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Ultrafast charge generation in a semiconducting polymer studied with THz emission spectroscopy
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We study the ultrafast charge generation in a semiconducting polymer(MEH-PPV) by measuring the radi-
ated THz field after photoexciting the biased polymer with a femtosecond visible pulse. The subpicosecond
temporal characteristics of the emitted wave reflects the ultrafast photoconductivity dynamics and sets an upper
limit for charge generation of 200 fs following photoexcitation, and reveals the dispersive nature of charge
transport in MEH-PPV. A comparison of the fields radiated from MEH-PPV and the well-characterized model
semiconductor systemsGaAsd allows for an accurate estimate of the quantum efficiency for charge generation
in the polymer, found to be less than 1%. Both observations are consistent with ultrafast charge generation in
semiconducting polymers through hot exciton dissociation.
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Semiconducting conjugated polymers have recently re-
ceived much interest owing to their potential in technological
applications, particularly in electronics.1 Despite this fact,
the fundamentals of the photoexcitation physics in these ma-
terials have remained controversial: there is ongoing debate
whether a band structure description is appropriate to these
materials.2,3 In this picture, interband excitations directly
generate free charges, which may relax to lower energy
bound states. This strongly contrasts the exciton model, in
which molecular excitons are formed upon photoexcitation,
so that secondary processes such as exciton-exciton
annihilation4 or hot exciton dissociation5,6 are required to
generate free charges.

Although the observation of significant photo-
conductivity7 demonstrates the presence of free charges, it is
unclear whether carriers are generated directly on ultrafast
time scales or produced on longer time scales through, for
example, exciton-exciton annihilation. Unfortunately, con-
ventional transient photoconductivity measurements8,9 lack
the resolution to resolve the ultrafast excitation process. Us-
ing time-domain THz spectroscopy,10 we have recently
shown that photoexcitation of the polymer poly(2-methoxy-
5-(28-ethyl-hexyloxy)-p-phenylene vinylene) (MEH-PPV)
leads to the generation of charges within 300 fs.11 Additional
information about the time scale of charge carrier generation
and nature of the transport can be obtained by probing the
radiation dispersed by the accelerating charges.12,13 When
changes in photocurrent occur on(sub) picosecond time
scales, THz radiation is emitted. The shape of the THz pulse
is determined by the rise and decay of the photocurrent, and
thus provides a direct probe of the ultrafast transient photo-
conductivity. In this manner, information regarding the rate
of charge carrier generation and time-dependent mobility can
be obtained. This technique is ideally suited to the study of
charge generation and cooling on sub-picosecond time
scales, and has been successfully applied to study the photo-
excitation dynamics in materials such as low-temperature
grown GaAs.13 Previous measurements on semiconducting
polymer systems have also proven useful,12 but suffered

from a limited bandwidth so that subpicosecond processes
could not be resolved.

In this report we employ THz emission spectroscopy to
study the ultrafast charge generation in a semiconducting
polymer(MEH-PPV). We set an upper limit for charge gen-
eration in MEH-PPV within the first 200 fs after photoexci-
tation. By comparing our results to a model system(GaAs)
the quantum efficiency for charge generation in the polymer
is found to be less than 1%—over two orders of magnitude
lower than in GaAs. Both conclusions are consistent with
charge generation through hot exciton dissociation.

The insulating GaAs crystal isk100l cut, produced by
Wafer Technology, LTD. The ~20mm MEH-PPV films are
prepared by drop casting from chloroform solution onto wa-
ter free quartz plates, using dry polymer from Sigma Aldrich.
Silver electrodes are placed directly on the GaAs crystal and
copper electrodes are incorporated into the polymer film. In
both cases, a static field of 10 kV/cm is applied. At such low
field charge injection effects are negligible,14 and only pho-
tocurrent is observed. Photoexcitation is accomplished with
400 nm s3 eVd laser pulses with durations of 180 fs[full
width at half maximum(FWHM)], allowing above band gap
excitation of both GaAs and MEH-PPV[1.6 (Ref. 13), and
2.4 eV (Ref. 14), respectively]. A parabolic mirror is placed
as close to the samples as possible to properly collect all
radiated frequency components. The emitted THz pulse is
detected in the far field through electro-optical sampling15

using 800 nm pulses(FWHM 180 fs) incident on a 1.2 mm
k110l ZnTe crystal.

The measured THz fieldsEmeasstd emitted by the GaAs
and MEH-PPV samples are shown in Figs. 1(a) and 1(b), for
absorbed fluences16 of 10 and 225mJ/cm2, respectively. For
MEH-PPV, a higher fluence is required to obtain sufficient
signal to noise, while for GaAs care must be taken to avoid
detector saturation. Although the signalamplitudescales lin-
early with both the strength of the applied bias field and the
photoexcitation intensity, the signalshapeis independent of
these experimental parameters. In both samples the THz
pulse is radiated only whenboth the static field and excita-
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tion pulses are present, ruling out optical rectification17 as a
source of the signal. Despite the lower fluence, the pulse
emitted from the GaAs sample is approximately 25 times
larger than that from MEH-PPV. The wave forms are also
very different in shape, with one main peak from the GaAs
photocurrent, while the MEH-PPV sample gives approxi-
mately equal positive and negative peaks, indicating that the
rise and fall of photocurrent in this sample occurs on a very
similar time scale. Also, the GaAs signal is much broader,
with a width ~3 ps, compared to,1 ps for the polymer.

To model the data shown in Fig. 1, we note that the emit-
ted THz in the far fieldEstd is proportional to the time de-
rivative of the time-dependent current density.18 The current
can be written as a convolution of the time-dependent carrier
generation rate and the mobilityGstd andmstd, so that

Estd ~
]

] t
EappE

0

+`

mstdGst − tddt, s1d

whereEapp is the applied static field in the sample driving the
current. To compareEstd to Emeasstd, we have to account for
the propagation of the field through the electro-optic sensor
used in the experiments. The detected wave formEdetstd is
related toEsvd, the Fourier transform ofEstd, through the

detector response functionfsvd, such that Edetsvd
= fsvdEsvd.15 Gallot and Grischkowsky15 have analyzed this
distortion of THz pulses during electro-optic sampling to be

fsvd = FE
−`
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The first term is the frequency domain autocorrelation of the
800 nm detection pulse, described by a Gaussian FWHM
5.0 THz. The second term is the second order susceptibility
for difference frequency generation at 800 nm.15 The final,
and dominant, term describes the velocity matching of the
800 nm detection pulse and the THz frequencyv required
for efficient detection in our ZnTe electro-optic sensor of
length l =1.2 mm, where Dnsvd=nWTHzsvd−n800 nm

group with
nWTHzsvd the complex THz refractive index andn800 nm

group the
refractive index corresponding to thegroup velocity at
800 nm. We use the measured values of Gallotet al.19 for
nWTHzsvd, while the group index at 800 nm in ZnTe has been
evaluated by Bakkeret al.20 to be 3.24. Therefore by mod-
eling Gstd and mstd in Eq. (1), we can calculateEstd and
propagate the wave form through our sensor, obtaining
Edetstd, to reproduce the data in Fig. 1.

As several dynamic processes may occur directly follow-
ing photoexcitation, carrier properties on ultrafast time scales
can be very different from the equilibrium behavior of a
material. Hence it seems inappropriate to use steady state
mobilities [,8000 and,10−5 cm2/V s for GaAs(Ref. 21)
and MEH-PPV(Ref. 22), respectively] to describemstd on
subpicosecond time scales after excitation. In the case of
GaAs, exciting at 400 nm(with 1.5 eV excess energy) re-
sults in photoelectrons having sufficient energy to undergo
inter-valley scattering into the higher energyL andX valleys.
However, the low mobility of electrons in these valleys mean
the onset of photoconductivity is delayed, as it is determined
by the dynamics of electrons scattering into the high mobility
G valley. The resulting time-dependent mobility in GaAs
mstd can be calculated using a kinetic model developed by
Stantan and Bailey,23 assuming asymptotic behavior at long
times to the steady state electron mobility of
8000 cm2/V s,21 as plotted in Fig. 2(a). Evolution of the hole
response is ignored in this calculation since hole mobilities
are over an order of magnitude lower.24 Also plotted is the
generation rateGstd given by the Gaussian intensity profile
of the 400 nm excitation pulse. It is clear that the slow evo-
lution of the THz field emitted from the sample in Fig. 1(a)
arises from slow cooling of electrons and the resulting slow
rise in mstd, rather than a slow generation process. Indeed,
we can reproduce the data in Fig. 1(a) quite well—the result
is plotted as a dashed line in the figure—using Eqs.(1) and
(2). It should be noted that the only adjustable parameter is
the amplitude ofGstd.

FIG. 1. Electric fields radiated from(a) GaAs, excited using
10 mJ/cm2, 180 fs, 400 nm pulses, and(b) MEH-PPV, excited us-
ing the same pulses at 225mJ/cm2, both biased with an external
field of 10 kV/cm. The broad positive peak in the generated field in
(a) is due to a slow rise in photocurrent resulting from electron
cooling effects. In(b), the sharp change in electric field direction
suggests a peak in photoconductivity: the initial rise in photocurrent
due to generation of carriers is offset by a rapid decrease in carrier
mobility due to the finite conjugation length of the polymer back-
bone. The dashed lines show the response calculated using time
dependent mobilities from Refs. 23 and 25, respectively, plotted in
Fig. 2, assuming instantaneous generation of charges. The dotted
line in (b) shows the corresponding pulse assuming charges gener-
ated by hot excitons with a dissociation rate ofs200 fsd−1 (Ref. 29).
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The time-dependent mobility of the MEH-PPV sample is
calculated following the formalism in Ref. 25. This model
is based on the tight-binding approximation combined
with static torsional disorder—i.e., deviations from planar
alignment of the polymer chain determining its effective con-
jugation length. The calculated time-dependent diffusivity
Dstd is related to the time-dependent mobility in the presence
of an applied field through the Einstein relationmstd
=se/kTdDstd.26 The resultinghole mobility is plotted in Fig.
2(b). The electron mobility probed in the THz frequency
domain is expected to be similar to that of holes. Indeed,
microwave conductivity measurements(near 30 GHz) have
revealed comparable mobilities of holes and electrons on iso-
lated MEH-PPV chains.27 According to Martenset al.,28 the
much lower electron mobilities observed in time-of-flight ex-
periments or admittance spectroscopy may be traced to ex-
trinsic effects such as trapping of electrons by impurities or
structural defects. On the picosecond time scale involved in
the present experiments such extrinsic effects are expected to
play a minor role.

Clearly, mstd in MEH-PPV has a shape very different
from that in GaAs, with a very large initial value decreasing
rapidly towards the small steady state values observed in

these samples[,10−5 cm2/V s (Ref. 22)]. In GaAs, the mo-
bility increases with time as carriers cool and return to the
highly mobility state in theG valley. In MEH-PPV, the finite
conjugation length along the polymer backbone provides a
large initial mobility, but greatly restricts charge motion at
long times, as the rate determining step at longer times is the
hop across the intersegment barrier. This rapid damping of
charge motion leads to a maximum in photoconductivity,
where the rise in photocurrent is due to the charge genera-
tion, and damping by the finite conjugation length causes the
subsequent rapid decay. This agrees qualitatively with the
double peak structure of the radiated THz field in Fig. 1(b),
with the maximum in photocurrent corresponding to the
change in sign of the emitted field.

Whereas for GaAs it is apparent thatGstd simply follows
the excitation intensity, for the polymerGstd depends on the
precise mechanism of carrier generation. Assuming, how-
ever, thatGstd has the same Gaussian profile as the excitation
intensity—that is, neglecting any delay in onset of carrier
generation(as would be expected from cooling effects or
charge generation from exciton-exciton annihilation)—we
can reproduce the radiated THz field shown in Fig. 1(b),
varying only the amplitude ofGstd as before. The calculated
curve reproduces the wave form reasonably well, including
the magnitude of positive and negative lobes.

The fact that the calculated radiated field oscillates faster
than the measurement suggests that charge generation may
not be fully instantaneous, andGstd may be slightly broader
than the intensity profile of the excitation pulse. The dotted
line in Fig. 2(b), calculated using a generation rate of
s200 fsd−1,29 agrees better with the measured THz pulse in
terms of the width, but the agreement in shape is slightly
diminished. In any case, this analysis sets an upper limit for
charge generation within 200 fs of photoexcitation, which is
much faster than the diffusion time scales that would be re-
quired for charge generation by, for example, exciton-exciton
annihilation4 or cold exciton dissociation at defects.30 Hence,
another mechanism for rapid charge generation in semicon-
ducting polymers must be operative. It is also evident that
the cooling effects observed in GaAs are much less signifi-
cant in the polymer sample, as these would induce broaden-
ing in mstd, and a corresponding broadening in the radiated
THz field. The good agreement between the calculated and
experimentally observed emitted THz field corroborates the
theoretical model of dispersive charge transport which is lim-
ited by disorder-induced barriers, causing non-Drudian trans-
port.

By comparing the magnitudes ofGstd required to repro-
duce the data in Fig. 1, and taking into account the excitation
fluences used in the experiment, it is straightforward to com-
pare the relative quantum efficiencies of charge generation in
the two samples. This yields a quantum efficiency in MEH-
PPV of approximately 0.05% of that in GaAs. It should be
noted that the accuracy of this number is limited by the ac-
curacy of the model used to describemstd in the polymer,
particularly at short times. On longer time scales(in the ps to
ns range), an estimate of this accuracy can be made by com-
paring mobilities measured in the microwaves30 GHzd
region27 to those predicted by the model at the same

FIG. 2. Comparison of time scales involved in charge generation
and cooling; the solid lines in both figures represent the calculated
time dependent mobilitymstd in (a) GaAs(excitation with 400 nm,
calculated using the formalism introduced in Ref. 23) and(b) MEH-
PPV(calculated from Ref. 25—see text). Dashed lines represent the
generation rateGstd assuming instantaneous generation of charges
upon excitation, i.e., described by the Gaussian intensity profile of
the excitation pulse(FWHM 180 fs). The dotted line in(b) de-
scribes the generation rate for charges generated from hot excitons
with a dissociation rate ofs200 fsd−1 (Ref. 29). In (a) the rise in
photocurrent is dominated by the slow evolution inmstd, while in
(b) the rise inGstd and decay inmstd occur on the same time scale.
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frequency.25 From this comparison, it is apparent that the
error in the model due to additional nontorsional defects is
approximately a factor of 10, though this is certainly much
smaller on the subpicosecond time scales, on which the THz
radiation is emitted, where defects will play a much less
important role. Hence, it is clear that only a small fraction of
photoexcitations in the polymer results in the ultrafast gen-
eration of free charges. This is inconsistent with the band
structure picture, where the initial above band gap photoex-
citations initially exist as free charges, which may later relax
to subband gap exciton states. In addition, the rapid genera-
tion of charge carriers is also not consistent with an exciton-
exciton annihilation mechanism, as this requires(slow) exci-
ton diffusion. A more probable mechanism, consistent with
both the low quantum efficiencyand the rapid generation of
thermalcarriers, is through hot exciton dissociation.5,6 In this
picture unrelaxed, nascent excitons(before cooling) may use
the excess excitation energy(above theS1 ground state) to
overcome the dissociation barrier. This may result in a small
number of free, thermal charges with a predicted,1% quan-
tum efficiency.5,6 An increase in theoretical quantum effi-
ciencies could arise by considering hot exciton dissociation
at defects31 or from higher lying excited states.32 Since exci-

ton cooling occurs on the 100–300 fs time scale,5,6 these
mechanisms result in rapid charge generation, entirely con-
sistent with the,200 fs generation time observed in this
work.

In conclusion, we have studied charge generation in a
semiconducting polymer(MEH-PPV) by measuring the ra-
diated THz wave after photoexciting the polymer with a fem-
tosecond visible pulse in the presence of an electric field.
This allows us to study the rise and fall of photocurrents in
these materials on subpicosecond time scales. We find an
upper limit for charge generation in MEH-PPV of 200 fs
after photoexcitation, and estimate the quantum efficiency
for charge generation in the polymer to be over two orders of
magnitude lower than in GaAs. Both conclusions are consis-
tent with charge generation through hot exciton dissociation
in semiconducting polymers.
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