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Direct observation of a time-delayed intermediate state generated via exciton-exciton annihilation
in polyfluorene

Qing-Hua Xu, Daniel Moses,* and Alan J. Heeger
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~Received 14 February 2003; published 6 November 2003!

Excitation-density- and probe-wavelength-dependent pump-probe measurements are used to characterize the
excited-state dynamics in pristine polyfluorene. At high excitation densities, a secondary excitation is created
at times delayed from the initial formation of excitons. The spectrum of the intermediate state has been
characterized by probe-wavelength-dependent measurements. We interpret the results in terms of the genera-
tion of charge-separated pairs via a two-step exciton-exciton annihilation process.
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I. INTRODUCTION

Semiconducting polymers have emerged as materials
interesting optical and electrical properties and promising
plications, including light-emitting diodes, lasers, field-effe
transistors, solar cells, etc.1,2Although extensive research ha
been carried out with the goal of understanding the pho
physics of this class of materials, the nature of the elem
tary excitations in different semiconducting polymers
mains controversial: neutral excitons or charge separ
pairs? Debate has focused on the charge genera
mechanism:3 Are charges generated as primary excitatio
or via a secondary process involving exciton dissociation

For polymers with PPV backbone structure, transient p
toconductivity and ultrafast pump-probe measurements
the photoinduced infrared-active vibrational~IRAV ! mode
absorption3–7 demonstrated that the exciton binding energy
less than 0.1 eV. Because of the small exciton binding
ergy, both neutral excitons and charge-separated pairs
within 100 fs following directp-p* photoexcitation in the
PPV’s; e.g., the branching ratio for charge generation w
determined to be;10% in MEH-PPV.5–7

The soluble polyfluorene derivatives—for examp
poly~9,9-dioctylfluorene! ~PFO!—are high efficiency blue-
emitting materials.8 The polyfluorenes and related copol
mers are the only known family of conjugated polymers t
emit colors spanning the entire range of visible waveleng
There is, however, limited information available on the ph
tophysical properties of the polyfluorenes. In a previo
publication,9 we reported the results of a time-resolved stu
of the excited-state dynamics of pristine polyfluorene and
photoinduced electron transfer reaction from PFO to C60.
The results implied that at low excitation densities neu
excitons are the primary photogenerated species in PFO
report here that at high excitation densities, the pump-pr
signals show significantly different decay profiles and str
ing probe wavelength dependences. The generation of a
ondary excitation~intermediate state! via exciton-exciton an-
nihilation and its subsequent decay are directly observ
The spectrum of the intermediate state has been chara
ized by probe-wavelength-dependent measurements. W
terpret the results in terms of the generation of char
separated pairs via the following two-step exciton-exci
annihilation process:
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E* 1E* →E** →~12h!~E* 1Q!1h~p21p1!, ~1!

where E* represents an exciton,E** represents a higher
energy excited state,Q is the heat generated during radiatio
less decay back to the single-exciton state, andh is the frac-
tion of the E* 2E* annihilation events that yield separate
charged polaron pairs (p21p1).

II. EXPERIMENTS

The ultrafast pump-probe instrumentation has been
scribed in detail elsewhere.9 Briefly, femtosecond pulses with
a repetition rate of 1 kHz were derived from a Spect
Physics amplified Ti:sapphire system. The 400-nm pu
beam~generated by frequency doubling of the 800-nm o
put from the amplifier! was focused onto the sample with
beam size of;500 mm. The probe beam, a white light con
tinuum generated from self-phase modulation in a 1-mm s
phire plate, was focused onto the same spot, but wit
smaller size~;100 mm! to make certain that only the pho
toexcited region was probed. The delay between the pu
and probe pulses was varied by a computer-controlled tra
lation stage. The signal was detected using a silicon ph
diode and a lock-in amplifier after passing through an O
tunable bandpass filter~400–700 nm! or interference filters
to select the detection wavelength.

The poly~9,9-dioctylfluorene! sample was purchased from
American Dye Source, Inc. and carefully characterized
purity. The films were prepared by spin-casting onto qua
substrates from chloroform solution~10 mg/ml!, with an op-
tical density of;1.2 at the absorption maximum~;384 nm!.
The PFO emission spectrum spans from 400 to 500 nm w
peaks at;418 and;435 nm. Thus the emission was that
pure PFO with no sign of the energy-shifted peak often
served in the polyfluorenes.10 The films were prepared an
handled in a controlled atmosphere glove box filled w
nitrogen and were loaded into a vacuum chamber which
kept under dynamic vacuum (,1025 mbar) during the ex-
periment.

III. RESULTS AND DISCUSSION

A. Excitation density dependence at 480 nm probe wavelength

Excitation-density-dependent time-resolved experime
have been reported for a number of semiconduct
©2003 The American Physical Society03-1
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polymers.11–16Higher excitation density usually results in a
additional ultrafast decay channel~bimolecular decay!, the
importance of which diminishes as the excitation density
creases.

Figure 1 shows the excitation-intensity-dependent pum
probe results obtained from PFO with the probe wavelen
at 480 nm. At this wavelength, stimulated emission dom
nates the signal. As the excitation density increases, an a
tional fast component appears. The amplitude of the
component is enhanced with even faster decay at higher
citation densities. Note, however, that above a well-defin
pump power threshold, the signal level becomes saturate~at
delay times.3 ps!, and no further increase was observ
with increasing excitation density. When the excitation de
sity is high enough, a nonmonotonic time dependence
‘‘dip,’’ is observed in the time-resolved signal. This dip b
havior at high excitation densities has not been previou
reported.

For a bimolecular process, the exciton decay r
d@E* #/dt would be proportional to@E* #@E* #. Thus high
excitation densities typically cause a faster signal decay.
suming that the initial fast decay at high excitation densit
results from exciton-exciton annihilation~EEA!, the non-
monotonic time dependence could arise from exciton dis
ciation ~for example, to charged pairs or to higher-ener
excited states! followed by exciton regeneration. However,
is also possible that there is a negative contribution to
signal from the absorption of an intermediate state gener
by the exciton-exciton annihilation. If such a secondary
citation is generated, measurements of the probe wavele
dependence can be used to characterize the spectrosco
the new species.

B. Probe-wavelength-dependent results at high
excitation density

The photoinduced spectra of the neutral exciton, obtai
from the transient spectra after photoexcitation at low ex
tation density~;10 mJ/cm2!, were reported earlier.9 A tran-
sition from stimulated emission to photoinduced absorpt
is observed as the wavelength is shifted to the red with
isosbestic point at 515 nm. Therefore, measurements ca

FIG. 1. ~Color online! Excitation density dependent pump-prob
data obtained from a pristine polyfluorene film with probe wav
length at 480 nm. Time zero was shifted to 1.0 ps for the con
nience of presenting the data on a semilog plot.
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out with probe wavelength near 515 nm minimize the neu
exciton contribution and thus enhance the relative contri
tion from any transient absorption that arises from an int
mediate state at higher pump power.

At low excitation densities generated by pumping at 4
nm, the decay profile of the pump-probe signal shows li
dependence on the probe wavelength.9 The situation is quite
different at higher excitation densities. As shown in Fig. 2~a!,
there is a striking probe wavelength dependence w
pumped at;55 mJ/cm2. The dip observed at 480 nm be
comes more apparent as the probe wavelength is shifte

-
-

FIG. 2. ~Color online! ~a! Probe-wavelength-dependent pum
probe data under high excitation density~;55 mJ/cm2!. The zero
levels for the different probe wavelengths were shifted and the
nals rescaled for convenience of presentation. The scaling fac
are indicated on the right. The inset is the excited state spectrum~at
0.5 ps delay time! of the pristine PFO film at low excitation densit
~;10 mJ/cm2!. ~b! The pump-probe signals~not normalized! ob-
tained at 505 nm probe wavelength at low~18 mJ/cm2! and high~55
mJ/cm2! pump intensities are directly compared.~c! Absorption
spectrum of the intermediate excited state as reconstructed from
data in~a!.
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the red; at 505 nm, the signal even changes sign during
decay. When the probe wavelength is further redshifted
double-peak profile is observed~e.g., at 540 nm!. The pump-
probe signals at 505 nm~not normalized! obtained at low~18
mJ/cm2! and high~55 mJ/cm2! pump intensities are directly
compared in Fig. 2~b!.

The fact that the signal at 505 nm changes sign at lon
delay times at high excitation densities confirms the gen
tion of an intermediate state. The different relative contrib
tions from the exciton~sum of stimulated emission an
photoinduced absorption! and the intermediate state~photo-
induced absorption! are responsible for the observed wav
length dependence. At short wavelengths, the contribu
from the exciton is dominated by stimulated emission,9 and
the overalldT/T signal is positive. As the probe waveleng
is redshifted from 480 to 510 nm, the net positive sign
from the exciton approaches zero at the isosbestic point,
the contribution from the absorption of the intermediate st
becomes more apparent and even dominant at interme
delay times where the nonmonotonic transient signal e
changes sign. At 520 nm and longer wavelengths, the
contribution from the exciton is dominated by the photo
duced absorption.9 The initial small negative shoulder at 52
nm results from the photoinduced absorption contribut
from the exciton. The subsequent EEA causes the signa
decay, on the one hand, while the transient absorption of
EEA-generated excitation causes the signal to go even m
negative, resulting in the two negative peaks in the de
profiles~see Fig. 2!. At 540 nm, the relative amplitude of th
two peaks is reversed since the photoinduced absorp
from the exciton increases and becomes dominant again

The probe-wavelength-dependent results unambiguo
support the existence of an additional contribution from
EEA-generated species at high excitation densities. The
sorption spectrum of this transient species can be rec
structed from the data of Fig. 2~a!, as shown in Fig. 2~c!.
This intermediate-state absorption is located on the lo
wavelength side with respect to the ground-state absorp
spectrum and overlaps significantly with the spectral featu
of the charge-separated pairs and neutral exciton.9 The
intermediate-state absorption at even longer wavelength
quite difficult to determine because of the strong photo
duced absorption of the neutral exciton and appears a
barely seen shoulder in the signal decay.

C. Excitation density dependence at 515 nm

It is clearly of interest to inspect the excitation dens
dependence of the pump-probe signal with the probe wa
length at the isobestic point where the positive stimula
emission and negative photoinduced absorption from the
citon nearly cancel. Because of this cancellation, the signa
515 nm is dominated by the contribution from the EE
generated species. As shown in Fig. 3, a delayed trans
absorption signal is observed at high excitation densities;
amplitude increases superlinearly with the pump dens
Consistent with the 480-nm data, the rise of this transi
absorption moves toward earlier times as the excitation d
sity increases. The excitation density for the onset of
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transient absorption from the intermediate state~515-nm
data! is coincident with the onset of the initial ultrafast dec
in the stimulated emission signal~480-nm data!.

We note that the decay~disappearance! of the secondary
excitation shows a dependence on the excitation density
is different from its generation~the rise in the signal!.
Whereas the generation is very sensitive to the excita
density, the decay is insensitive. These results suggest
the generation of the secondary excitation is a high-or
process, while its decay is a first-order process. The de
can be fit with two exponential components: 0.660.1 ps
~approximately 90%! and 1062 ps ~approximately 10%!.

The creation of the exciton and secondary excitation
be approximately represented by the signal levels at 480
515 nm, respectively. Their excitation density dependen
are shown in Fig. 3~b!. The exciton density varies approx
mately linearly~within error! with the pump intensity, while
the density of the secondary species is not observed at
pump intensities and displays a superlinear increase with
creasing pump power. The slight deviation of intensity d
pendence of the 480-nm signal from linearity suggests
amplified stimulated emission also begins to contribute to
480-nm signal level at high excitation densities. The exc
tion dependence of the signal at 515 nm can be fit with
quadratic function, suggesting a bimolecular exciton-exci
annihilation process, although the limited number of poi

FIG. 3. ~Color online! ~a! Excitation-density-dependent pump
probe data obtained from a pristine polyfluorene film with pro
wavelength at 515 nm. The small negative peak around time ze
labeled as ‘‘SA’’~sequential absorption! and the delayed one is la
beled as ‘‘AG’’ ~annihilation generated!. ~b! The excitation-density-
dependent signal levels at 480 nm~solid squares! and 515 nm~open
circles!.
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and the limited resolution do not exclude the possibility of
even higher-order process. In summary, the excitati
density-dependent signals at 480 and 515 nm provide c
firming evidence of the generation of a secondary excita
that is generated via exciton-exciton annihilation.

D. Nature of the secondary species generated via exciton-
exciton annihilation

The creation of charge-separated pairs through exci
exciton annihilation is well known in organi
semiconductors.17 In the study of polysilanes, Kepler an
Soos18 proposed the two-step process shown in Eq.~1!. As
described in Eq.~1!, a higher-energy excited stateE** is
generated via exciton-exciton annihilation. The decay
E** branches into at least two paths: one toward the
glet exciton and the other toward the charge-separated
In a general sense, this model is consistent with the data

It is tempting to identify the time-delayed excitation~the
dip! as charge-separated electron-hole pairs or, more spe
cally, charged polaron pairs. However, previous studies h
shown that the lifetimes of charge-separated pairs in P
and other semiconducting polymers are generally m
longer than the lifetimes of the intermediate state obser
here.12,14,16,19–21

The dynamical behavior of this intermediate state is si
lar to that reported for a higher excited state inm-LPPP,
which is prepared by utilization of two sequential pum
pulses.21 In m-LPPP, the decay of the higher-energy excite
state decay is biexponential with time scales similar to th
obtained in our experiment. The higher excited state w
believed to involve branching into at least two paths: o
toward the singlet exciton and the other toward the char
separated pair.21 Charge carrier generation involving
higher-energy excited state has also been proposed by F
et al.,20 Silva et al.19 and Klimov et al.16,22 In their experi-
ments, the higher excited state was generated by seque
absorption within one pump pulse or, purposely, by utiliz
tion of two sequential pump pulses.

Evidence of the formation charge-separated polaron p
is shown in the data in Fig. 3~a!, where the signal level at 10
ps delay is observed to shift from positive to negative as
excitation density increases. The rise of the 515-nm signa
low excitation density to positive values at longer del
times can be understood as resulting from the onset of
Stokes shift;23 i.e., the fluorescence or stimulated emissi
spectra usually shift to the red in time due to geometric
laxation and excitation migration from short conjugated s
ments to long conjugated segments. The negative trans
absorption at high excitation densities persists to times
long as 100 ps~we have not been able to identify a speci
time constant for this long-lived signal as a result of t
limited signal-noise ratio!. We attribute this slowly decaying
contribution to photoinduced absorption by charged pola
pairs.

Similar studies of PFO/C60 blends in the high-pump
fluence range showed no dependence of the decay profile
the excitation density~data not shown here!. Therefore, the
charge generation process via EEA is not sufficiently fas
17430
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compete with the charge transfer process from PFO to
fullerene molecules. This is consistent with the charge car
pair being created on a relatively slow time scale~;10 ps!
via dissociation of the higher excited state.

In our experiments, the higher-energy excited state (E** )
is created through exciton-exciton annihilation@e.g., via the
mechanism of Eq.~1!#, instead of through sequential excita
tion. Although sequential pumping within the pulse durati
is also likely contribute to generation of the higher-ener
excited state@the small negative peak around time zero o
served in the 515-nm data obtained at high excitation de
ties in Fig. 3~a! and the double-peak structure before the d
in the 480-nm data in Fig. 1 might result from this effect#, it
is not responsible for the time-delayed dip~480-nm data! or
the new transient absorption~480- and 515-nm data!. The
delay time is pump fluence dependent and varies from 1 p
several picoseconds, much longer than the pulse dura
The fact that both the amplitude and decay time constan
the stimulated emission at 480 nm and the rise of the dela
nonlinear transient absorption signal at 515 nm are pu
power dependent and the coincidence of their time scale
the same excitation densities support the argument
exciton-exciton annihilation is responsible for the generat
of higher-energy excited states and the subsequent ch
separation.

Our conclusion agrees with the speculation by Den
et al.14 based on photophysical modeling of the different S
and PA dynamics. Here we have directly observed the tr
sient absorption associated withE** and its subsequent de
cay and have characterized the spectrum of this intermed
state. The relative contribution of the two charge-generat
mechanisms—sequential absorption~SA! and annihilation
generated~AG!—can be estimated from the two peaks
Fig. 3~a! ~labeled as ‘‘SA’’ and ‘‘AG’’!, which implies that
exciton-exciton annihilation is the dominant mechanism.

Additional studies are required to confirm the nature
the EEA-generated secondary product and to verify the p
posed charge generation mechanism~for example, measure
ments of the photoinduced IRAV absorption!. It is unclear
whether the intermediate state is a biexcition or a more
calized higher excited state of a single chromophore. E
though its absorption spectrum is consistent with the conv
tional description of biexciton24—i.e., on the long-
wavelength side of the original chromophore absorption—
lifetime is significantly shorter than the reported biexcit
lifetime in nanocrystalline semiconductors and conjuga
oligomers.16,24

IV. SUMMARY

The results of time-resolved measurements of excit
exciton annihilation in pristine polyfluorene film are re
ported. The excitation-density-dependent and pro
wavelength-dependent data obtained at high excita
densities unambiguously establish the correlation betw
the exciton-exciton annihilation and time-delayed generat
of an intermediate state—i.e., a higher-energy intermed
state generated via exciton-exciton annihilation. The abso
tion spectrum of this intermediate state is located on
3-4
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long-wavelength side with respect to the ground-state
sorption spectrum and overlaps significantly with the spec
features of the charge-separated pairs and the neutral exc

The higher-energy intermediate state subsequently de
~nonradiatively! either back to the singly excited state or b
generation of long-lived charge-separated polaron pairs.
though sequential absorption within the pump pulse can c
tribute to the generation of such doubly excited states and
subsequent charge separation, our results show that exc
exciton annihilation is the dominant mechanism.
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