC data were normalized to an incident photon flux of
=3X10" photons/cm per pulse. In the inset the same data
are plotted on a semilog plot, and the solid lines are single ex-
ponential fits to the PC data.
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tions. With an addition of 1% C6O the PC is enhanced by
a factor of 20 to a value comparable with that of pure

I9
C6o.

The results shown in Fig. 3 are qualitatively consistent
with photoinduced electron transfer: recombination is
inhibited by the spatial separation of the electron and
hole on the C6p and the conducting polymer, respectively.
This same effect is responsible for the increase in ~2 as the
concentration of C6O is increased (see Fig. 2 and Table I).

Figure 4 displays wave forms of the time-resolved sub-
nanosecond transient photocurrent in a P3OT/C6o film
and a P3OT film, upon photoexcitation at Ace=2. 92 eV
under a biasing electric field of 2X10 V/cm. The tran-
sient PC data were normalized to an incident photon Aux
of approximately 3 X 10' photons/cm per pulse. Each
wave form shows that the transient PC peak is followed
by a rapid decay which can fit to an exponential depen-
dence, as shown by the semilog plot in the inset. The
transient PC in P3OT/C6~ (5 wt%C6O) is nearly an order
of magnitude larger than in P3OT with a slightly in-
creased carrier lifetime (r=350 ps compared to r=300
ps for P3OT). The magnitude of the transient PC in
P3OT/C6O increases substantially (as in MEH-PPV/C6O),
indicating photosensitization and an increase in the quan-
turn efficiency for photogeneration of charge carriers. In
P3OT/C6p however, the carrier lifetime shows no
significant enhancement. In particular, the long tail ob-
served in MEH-PPV/C6O is not detected in the
P3OT/C6p. We infer that C6O acts as a deeper trap in
P3OT (once trapped, the release time for the carriers is
much longer).

Although the transient PC relaxation in the MEH-
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PPV/C6p composite can be fit to the double exponential
form [Eq. (1)] in the early time regime, the photocurrent
decay after about 5 ns is a power law, I h(t) —t, where
a= l. 16, as shown for the 1:1 MEH-PPV/C6O composite
sample in the log-log plot of Fig. 5. This long-time pho-
tocurrent decay was taken at room temperature after
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cay I~h(t) =t, where a = 1.16.

Time (ns)

FIG. 7. The temperature dependences of the transient photo-
current in the 5 wt% MEH-PPV/C« film are plotted for the
sample at room temperature (open circles) and 81 K (solid cir-
cles). The wave forms were obtained with an incident flux of
about 2X10' photons/cm per pulse at %co=2.92 eV and nor-
malized to unity at the peak. The inset shows the temperature
dependence of the initial transient PC peak and the photo-
current at 2 ns after the peak.
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photoexcitation at Ace=2. 92 eV with an incident photon
Aux of about 3 X 10' photons/cm per pulse. Since the
photocurrent was amplified by a 1.1-GHz-bandwidth
amplifier, and the sampling gatewidth is chosen to be 2
ns; the data in Fig. 5 are valid only for times greater than
several nanoseconds.

Figure 6 shows the intensity dependence of the tran-
sient PC peak for the 1:1 MEH-PPV/C6O composite,
measured at Piro=2. 58 (481 nm) and 2.92 eV (425 nm) at
room temperature. The transient PC peak at both ener-
gies shows a quasilinear intensity dependence, approxi-
mately Io 9.

In Fig. 7 the transient PC wave form measured at
room temperature is compared with that measured at 81
K for the 5 wt%%uo MEH-PPV/C6O composite. The wave
forms are obtained with an incident photon Aux of about
2X10' photons/cm per pulse at Am=2. 92 eV, and nor-
malized to unity at the peak. The inset shows the tern-
perature dependence of the initial transient PC peak and
the photocurrent at 2 ns after the peak. The fast initial
photoresponse shows very weak temperature dependence;
the magnitude of the transient PC peak decreases by only
30%%uo upon cooling from 300 to 80 K. This weak temper-
ature dependence of the subnanosecond transient PC
peak has been observed in a number of conducting poly-
mers; for example, in polyacetylene, ' poly(3-
hexylthiophene), ' poly(p-phenylenevinylene), , and po-
lydiacetylene. The slow component, however, is
thermally activated with an activation energy of E, = 18
meV. The small activation energy, together with the
power-law decay of the long tail (see Fig. 5), suggests that

. the transport (and recombination) of charge carriers is
dominated by rather shallow traps in this ns time scale.
Moreover, the more strongly activated steady-state PC
(see Sec. III 8) suggests that the photocarriers thermalize
into deeper traps as time progresses. Therefore, the tem-
perature independence of the subnanosecond PC response
implies pretrapping transport, implying that the fast de-
cay probably results from the initial trapping.

B. Steady-state photoconductivity

Figure 8 shows the spectral response of the steady-state
PC of a pristine MEH-PPV film and MEH-PPV/C6O
films with several concentrations of C6O for photon ener-
gies from 1.38 (900 nm) to 5.0 eV (250 nm). The data
were taken at room temperature using a modulated light
source and lock-in amplifer detection (35-Hz chopping
frequency) with the sample biased at 1X10 V/cm. The
PC data are normalized to a constant incident photon
Aux of about 7.5 X 10' photons/cm s.

For MEH-PPV, the photoconductive spectral response
shows a sharp onset at fico=2. 0 eV which coincides with
that of the optical absorption from the ~-sr* interband
transition of MEH-PPV (see Fig. 1). The photoconduc-
tive response of the MEH-PPV/C60 composites increases
sharply at about Ace=1. 3 eV, lower than that of either
MEH-PPV or C6O. The spectral response of the photo-
conductivity of pure C6o closely follows the optical-
absorption spectrum of C60, with PC onset at Ace=1. 6
eV. ' The PC data from samples sensitized with 1 and 5
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FIG. 8. Spectral response of the steady-state PC of MEH-
PPV and MEH-PPV/C6p films with several concentrations of
C6p at room temperature. The data were normalized to the con-
stant incident photon flux of =7.5 X 10' photons/cm s
{mechanically chopped at 35 Hz).

wt% C60 show a plateau at 1.6—2.0 eV. The photoin-
duced absorption of the MEH-PPV/C6O composites has
~iso been reported to show a sharp edge at about
Ace=1. 15 eV, and a plateau at 1.6—2.0 eV, again different
from the PIA spectrum of MEH-PPV. ' Thus the pho-
toinduced charge transfer in the excited state of the com-
posites is clearly evident, even though the optical-
absorption spectrum indicates no charge transfer in the
ground state (see Fig. 1). The PC of MEH-PPV/C60 in-
creases sharply again at the same onset energy of the ~-

interband transition of MEH-PPV (iiico =2.0 eV), as is
clearly evident in the films sensitized with 1 and 5 wt%%uo

C6O. For Ace) 2.0 eV, the PC spectrum of the composite
films is essentially identical to that of the pristine MEH-
PPV, but with enhanced magnitude.

The observation that the PC response of both MEH-
PPV and MEH-PPV/C6o increases sharply at the same
energy (A'co =2.0 eV) implies that photogeneration of
charge carriers in MEH-PPV occurs through the m-m' in-
terband transition rather than dissociation of photogen-
erated excitons. If there were a significant exciton bind-
ing energy (E,„,) in MEH-PPV, energy would be re-
quired to separate the electron and the hole. Consequent-
ly, unless there were evidence of the formation of a
charge-transfer complex, the enchanced transient PC
response would be activated with an activation energy
comparable to E„,. Such activated behavior is not ob-
served; the ultrafast photoinduced electron transfer and
the resulting enhanced PC response occur at room tem-
perature and below (see Fig. 7). On the contrary, these
ultrafast photoinduced electron transfer results can be
readily understood within a band model of the electronic
structure of the PPV derivative.

The composite films exhibit the expected enhanced PC
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response over the entire spectral range from the near in-
frared to the ultraviolet. The enhancement of the PC
response due to sensitization by C6o is particularly clear
at photon energies below the ~-~* interband transition of
MEH-PPV, since at these photon energies the absorption
is mainly due to absorption by the C6o. Although we ob-
serve substantially enhanced steady-state PC, it is impos-
sible to distinguish from the steady-state PC alone wheth-
er the observed sensitization is due to enhanced quantum
efficiency or to enhanced carrier lifetime (or both), since
the steady-state PC is proportional to their product. The
time-resolved transient PC data clearly demonstrate,
however, the incorporation of C6o enhances both the
quantum efficiency and the carrier lifetime. Note that the
significant e6'ect of C6o on the charge-carrier generation
efficiency can be inferred independently from the steady-
state PC, by the observation that incorporation of even 1

wt% C6O in MEH-PPV (i.e., far below the percolation
threshold) enhances the steady-state PC by more than an
order of magnitude.

Figure 9 shows the spectral response of the steady-state
PC of a pristine P3OT film and a P3OT/C60 film (5 wt %
C60) at room temperature. The data are taken under the
same experimental conditions as in Fig. 8. The photo-
conductive spectral response in both P3OT and
P3OT/C60 shows a sharp onset at Ace = 1 .9 eV from the

interband transition of P3OT. For P3OT/C6O, a
weak photoconductive signal due to absorption by C6O is
observed below the m -~* interband transition of P3OT.
The peak at %co =3.7 in the PC action spectrum for
P3OT/C6O (not detected for the P3OT spectrum) might
also result from the C6O absorption peak at this energy.
As in the MEH-PPV/C60 composities, the enhancement
of the PC response due to sensitization by C6o is clearly
evident over the entire spectral range.

The magnitudes of the photoconductivity in the sensi-
tized films are given in the photoconductance spectra, for

MEH-PPV/C6O in Fig. 8 and for P3OT/Cso in Fig. 9. Al-
though the incorporation of C6o in MEH-PPV and P3OT
significantly enhances the photoconductivity over the
values obtained in the pristine materials, the magnitude
of the photocurrent is still relatively small.

Figure 10 shows the temperature dependence of the
dark conductivity and the steady-state PC of the 1:1
MEH-PPV/C6O composite. The dark conductivity shows
Arrhenius behavior with a thermal activation energy of
E, =70 meV in the temperature range from 300 to 100
K, and a slightly lower activiation energy below 100 K.
The steady-state PC shows much stronger temperature
dependence than the dark conductivity; the activation en-
ergy of the steady-state PC is E, =220 meV for fico & 2.0
eV, and E, = 180 meV for A'co & 2.0 eV at T)200 K. At
lower temperatures, T & 200 K, E, =80 meV for Ace & 2.0
eV, and E, =60 meV for Ace & 2.0 eV. The larger activa-
tion energy for the photoexcitation at fico & 2.0 eV sug-
gests a more localized nature for the states in the ~-~
gap of MEH-PPV.

Figure 1 1 shows the dependence of the steady-state PC
on the excitation light intensity for the MEH-PPV/C6O
composites and MEH-PPV, measured at fico =3. 1 eV (400
nm) at room temperature. The light intensity was
changed by using neutral density filters. The steady-state
PC of MEH-PPV/C6o exhibits the same intensity depen-
dence as that of MEH-PPV; the fits to the data indicate a
slightly sublinear power-law dependence, approximately
I . A similar sublinear intensity dependence was ob-
tained over all spectral ranges in all samples (although
the 50 wt % sample shows a somewhat more sublinear in-
tensity dependence, approximately I, at high photon
energy). We also found a slightly superlinear electric-
field dependence (approximately E' '

) of the steady-
state PC in all samples, possibly arising from charging
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FIG. 9. Spectral response of the steady-state PC of a pristine
P3OT film (solid circles) and a 5 wt %%uo P3OT/C« film (open cir-
cles) at room temperature. The data were taken under the same
experimental conditions as in Fig. 8.
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FIG. 10. The temperature dependence of the dark conduc-
tivity and the steady-state photoconductance of the 1:1 MEH-
PPV/C60 composite sample.
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FIG. 12. The dependence of the steady-state PC at Ace=3. 1

eV on the chopping frequency at room temperature.

e6'ects due to trapping, non-Ohmic contacts, etc.
Figure 12 shows the dependence of the steady-state PC

on chopping frequency for the MEH-PPV/C60 compos-
ites and MEH-PPV, measured at Ace=3. 1 eV at room
temperature. As in the intensity dependence, the relaxa-
tion behavior of the MEH-PPV/C6O composites is similar
to that of the pristine MEH-PPV. As expected from the
sublinear intensity dependence, the frequency dependence
of the PC cannot be Gt to the expression for monomolec-
ular recombination with a single decay rate. At chopping
frequencies above about 20 Hz, the modulated PC
response decreases as approximately co

' . The power-
law dependence on the chopping frequency has been un-
derstood as arising from a distribution of photocarrier
lifetimes the C6o molecules acting as electron traps are
randomly distributed in the polymer matrix.

The power-law decay of the long-time transient PC in
the MEH-PPV/C6O (see Fig. 5) is characteristic of disper-
sive transport, as expected in disordered systems and
consistent with the power-law frequency dependence of
the steady-state PC. The thermally activated behavior of
the steady-state PC and the power-law decay of the long-
time transient PC suggest trap-dominated transport at
long times. The random distribution of C6O (electron ac-
ceptor) in the MEH-PPV matrix forms localized electron-
ic states below the mobility edge. Since localized states
act as traps, charge-carrier transport is realized via a se-
quence of multiple-trapping and release steps among lo-
calized states (and between localized states and extended
band states) in the presence of an applied electric field.
Thus the motion of a charge carrier can be viewed as a
continuous-time random walk, and the resulting photo-
current follows a power-law time dependence.

The similarities between the steady-state PC for
MEH-PPV/C6O and that for MEH-PPV in the spectral
shape at Rco) 2.0 eV (see Fig. 8), intensity dependence

(see Fig. 11), and frequency dependence (see Fig. 12) indi-
cate that carrier generation originates from photoexcita-
tion of the MEH-PPV donor followed by electron
transfer to the C6o acceptor, consistent with the observed
correlation of the excitation profile of PIA bands in the
composites with the ~-m. * excitation of MEH-PPV. '
We conclude, therefore, that transport of charge carriers
occurs primarily in the MEH-PPV matrix; the C6o sensi-
tizes the PC response by inducing electron transfer and
thereby increasing the photogeneration efficiency and the
charge-carrier lifetime.

IV. CGNCLUSIGN

Transient photoconductivity in MEH-PPV/C6O and
P3OT/C6o composites indicates that both the quantum
efficiency for photogeneration of charge carriers and the
lifetime of the carriers are increased substantially with in-
creasing concentration of C6o. The results are consistent
with expectations based upon the earlier observation of
ultrafast photoinduced electron transfer from the con-
ducting polymer (electron donor) to C60 (acceptor)
the photogeneration of charge carriers is facilitated by
electron transfer in the excited state.

This sensitization of conducting polymers by C6o is
eff'ective because the electron transfer rate is ultrafast
(&10' s '); fast enough to be competitive with
mechanism(s) for early time recombination (geminate
and/or nongeminate) of photoexcited electrons and holes
in the conducting polymer. The enhancement of the pho-
toconductivity is observed to be greater in MEH-
PPV/C60 than in P3QT/C&o, implying that the probabili-
ty of early time recombination is higher in pristine
MEH-PPV. Moreover, the lifetime of the transient pho-
toconductivity is extended by the addition of C60 since
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recombination is inhibited by the spatial separation of the
electron and hole (on the C60 acceptor and on the con-
ducting polymer donor, respectively). The improved
quantum efficiency and the extended carrier lifetime in
the conducting polymer C6o composites results in
significantly enhanced steady-state photoconductivity
over the entire spectral range from the near infrared to
the ultraviolet.
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