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Efficient exciton dissociation via two-step photoexcitation in polymeric semiconductors
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We report that exciton dissociation occurs within 150 fs during ultrafast photoexcitation at moderately high
fluence, with;10% quantum efficiency, in a model electroluminescentp-conjugated polymer. This is appar-
ently inconsistent with the otherwise well-supported view that spin-singlet electron-hole pairs~excitons! are the
primary photoexcitations. However, we demonstrate that resonant sequential transitions account quantitatively
for the photoinduced polaron-pair yield, with the lowest (1Bu) exciton as an intermediate. Efficient exciton
dissociation occurs either from the resulting high-energy, even-parity (Ag) states, or during ultrafast thermal-
ization. The yield of photoinduced polarons, on the other hand, is,0.1% under continuous-wave excitation,
where access to high-energy states by sequential excitation is not significant.
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I. INTRODUCTION

Electroluminescentp-conjugated polymers have been t
focus of intensive research since the report that lig
emitting diodes ~LEDs! can be fabricated with thes
materials.1 Here we show that in clean, well-ordered pol
meric semiconductors, charged excitations are produ
within 150 fs during high intensity, ultrafast photoexcitatio
with ;10% quantum efficiency. This is apparently incons
tent with the otherwise well-supported view that Coulom
ically bound, spin-singlet electron-hole pairs~excitons! are
the primary photoexcitations as is required to explain
high electroluminescence quantum efficiency in LED2

However, we demonstrate that this high exciton dissocia
yield results from successive photoexcitation, first to
lowest exciton, then to a higher-energy exciton that read
dissociates to polaron pairs. Our results indicate that di
dissociation of the lowest excited state is not a signific
process in this class of materials.

The prospect of organic laser diodes3 renders the funda
mental understanding of the nature of high-energy exc
states in these semiconductors important. A previous re
by Köhler et al. of the photovoltaic action spectrum for re
lated materials demonstrated that in a certain class of h
energy excitonic states in conjugated polymers, relativ
facile electron-hole separation is achieved by virtue of
delocalized nature of the excited-state wave function,
low excitonic states have sufficient binding energy to
overcome before dissociation is achieved.4 On the other
hand, recent reports by Moseset al. have produced evidenc
for ultrafast charge generation in conjugated polymer fil
with 10% quantum efficiency.5,6 In that experiment, thep
→p* transition of the polymer was induced with femtose
ond optical pulses, and infrared-active vibrational~IRAV !
modes,7 which are signatures of charged excitations, w
probed with variably delayed infrared femtosecond puls
The dynamics of these were found to be uncorrelated w
the singlet exciton dynamics. Furthermore, the ultraf
0163-1829/2001/64~12!/125211~7!/$20.00 64 1252
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charge generation yield was reported to be weakly depen
on excitation photon energy, such that the enhanced ph
current at high photon energy reported by Ko¨hler et al. was
attributed to enhanced carrier mobilities as a result of exc
photon energy. This led to the conclusion that photocarr
are produced directly, and are not generated from a sec
ary process~such as exciton bimolecular annihilation8!, and
was rationalized within a semiconductor band model.

Recent photocurrent cross-correlation measurements
Zenz et al.,9 and also performed independently by Mu¨ller
et al.,10 provide clear indication that in semiconductor co
jugated polymers, excited states accessed by sequential
tation produce charge photocarriers, with the first exci
singlet state as an intermediate. In these experiments, a
tosecond pulse resonant with thep→p* gap excites the
polymer, sandwiched between electrodes in a photovol
diode configuration. The change in photocurrent when a s
ond femtosecond pulse is transmitted through the devic
then recorded as a function of delay between the two pul
Both papers conclude that the state accessed by seque
transitions has a higher dissociation probability than the fi
singlet excited state. We note that in these studies, exc
states that lie 1.59~Ref. 9! and 1.23 eV~Ref. 10! above the
lowest exciton were accessed.

These observations are consistent with multipulse tr
sient absorption studies by Frolovet al.11 These experiments
were similar to the photocurrent cross-correlation measu
ments, but the evolution of the sequentially excited state w
monitored optically with a femtosecond probe pulse. T
authors demonstrate that even-parity states can be class
as those that mediate charge transfer~those 1.1 eV above the
1Bu state!, and those that promptly convert internally
1Bu . Neither the low-lying 1Bu state, or the lowest optically
active state that couples to it (mAg), dissociate with measur
able efficiency. This suggests that high-energyAg states have
a different electronic character than low-energy ones.

In this paper, we conclude that efficient exciton dissoc
tion occurs after sequential excitation to a high-energy s
©2001 The American Physical Society11-1
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CARLOS SILVA et al. PHYSICAL REVIEW B 64 125211
following ultrafast photoexcitation. The sequentially excit
state accessed in this experiment is at approximately tw
the energy of the 1Bu state, significantly higher than thos
accessed in previous measurements. The dissociation yie
found to be;11% under such conditions, but about tw
orders of magnitude lower under CW excitation conditio
when excited at a photon energy resonant with thep→p*
gap. This provides important evidence that direct charge g
eration is not an efficient process in the polymer stud
herein.

II. EXPERIMENTAL

The synthesis of PIFTO is described in detail elsewher12

Films of ;100-nm thickness were spun, in a nitrogen-fill
glove box, from anhydrousp-xylene solutions prepared un
der a nitrogen atmosphere, and were at no time expose
air. During all of the experiments reported herein, samp
were kept either under a dynamic vacuum (,1025 mbar) at
room temperature, or under an inert atmosphere at low t
perature, to avoid photo-oxidation of the polymer. Femtos
ond laser pulses at a 1-kHz repetition rate were derived f
a home-built, dye-amplified Ti:sapphire laser system
scribed in detail elsewhere.13 The pump beam at 3.18 eV
~390 nm! was focused on the sample to a;125 mm spot.
The weaker probe beam, consisting of a single-filam
white-light continuum generated in a sapphire substrate,
focused to;50 mm in the same region of the sample aft
passing through a computer-controlled variable optical de
Both pump and probe beams were horizontally linearly
larized. Spectrally resolved measurements of the fractio
change in probe transmission due to the pump pulse (DT/T)
were performed with a 0.25-m spectrometer and a Pel
cooled CCD camera. The chirp across the white-light c
tinuum was numerically corrected using an empirical de
mination of the dispersion. Alternatively, single prob
wavelength measurements were made by detectin
spectrally narrow portion of the dispersed probe beam wi
pair of Si photodiodes measuring the probe light transmit
through the sample and a reference beam, and lockin t
niques. Continuous-wave photoinduced absorption~CW-
PIA! measurements were performed with the sam
mounted in a helium flow cryostat fitted with a heating e
ment and a temperature controller, as described elsewhe14

The temperature was monitored separately with a calibra
Si diode located near the sample. Mechanically modula
UV lines of an argon-ion laser at 351 and 364 nm we
simultaneously used as the excitation source. A monoc
mated 150-W halogen-tungsten lamp was the probe l
source. A Si photodiode or a liquid nitrogen-cooled In
photodiode provided detection of the probe light, depend
on the wavelength range, after passing through a sec
monochromator.DT/T was measured as a function of wav
length using lockin techniques, with the phase set to ma
mize the polymer PL signal in theX ~in-phase! channel.
Photoinduced absorption due to long-lived excitations t
appeared as negative signals in theX channel, accompanie
by a positive signal in theY (p/2 out of phase! channel. The
magnitude of the CW-PIA signal isR5AX21Y2. The PL
12521
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signal was subtracted by measuring it separately from
CW-PIA signal at each wavelength. Photovoltaic devic
were prepared by spin coating from solution onto glass s
strates coated with indium-tin-oxide~ITO!. Prior to coating,
the substrates were cleaned in an ultrasonic bath with
etone andiso-propanol, and subsequently treated in
oxygen-plasma. Aluminum contacts were deposited by th
mal evaporation onto the polymer film. The diodes we
electrically characterized under a dynamic vacuum of or
1027 mbar. For determination of the spectral response of
photocurrent, a monochromated xenon arc lamp illumina
the diodes from the ITO side.

III. RESULTS AND DISCUSSION

The polymer used in this study is poly-6,68,12,
128-tetraoctyl-2,8-indenofluorene~PIFTO! ~Ref. 12! which is
a model blue-emitting conjugated polymer that we ha
shown to form relatively well ordered films compared to
similar material with branched 2-ethylhexyl side groups15

The absorption and photoluminescence~PL! spectra of a
PIFTO thin film are displayed in Fig. 1. The PL spectru
consists of blue emission from the conjugated backbone,
perimposed with a broad, redshifted emission towards
green region of the spectrum, attributed to interch
species.15 Figure 2~a! shows the femtosecond transient a
sorption spectrum probed 1 ps~open circles! and 800 ps
~dots! after photoexcitation of thep→p* transition with a
;100-fs optical pulse at moderately high pump fluenc
(;400 mJ/cm2). Figure 2~b! displays the time evolution o
probe-induced stimulated emission~SE! of photoexcited
chromophores, which probes exciton population density
2.64 eV ~solid circles!. The decay of the photoinduced ab
sorption~PA! signal at 2.14 eV is also shown~open squares!,
which we have previously assigned to superimposed abs
tion of the lowest (1Bu) exciton and polaron pairs.15 The
dynamics display picosecond and subpicosecond decay c
ponents characteristic of gain depletion by amplification
spontaneous emission~ASE! driven by wave guiding in the
plane of the film,16,17which leads to lasing in the presence
optical feedback in microcavity device architectures.18 Exci-
ton bimolecular annihilation also increases the initial dec

FIG. 1. Steady-state absorption~dashed line! and time-
integrated photoluminescence~continuous line! spectra of PIFTO,
with its structure included in the inset.
1-2
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EFFICIENT EXCITON DISSOCIATION VIA TWO-STEP . . . PHYSICAL REVIEW B 64 125211
rate.8 A ;100-ps excited state decay is observed. In addit
the PA data at 2.14 eV display a nanosecond decay com
nents with;10% total amplitude. Similar spectral featur
have been reported in a comprehensive study of phenyl
based conjugated polymers by Kraabelet al.19

We assign the long-lived PA component that is obser
in the visible @Fig. 2~b!# to absorption of polaron pairs
Charged excitations in disordered conjugated polymers
be regarded as molecular radical ions.20 Polaronic relaxation
of the local electronic and lattice structure in the vicinity
charges shifts the energy levels with respect to those of
neutral polymer, inducing sub-gap optical transitions up
polaron formation. Figure 3~a! displays CW-PIA measure
ments on a PIFTO thin film at room temperature~continuous
line! and at 20 K~dashed line!, collected with a pump modu
lation frequency of 113 Hz. The room-temperature data
characterized by a broad feature centered at;1.86 eV. In
order to demonstrate that this peak is due to polaron pa
semiconductor nanocrystal/conjugated polymer blen
which undergo photoinduced charge transfer14 and produce

FIG. 2. ~a! Pump-probe spectra probed 1 ps~open circles! and
800 ps~dots! after photoexcitation at 3.18 eV and;380 mJ/cm2

fluence. Even at this pump fluence the initialDT/T did not degrade
significantly over the time required to perform the measurem
(;1 h). The sample was also translated to a fresh region peri
cally to avoid degradation effects.~b! Time decay of the normalized
transient absorption signal at 2.64 eV~filled circles! and 2.14 eV
~open squares! with similar excitation fluence as in~a!. The dynam-
ics at 1.46 and 2.64 eV are similar at this fluence range~see Ref.
13!. The solid lines through the data are fits to(Aiexp(2t/ti) con-
voluted with the instrument response function. The dashed
highlights the residual photoinduced absorption at 2.14 eV.
12521
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efficient photovoltaic devices,21 were also investigated
Room-temperature measurements on a 4.6-nm C
nanocrystal/PIFTO blend (25% nanocrystal by weight! ex-
hibit 50% enhancement of this spectral feature~not shown
here!. Figure 3~b! shows the room-temperature modulatio
frequency dependence of the magnitude of the CW-PIA s
nal at 1.864 eV. The inset displays the room-temperat
pump intensity dependence of the signal. The intensity
pendence is essentially linear over all of the intensity ran
For a monomolecular decay process, the signal is linear w
intensity at all frequencies, it behaves asv21 for vt@1, and
it is independent ofv for vt!1.22 We note that the spectr
displayed in Fig. 3~a! are collected in a regime where th
signal is independent onv. We can conclude that the ul
trafast photoinduced absorption feature at 2.14 eV is a c
bination of singlet exciton~by comparison of transients a
2.14 and 2.64 eV! and polaron-pair absorption@by compari-
son of Figs. 2~a! and 3~a!#.

At low temperature, a sharp triplet-exciton absorption fe
ture is also observed at 1.44 eV, with similar distribution
lifetimes as the polaron signal. Matching features have b
observed in the structurally related ladder-type po

t
i-

e

FIG. 3. Quasi-steady-state photoinduced absorption spectr
298 K ~continuous line! and 20 K ~dashed line!. Excitation was
achieved with the 3.406 and 3.532 eV lines of an Ar1 laser, modu-
lated at 113 Hz, and with laser intensity of 38 mW/cm2. ~b! Pump
frequency modulation dependence of the signal at 1.864 eV an
room temperature. The dashed line is a fit to a standard unimol
lar decay expressionR}t/A11v2t2, with t52.431024 s. Inset:
room-temperature pump intensity dependence of the signal
modulation frequency of 113 Hz. The solid line in the inset is a
with R}I 0.9.
1-3
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p-phenylene~LPPP! ~Refs. 23,24! and polyfluorene25 deriva-
tives. Photoinduced absorption of triplet excitons is not m
sured in the room-temperature CW-PIA experiment, indic
ing that the steady-state population of this species produ
by intersystem crossing is low. However, it is possible t
an ultrafast triplet generation mechanism also operate
high pump intensity via high-energy excited states. The lo
lived photoinduced absorption feature near 1.5 eV@Fig. 2~a!#
could be due to triplet excitons, but we have insufficie
evidence to assign this feature definitively. Ultrafast trip
generation has been proposed in the literature by sin
fission23 and by nongeminate, spin-parallel electron-ho
fusion.26

Exciton bimolecular annihilation has been demonstra
to be an important source of charged excitations in con
gated polymers on timescales of a few picoseconds an
sufficiently high photon density.8 However, in our ultrafast
measurements, polaron pairs are generated faster tha
instrument response of our transient absorption appara
(;150 fs), which is over an order of magnitude too fast
be accounted for by bimolecular annihilation and thus in
cates an additional generation mechanism. Figure 4~a! shows
the absolute initial (t50) transient absorption signal at 2.6
eV ~SE, solid circles! and 2.14 eV~PA, open squares! probe
photon energies, versus pump fluence. The initial exc
density, interrogated by SE, varies linearly belo
;30 mJ/cm2. Above this value it shows saturated intens
dependence. On the other hand, the initial signal at 2.14
assigned to a combination of polaron-pair and exciton
sorption, displays much higher saturation fluence. The e
initial signal at 2.14 eV must originate from polaron pai
Our observation of ultrafast exciton dissociation is in agr
ment with that of Moseset al.6

Linear intensity dependence can arise from sequential
citation to a higher electronic state during the femtosec
pump pulse, where the leading edge of the pulse gener
excitons and the trailing edge excites the same excitons~dur-
ing ultrafast adiabatic relaxation! to higher states. This situ
ation arises for a saturated ground-state electronic trans
and an unsaturated excited-state transition. In this regime
linear intensity dependence of the excited-state transi
governs the overall intensity dependence. From the evide
of Fig. 4~a!, we propose that sequential electronic excitat
and subsequent charge separation is the principal sourc
polaron pairs on ultrafast time scales and at high pump
ence. If polaron pairs were generated directly,6 then we
would expect these to have the same intensity dependen
excitons. We note that in previous work on conjugated o
gomers, Klimovet al.have concluded that two-exciton stat
~biexcitons! are generated at high photoexcitation fluence27

In solid films, this species was believed to undergo cha
transfer to produce polaron pairs. Recently, Wegewijset al.
demonstrated, using flash-photolysis time-resolved mic
wave conductivity methods, that upon sufficiently inten
optical excitation, photoelectron emission is possible in c
jugated polymers.28 This was found to occur by two-ste
photoexcitation from the ground state.

We implement a kinetic model@see inset of Fig. 4~b!# to
explore this mechanism. The exciton (nex) and polaron-pair
12521
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(ndiss) population densities are given, respectively, by

dnex

dt
5R~ t !ng2

nex

tex
2bnex

2 2G~ t !nex, ~1!

dndiss

dt
5G~ t !nex1

b

2
nex

2 2
ndiss

tdiss
, ~2!

whereng is the ground-state chromophore density,tex and
tdiss are the exciton and polaron-pair unimolecular time d
cay constants, respectively, andb is the diffusion-limited
exciton bimolecular annihilation rate constant. We have de
onstrated that in this class of blue-emitting materials

FIG. 4. Dependence on the photoinduced exciton and pola
pair populations on the femtosecond pulse fluence.~a! Initial abso-
lute transient absorption signal at 2.64 eV~filled circles! and 2.14
eV ~open squares! photon energies, determined from thet50 value
of multiexponential fits to the data~see the caption of Fig. 2!. The
saturation fluence for the initial signal at each probe photon ene
was determined from fits~shown as dashed lines! to a photodeple-
tion expression of the form@12exp(2F/Fsat)#, where F is the
pump pulse fluence. The saturation fluence wasFsat531.9 and
411 mJ/cm2 at 2.64 and 2.14 eV probe photon energies, resp
tively. The solid lines are results from the photophysical model.~b!
Results from the photophysical model describing prompt cha
generation by sequential excitation. Shown are the exciton~filled
square! and polaron densities~triangles! at timest;gpump ~i.e., im-
mediately after the photoexcitation pulse! at various pump fluences
The inset shows a schematic of the photophysical model.
1-4
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diffusion-limited mechanism dominates bimolecul
annihilation.13 The fraction of exciton dissociation by thi
mechanism has been reported to be as high as 0.5 for P8

and this accounts for the factor of 1/2 in the bimolecu
annihilation term in Eq.~2!. However, we have found that i
a polyfluorene derivative, the fraction of exciton dissociati
by bimolecular annihilation is significantly lower than th
figure.13 The time scale for exciton dissociation by bimolec
lar annihilation is roughly an order of magnitude slower th
that by sequential excitation during the pump pulse, so
polaron-pair density att50 is not affected by this term. Th
true yield of polaron pairs by bimolecular annihilation is n
the focus of this work.

The rate constant of ground-state pumping by the fem
second pulseR(t) is given by

R~ t !5
sgf pump

A2pgpump

expF2
t2

2gpump
2 G , ~3!

wheresg is the ground-state absorption cross section in c2,
f pump is the pump photon flux in photons/cm2, andgpump is
related to the pump pulsewidth. The exciton dissociation r
constantG(t) is given by

G~ t !5w•R~ t !, ~4!

wherew is the composite polaron-pair yield, effectively th
product of the excited-state-to-ground-state absorption cr
section ratio and the dissociation yield. Note that amplifi
tion of spontaneous emission~ASE! ~Refs. 16,17! is not
taken into account in this model. Neglect of this proce
leads to a slight overestimate of the early-time (1Bu) popu-
lation. However, related measurements on other b
emitting step-ladder conjugated polymer samples, with fi
thickness below the cutoff for ASE, indicate that this effec
not significant and that exclusion of ASE effects does
limit the conclusions presented herein. The related results
presented elsewhere.13

Time-dependent exciton and polaron-pair population d
sities were numerically calculated by solving equations 1
2 with a Runge-Kutta algorithm. Physically realistic inp
parameters were used in the simulation, and are reporte
Table I. The initial ground-state chromophore densityni was
chosen so that the ground-state absorption cross sectio
to the correct experimental initial SE saturation fluence~see
Fig. 4! given the ground-state absorption coefficientag .
This was done via29

TABLE I. Summary of parameters used in the kinetic mode

Parameter Value

ni 7.9431018 cm23

ag(\vpump53.18 eV) 1.0123105 cm21

b 2.831028 cm2 s21

tex 100 ps
tch 1000 ps
w 0.1

aMeasured in Ref. 15
12521
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which holds as long as the measurement ofag is made far
from saturation. The bimolecular annihilation rate const
was deduced from intensity-dependent, time-integrated
measurements, which were reported earlier.15

Figure 4~b! plots early time (t;gpump) nex ~solid squares!
andndiss ~open triangles! as a function of pump fluence from
the kinetic model. When the initial exciton density is sat
rated, the initial polaron-pair density varies linearly wi
pump fluence because the excited-state transition is not
saturated. To match the kinetic modeling to the experime
results@Fig. 4~a!# requires one adjustable parameter. Imp
tantly, this is the composite polaron-pair yieldw and the
fitted data is forw50.1. The solid curve is simply the nor
malized initial exciton density shown in Fig. 4~b!, while the
dashed curve is a combination of exciton and polaron-p
densities. We note that significantly smaller yields~such as
those measured under CW excitation conditions—see be!
do not reproduce the results successfully.

It is important to estimate the yield of photoinduced p
laron pairs. In the ultrafast experiment, multiexponential
to the data at a pump fluence of 380mJ/cm2, displayed in
Fig. 2~a! give ;10% of the total initial signal amplitude to
the slowest decay component, assigned to polaron-pair
sorption. The population density is related toDT/T via

ndiss5
21

sdissz
lnS DT

T
11D , ~6!

wherez is the thickness of the film. From the measured s
nal att50 shown in Fig. 4~a!, the initial polaron-pair density
is then 731018 cm23, in reasonable agreement with th
densities calculated from the photophysical model@Fig.
4~b!#, assuming an absorption cross section of;1016 cm2.
This value was reported for LPPP, which is closely related
the material reported here.30 The initial polaron-pair photo-
generation yield~number of these per incident photon! is
then ;11% at this pump fluence, consistent with that r
ported by Moseset al.5 In the CW experiment@Fig. 3~a!#, the
photoinduced charge density is estimated to be
31016 cm23 at room temperature from the peak signal lev
~which is appropriate since the CW-PIA signal is indepe
dent on modulation frequency in that regime! and assuming
the absorption cross section as above. From the ti
integrated incident photon densities, the estimated cha
generation yield is,0.1%. This measured yield is consiste
with that reported by Wohlgenanntet al.23 Note that the peak
intensity of the femtosecond pulses at the highest fluence
few GW/cm2, compared with the maximum intensity o
;100 mW/cm2 in the CW experiment. We have undertake
steady-state photocurrent measurements in a PIFTO pho
ode with CW excitation~see Fig. 5!. The peak external quan
tum efficiency ~EQE! is only 0.028%, consistent with th
optical yield measured in CW-PIA measurements. Sepa
photocurrent measurements in photodiodes based on p
mer blends that exhibit photoinduced charge transfer rev
that the EQE increases from similarly small values in t
homopolymer by over three orders of magnitude in t
1-5
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CARLOS SILVA et al. PHYSICAL REVIEW B 64 125211
blend.31 However, the photoluminescence quantum yield
only quenched by an order of magnitude. Care must be ta
when comparing photocurrent data with the CW-PIA da
since the contact potentials of the electrodes provid
built-in electric field which could facilitate dissociation o
weakly-bound polaron pairs, and may overestimate the e
ton dissociation yield. However, we conclude that the pho
carrier yield in pristine conjugated polymers under ‘‘norma
excitation conditions is low, indicating that polarons are n
direct photoexcitations in conjugated polymers.

While the observation of efficient exciton dissociation
ultrafast timescales is in agreement with Moseset al.,6 the
conclusion concerning the mechanism is not. In that rep
the authors invoke direct charge photogeneration. Howe
we cannot arrive at the same conclusion from the pump
ence dependence data shown in Fig. 4~a!. If direct generation
of polaron pairs were to occur in our material, then we wo
expect a saturated polaron-pair density in a regime where
ground-state transition is saturated. This is clearly not
case and we must therefore conclude that two-step excita
is the mechanism for exciton dissociation.

Note that in this work we refer to the ultrafast dissociati
species as polaron pairs as opposed to free polarons~which
are responsible for the photocurrent in a diode and the C
PIA signal of a semiconductor nanocrystal blend, descri
above!. The absorption spectra of weakly bound polar
pairs and free polarons has been found to be similar in se
conductor conjugated polymers,32,33 rendering the assign
ment to one or the other species difficult to make. There is
evidence from our work at this stage concerning the bran
ing ratio of free polarons versus weakly bound polaron pa
The nanosecond decay components of the residual PA s
in the visible indicates that some geminate recombina
occurs in this time scale, but the mechanism of dissocia
of polaron pairs is beyond the scope of this report. The p
cise nature of the dissociation product is thus not of dir
relevance to the conclusions reached herein.

The estimated yield of exciton dissociation in the ultraf
measurement is roughly an order of magnitude larger t

FIG. 5. Short-circuit photocurrent action spectrum of a PIFT
photovoltaic device. Shown is the spectral dependence of the e
nal quantum efficiency~EQE!, defined as the number of carrie
collected per incident photon. The action spectrum has been
rected for the absorption spectrum of the ITO-coated glass
strate. It follows the absorption spectrum of the polymer.
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that measured by Ko¨hler et al. in steady-state photocurren
measurements with high excitation photon energy.4 As has
already been mentioned above, care must be taken w
comparing ultrafast optical and steady-state photocur
measurements because of built-in potentials in the di
structure and geminate recombination dynamics. Never
less, it is interesting to speculate on the effect of symme
on the exciton dissociation yield. Access to high-ene
states from the even-parity 1Ag ground state by one-photo
absorption results in a final state hasBu symmetry. The ini-
tial states populated by resonant sequential transitions a
ported herein involve the lowest-lying 1Bu excited state as
an intermediate, and therefore haveAg symmetry. Efficient
exciton dissociation may occur directly from such eve
parity states,34 as depicted in the inset of Fig. 4. Frolovet al.
have demonstrated that in an alkoxy-substituted PPV der
tive, mAg states convert internally to 1Bu , but kAg states
produce long-lived products with an efficiency that correla
with photocurrent efficiencies, indicating that this long-live
species are either polarons or precursor paired polaron11

Note that thekAg state in that report has an onset at 1.1 e
while the states that are accessed vertically in this report
approximately 3.2 eV above 1Bu . Efficient exciton dissocia-
tion may also occur in of a lower-lying even parity sta
(kAg) or an odd-parity state resulting from rapid intern
conversion during ultrafast thermalization. CW-PIA me
surements of a derivative of LPPP~Ref. 23! have been used
to invoke an electron tunneling mechanism for dissociat
of hot excitons prior to thermalization, at excitation phot
energies above thep→p* gap. Rothberget al. investigated
the correlation of the reduction of exciton population i
duced by stimulated emission with a femtosecond du
pulse, with the photocarrier population, by photocurre
cross-correlation signal.35 In that study, the authors con
cluded that excitons only dissociate during thermalizat
~before a few picoseconds following photoexcitation!. We do
not have direct evidence to ascertain whether ultrafast p
todissociation as reported herein is from an even-par
high-energy state, or after rapid internal conversion and d
ing thermalization. This issue is the subject of ongoing
vestigations in our group. However, it is clear from the wo
reported herein and from other femtosecond-resol
measurements9–11 that efficient dissociation of sufficiently
high-energy states is considerably more efficient than of
optically active excitonic state.

IV. CONCLUSIONS

In conclusion, a combination of transient and qua
steady-state photoinduced absorption studies were un
taken to measure the formation rate of charged excitation
a model conjugated polymer. In the ultrafast experimen
high pump fluence, polaron pairs are generated within
pumping process~i.e., ,150 fs) by sequential excitation
from the electronic ground state to a higher excited state
the lowest exciton, followed by exciton dissociation. Und
such conditions the polaron-pair yield is;10%. This ex-
traordinarily large value is due to the comparatively hi
peak intensities accessible with femtosecond pulse excita
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and to the special properties of high-energy excitons
lead to efficient charge dissociation. These results have
found implications for the prospect of optically pumpe
lasers,36 since in order to achieve sufficiently large excitati
densities for lasing, a photon density regime in which effe
discussed herein are important must be used. Resonan
quential excitation is a powerful method of preparing high
excited states with even parity, which will be exploited in t
future as a tool to investigate the electronic structure of c
jugated polymers. Particularly, questions that are posed
this work are whether it is general that even-parity sta
K.
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dissociate promptly, and, how such states in conjugated p
mers differ from molecules.
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