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Charge pair photogeneration was investigated by ultrafast absorption spectroscopy for different excitation
photon energies in poly[3-(28-methoxy-58octylphenyl)thiophene] sPOMeOPTd film with and without an exter-
nal electric field. Electric field-assisted charge pair photogeneration in POMeOPT occurs from vibrationally
relaxed singlet excitons during their entire lifetime and charge pair formation takes place in this manner even
in the absence of an external electric field. From our data there are no indications of hot exciton dissociation
to charge pairs even when a large amount of excess energy is supplied to the excitons. To explain these
observations we present a model with energy transfer to low-barrier dissociation sites as a key feature.
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I. INTRODUCTION

Conjugated polymers could be used in both light emitting
devices (LED) and solar cell applications. Organic LED
technology has reached great progress in the last decade, and
is still rapidly growing. There are already commercially
available organic polymer devices and displays, which could
have a thickness less than 1 mm and be built on flexible
substrates. At the same time, in solar cell applications the
maximum light-to-current efficiency is far from the theoret-
ical prediction for conjugated polymers, leaving room for
much future work before cheap and effective organic solar
cells can be realized. An important step in this work is to
reach an understanding of the processes, that control the
light-to-charge conversion. The sequence of events that oc-
curs in this process is poorly understood. Upon optical ab-
sorption an excited state(exciton, sometimes labeled a neu-
tral bi-polaron) is formed and as a sequel to that generation
of charge carriers may occur. In what follows we will use the
notion “charge pair” to describe the electron-hole pair
formed by light absorption. Other similar concepts found in
the literature are, polaron pair or simply polaron(s), but since
our measurement technique is not sensitive to the interaction
between the charges, i.e., whether the charges are bound or
not, we will use the term “charge pair.”

Several different models of charge generation have been
proposed, even for the same polymers, by different research
groups. There are basically two main pictures of charge gen-
eration in conjugated polymers: direct photogeneration of
free charges via optical excitation1,2 and formation of charge
pairs from neutral singlet excitons.3–14 While most of the
results in the literature support the latter picture, there is no
agreement regarding model, time scale and mechanism of
singlet exciton splitting to the charge pair. Kerstinget al.
investigated the dynamics of field-induced fluorescence
quenching in a blend system of 20% poly(phenylphenylen-
vinylene) and 80% polycarbonate.3 They observed that the
main quenching occurs within several ps after excitation and

continues on a time scale of several hundred ps. They pro-
posed that the quenching dynamics are related to the inter-
play of the exciton breaking and spectral relaxation of exci-
tons within the inhomogeneously broadened density of
states. Based on the temperature, photon energy and field
dependence of the photocarrier yield, observed by Barthet
al. in polyphenylenevinylene(PPV) (Ref. 4) and in methyl-
substituted ladder-type poly-para-phenylene(MeLPPP),5

Arkhipov and co-workers developed a theory of field as-
sisted on-chain hot exciton dissociation.6,7 They proposed
that charge separation occurs on the subpicosecond time
scale, assisted by the excess vibrational energy. From obser-
vation of the rapid onset of stimulated emission quenching
and transient absorption due to charged species in MeLPPP,
with an external applied electric field and high intensity
s1.2 mJ/cm2d excitation by photons with low excess energy
s,0.5 eVd, Graupneret al.8 proposed that these processes
occur on two separate time scales. Excitons turn into po-
larons at “dissociation sites” that are found during exciton
interchain thermalization on the time scale of 2–3 ps. Slow
and less efficient charge pair generation is explained by the
diffusion of excitons approaching the localization edge. Our
previous investigation of field-assisted charge pair and exci-
ton dynamics in MeLPPP shows that(1) under excitation
with low excess energys,0.5 eVd and low excitation inten-
sity s14 mJ/cm2d the dissociation of excitons into electron-
hole pairs occurs from the vibrationally relaxed excited state
throughout its lifetime;9 (2) after excitation to higher exciton
states(,2 eV excess energy), two additional ultrafast gen-
eration steps appear, charge pair generation during the relax-
ation of highly excited states(instantaneous or faster than
200 fs) and field assisted breaking of the hotS1 state during
a time interval of,2 ps.10 Recent photocurrent and photo-
luminescence experiments on MeLPPP by Mulleret al.,11

showed that excitons(,0.5 eV excess energy) can relax in
two ways: 90% form “cold,” i.e., vibrationally relaxed exci-
tons that dissociate to charge carriers throughout their life-
time and 10% instantaneously generate intrachain charge
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pairs. Double excitation to high-lying excited states increases
photoionization efficiency by about two orders of magnitude
in a polyfluorene polymersPIFTOd, as was shown by Silva
et al.12 They proposed a model of charge generation from
high-lying excited states, which can be reached by double
excitation during the laser pulse or by singlet–singlet exciton
annihilation. Also in Ref. 13, Dentonet al. demonstrate the
importance of exciton annihilation for charge generation in
PPV as every second annihilation process ends up in forma-
tion of a charge pair at their experimental conditions.

Most of the work cited above was performed on a few
polymers(basically MeLPPP, PPV, and polyfluorene fami-
lies). Thus, from these results it is not possible to judge
whether the mechanism of charge generation is common to
all conjugated polymers, or whether it is material specific.
We decided to address this problem by investigating a differ-
ent type of polymer, a polythiophene polymer. Results avail-
able in the literature14,15 suggest that this type of polymer
exhibits light induced charge formation also in the absence
of an applied external electric field. Thus, low photon energy
optical excitation forms charge pairs in poly(3-(4-octyl-
phenyl)-2 ,28-bithiophenesPTOPTd (Ref. 14) and poly (3-
butyl-thiophene) sP3BTd,15 with a characteristic photoin-
duced absorption(PA) in the 1.2 eV–2.2 eV spectral region.
For polythiophenes, triplet states are known to absorb in the
same spectral region, but photoinduced absorption detected
magnetic resonance(PADMR) spectroscopy16 shows that
,2/3 of the signal in P3BT at 1.3–2.0 eV is due to photo-
induced charge pair absorption.15 Similar structure, steady-
state absorption and fluorescence spectra of PTOPT, P3BT,
and POMeOPT suggest that these polythiophenes could have
similar spectroscopic properties.

We have studied POMeOPT as a representative of the
polythiophene family and measured ultrafast electric field
assisted dynamics of excitons and charge pairs at two exci-
tation photon energies and different excitation intensities.
The dependence of charge pair formation on applied electric
field strength was studied as well. Our results show that the
charge photogeneration in POMeOPT is substantially differ-
ent from that in MeLPPP.9,10 It is best characterized as a
low-barrier process occurring at a low concentration of dis-
sociation sites reached by energy migration and direct exci-
tation. We present a quantitative model to describe the charge
generation.

II. EXPERIMENT

POMeOPT was synthesized as described in Ref. 17. The
polymer films were deposited on indium-tin oxide(ITO)
covered glass by spin coating from chloroform solution, to a
film thickness of about 100 nm. Thin aluminum electrodes
were evaporated on top of the polymer in a vacuum chamber.
As these polymer films are oxygen sensitive and destroyed in
several days in contact with air, the structure was sealed from
air by gluing a thin cover glass using a Variant polymer as
glue. Absorption and emission spectra of this device were in
accordance with previous reports17 and did not change dur-
ing several months. The pump-probe absorption spectrom-
eter was described elsewhere.14 The sample was excited by

120 fs pulses with 5 kHz repetition rate at 500 nms2.5 eVd
and 400 nms3.1 eVd, i.e., about 0.5 eV and 1.1 eV above
the polymer absorption edge. A white-light continuum was
generated in a 5 mmsapphire window from the Ti:Sa funda-
mental at 800 nm, or from 1400 nm pulses generated by an
OPA (TOPAS). With this probe light we could monitor the
1.15–2.45 eV spectral region. At 1240 nms1 eVd and
800 nm s1.55 eVd the probe was taken directly from the
TOPAS or from the Ti:Sa amplifier. Excitation and probing
were performed through the glass support, and the probe
beam was monitored after its reflection from the aluminum
electrode. The reference beam, which was taken from the
probe beam before focusing into the sample, passed through
the film with no external electric field and no light excitation
and was monitored after reflection from another aluminum
electrode.

To probe the effect of an applied electric field, 0–22 V
and 10ms long field pulses were applied during every sec-
ond optical pulse. To avoid charge carrier injection we used
reverse bias, i.e., the aluminum electrode was positively bi-
ased. As the resistance of our device was more than 30 MV
at maximum voltage, the concentration of injected charges
from electrodes was less than 1014 cm−3, negligible in com-
parison to the concentration of excitons and charge pairs
s1016–1020 cm−3d created by the excitation light. The
excitation-induced difference in optical density of the
sample, with and without external electric field was mea-
sured as

EDA= AF − A = lgS Ip
F

Ir
FD − lgS Ip

Ir
D , s1d

whereIp and Ir are the probe and reference intensities with-
out the external electric field,Ip

F is the probe intensity with
the electric field,Ir

F is the reference intensity measured si-
multaneously withIp

F. The pump pulse was applied for every
probe pulse. The delay time between the probe and pump
pulses was varied from −20 ps to 730 ps. Pump-probe ex-
periments described below were performed at the magic
angles54.7°d between pump and probe polarizations.

Anisotropy decay measurements were performed using a
femtosecond transient absorption spectrometer with
20–30 fs light pulses, described elsewhere.18 The excitation
wavelength was 500 nms2.5 eVd with a spectral width of
17 nm (FWHM) and the probe wavelength was 570 nm
s2.2 eVd with 32 nm width. The intensity of pump pulses
was ,20 mJ/cm2. Differential absorption and transient an-
isotropy measurements were performed by setting a 45°
angle between the pump and probe pulse polarizations, de-
tecting the probe components parallel,DAi, and perpendicu-
lar, DA', to the pump polarization simultaneously but inde-
pendently. BecauseDAi and DA' were measured using
components of the same initial pulses, carrying the same
fluctuations, the anisotropyrstd=sDAi−DA'd / sDAi+2DA'd
was measured with a very high signal to noise ratio. Aniso-
tropy experiments with lower time resolution were per-
formed using fluorescence streak camera measurements, de-
scribed elsewhere.19 In these experiments the sample was
excited at 400 nms3.1 eVd with the same excitation intensity
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as in transient absorption anisotropy experiments. Fluores-
cence kinetics with parallel and perpendicular polarizations
to the pump were measured with 10 ps time resolution and
then anisotropy was calculated.

III. RESULTS AND DISCUSSION

A. Spectral characteristics of charge pairs, singlet
and triplet excitons

POMeOPT(structure is shown in the inset of Fig. 1) has
a broad absorption spectrum, starting at 2 eV(the red part of
it is plotted in Fig. 1). The differential absorptionsDAd spec-
tra of POMeOPT film at 1 and 400 ps after low photon en-
ergys2.5 eVd and low intensitys,30 mJ/cm2d excitation are
shown in Fig. 1. This photon energy is 0.5 eV above the red
onset of the absorption spectrum and therefore corresponds
to a modest excess energy. A negativeDA signal corresponds
to absorption photobleaching and stimulated emission(SE)
of singlet excitons. As mentioned above, the transient spec-
trum of a polythiophene could have contributions from
charge pairs and triplet excitons in the 1.2 eV–2.2 eV spec-
tral region. A positive signal could therefore have three
contributions–photoinduced absorption(PA) of singlet exci-
tons, charge pairs and triplet excitons. Figure 1 shows that
even at long times after excitation, PA does not vanish. Data
in Fig. 3 shows that the singlet exciton concentration at
400 ps is more than 100 times smaller than the initial exciton
concentration. From this we conclude that the differential
absorption signal at 400 ps has contributions from long-lived
charge pairs and triplet excitons.

Electroinduced differential absorption(EDA) spectra
were measured in the 1.17–2.45 eV region after 2.5 eV pho-
ton energy and,75 mJ/cm2 light intensity excitation in
POMeOPT film in the presence of an,23106 V/cm exter-
nal electric field. The Stark shift signal at energies higher
then 2 eV is 10–20 times more intense than that related to
charge pair PA and quenching of the exciton SE, and there-
fore this spectral region will not be considered in this work.
In the rest of the spectrum the Stark shift signal measured at

negative delay time was subtracted from the EDA spectra.
The EDA spectra at 1, 40, and 400 ps after excitation, with
the Stark shift contribution subtracted, are plotted in Fig 2.
The subtraction does not fully eliminate the Stark shift influ-
ence above 1.9 eV because it could be time dependent.20 In
the rest of the spectrum a positive EDA signal corresponds to
electroinduced charge pair absorption and to exciton SE
quenching. The negative signal observed at,1.27 eV is
caused by quenching of exciton PA. There is a small negative
triplet signal contribution to the EDA, due to decrease of
singlet exciton concentration. An estimate shows that the
maximum value of the triplet signal is 0.0001, which is less
than the noise level of the spectral measurements. Therefore,
we neglect the triplet exciton contribution to the EDA spec-
tra. During the first picoseconds the EDA signal is very
weak, because of a low field induced charge pair concentra-
tion, and/or cancellation of the charge pair signal by elec-
troinduced exciton absorption quenching. On a longer time
scales40 psd, a positive signal appears due to quenching of
SE s,1.65–2.0 eVd and photoinduced charge pair absorp-
tion. In comparison with the 400 ps EDA spectrum, the 40 ps
spectrum has higher signal amplitude at energies.1.65 eV
and lower, even negative signal, at energies,1.55 eV. This
difference is caused by the contributions to the EDA signal
from the field induced exciton quenching, SE(.1.65 eV,
positive signal) and PA (,1.65 eV, negative signal). At
400 ps, only electroinduced absorption of charge pairs and
the time-dependent Stark shift contribute to the EDA. Photo-
induced charge pair absorption has a broad spectrum with
maximum at 1.45 eV and a width at half-maximum of
0.4 eV. For comparison, the EDA andDA spectra at 400 ps
are plotted in Fig. 2. At energies higher than 1.5 eV they
coincide, but theDA spectrum has an additional band at
,1.3 eV. We attribute this band to triplet exciton PA. The

FIG. 1. Differential absorption spectrum of POMeOPT at 1 ps
(triangles) and 400 ps(circles) after low photon energy and low
intensity excitation. Dashed line, absorption spectrum. Insert,
POMeOPT structure.

FIG. 2. Stark shift subtracted electroinduced differential absorp-
tion (EDA) spectra at different time delays after 75mJ/cm2 excita-
tion under,23106 V/cm external electric field. Solid line isDA
spectrum multiplied by a factor of 2.5 at 400 ps after 30mJ/cm2

excitation.
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transient absorption spectrum in Fig. 1 shows an isobestic
point at,1.6 eV. The contribution to the EDA spectra from
the singlet exciton quenching is therefore relatively weak in
this spectral region. We have chosen to probe the appearance
of the charge pairs at 1.55 eV, and corrected the measured
signal from the small contribution of exciton signal that is
still present at this probe energy.

We now identify a spectral region for monitoring singlet
excitons. To this end we measured the differential absorption
kinetics at 1.0 eV, with 2.5 eV photon energy and
,75 mJ/cm2 light intensity excitation(Fig 3). The kinetic
curve returns to the base line after,300 ps, showing that
triplets or charge pairs do not contribute to theDA signal in
this spectral region, since their lifetimes are much longer.14,15

The bi-exponential fit to this curve yields two lifetimes, 14
and 85 ps. The first time component is due to energy transfer,
singlet exciton-exciton annihilation and charge pair forma-
tion. The second decay component represents the singlet ex-
citon lifetime in POMeOPT. Thus, we conclude that singlet
exciton decay can be monitored at 1 eV, free of contamina-
tion from other species.

Figure 3 also displays theDA kinetics measured at
1.55 eV under the same excitation conditions as the 1.0 eV
kinetics. The dynamics at 1.55 eV are more complex—there
are two main contributions; singlet exciton dynamics(energy
transfer, annihilation and intrinsic decay) and charge pair for-
mation and decay. The key difference between the kinetics at
these two probe energies is related to the,0.45±0.05 ns
component, which corresponds to long-lived charge pairs. A
single exponential fit on a time scale longer than 200 ps
gives no evidence for other long time components in the
differential absorption dynamics. The absence of an offset in
theDA kinetics, the similar decay of charge pair EDA signal
at this wavelength(see below) and the fact that the EDA and
DA spectra at long times are identical near 1.55 eV, show
that the triplet contribution to theDA signal at 1.55 eV is
insignificant. This in its turn implies that the signal amplitude
at 1.55 eV in theDA spectrum on a long time scales400 psd
(Fig. 1) must be due to charge pairs, and consequently charge
pairs are formed also in the absence of an external electric
field.

B. Electroinduced charge pair generation

EDA dynamics measured at the probe energies 1.0 and
1.55 eV, after 2.5 eV excitation(,75 mJ/cm2 intensity), in

the presence of,23106 V/cm external electric field, are
displayed in Fig. 4(a). The EDA at 1.0 eV represents elec-
troassisted quenching of excitons and at 1.55 eV charge pair
dynamics. As was discussed above, the signal at 1.55 eV also
contains a small contribution from singlet excitons. In order
to obtain the pure charge pair response the exciton contribu-
tion has to be subtracted from the measured response:

ncp
F stdlscp

s1.55d = EDAcp
s1.55d = EDAs1.55d −

se
s1.55d

se
s1.0d EDAs1.0d.

s2d

We determine the exciton cross section ratiose
s1.55d /se

s1.0d

=0.4 from the ratio ofDAmax of the differential absorption
kinetics in Fig. 3. If all charge pairs were formed directly
after photoexcitation, the cross section ratio obtained in this
manner would be up to 20% lower, but would not change
qualitatively the following considerations. The corrected
charge pair EDA response(open circle symbols in Fig. 4)
rises from zero and can be fitted to a three-exponential law
(two rise components and one decay):

EDACP
s1.55d = Bse−t/t3 − e−t/t1d + Cse−t/t3 − e−t/t2d. s3d

A fit gives B=s0.24±0.02d310−3 for the fast rise compo-
nent,t1=9.6±0.9 ps, andC=s0.93±0.04d310−3 for the slow
rise component,t2=71±5 ps; the decay timet3=320±20 ps
is comparable with the 450±50 ps time constant in the field-
free kinetics. As can be seen from Fig. 4(b), there is no

FIG. 3. Normalized differential absorption kinetics at the probe
energies 1.55 eV(circles) and 1.0 eV(triangles, solid line, the two
exponential fit). The 1.0 eV kinetics is multiplied by a factor of 0.4.

FIG. 4. (a) EDA (exciton) dynamics probed at 1.0 eV, after
2.5 eV and 75mJ/cm2 excitation(triangles and dashed line); non-
subtracted charge pair EDA(dotted line) and exciton subtracted
EDA [circles, solid line, fit by formula(3)] probed at 1.55 eV.(b)
Charge pair EDA dynamics probed at 1.55 eV on a short time scale;
solid line, fit by formula(3).
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instantaneous charge pair formation—the appearance of the
charge pairs is well described by the 9.6 and 71 ps rise time
components and formation proceeds throughout the singlet
exciton lifetime. This characterization in terms of time con-
stants for the charge pair formation does not provide physical
insight into the charge generation mechanism. The model
presented below yields this knowledge and the fitting to the
experimental result in Fig. 4 is generated with this model
(see below).

The charge pair yieldw can be estimated from EDA and
DA kinetics at 1.0 eV. In the molecular approach, the num-
ber of formed charge pairs is equal to the number of broken
excitons, i.e.,w is the ratio between the number of broken
excitons and the number of initially excited excitons. The
additional yield of electroassisted charge pair formation can
be estimated as

we =

E
0

`

EDAs1.0d dt

E
0

`

DAs1.0d dt

. s4d

From the data of Fig. 3 and 4 we obtainedwe=13%. It will
be shown later that the charge pair yield without external
field is equal to the additional charge pair formation yield
with ,2 MV/cm external electric field,w=we=13%.

The charge pair formation dependence on excitation pho-
ton energy was studied through increasing excitation photon
energy from 2.5 to 3.1 eV. In order to excite the same num-
ber of singlet excitons at the two energies, an excitation den-
sity of 180mJ/cm2 was chosen at 3.1 eV. The differential
absorption and EDA dynamics, for both excitation energies,
monitored at 1.55 eV are shown in Fig. 5. The differential
absorption dynamics are identical within experimental accu-
racy for the both excitation conditions, showing that for both
excitations the same number of charge pairs are formed. The
EDA dynamics are also identical within experimental accu-
racy [Fig. 5(b)]. At both excitation energies the dynamics
start from the zero level and rise slowly. There is no instan-
taneous rise component of the EDA dynamics, indicating that
an increase of the excess energy by more than a factor of 2
does not lead to very fast hot exciton dissociation to charge
pairs. Since no external electric field induced ultrafast charge
formation from hot unrelaxed excitons is observed, it appears
reasonable to assume that there is also no hot exciton disso-
ciation in the absence of external electric field. The reason is
that an external electric field should increase the probability
of exciton dissociation.3–10 Thus, the charge formation is
governed by the same mechanism at both excitation energies.

C. Field dependence of charge pair formation
in POMeOPT

To study the exciton dissociation mechanism in more de-
tail, the voltage dependence of charge pair generation effi-
ciency was investigated by measuring the EDA at 1.55 eV at
100 ps delay after excitation(Fig. 6). The EDA signal starts

to grow at very low voltage and increases nonlinearly. In
contrast to MeLPPP,9 a discernable amount of charge pairs
are formed even at a fifth of the maximum voltage used
s,0.4 MV/cmd. If we assume a similar charge separation
distances6–7 Åd as for MeLPPP,20 a field of ,0.4 MV/cm
corresponds to a field induced reduction of the dissociation
barrier by,26 meV (<kT at room temperature). This quite
small barrier reduction, resulting in a measurable concentra-
tion of charge pairs, means that the charge carrier formation
is nearly barrierless or has a low barrier comparable withkT.
The voltage dependence of the EDA signal in Fig. 6 can be
fitted to a parabolic law:

EDA = aE2 s5d

with a=1.17310−4 scm/MVd2. The parabolic dependence is
typical for barrierless electron donor–acceptor transfer.21

This is further support to a low-barrier electric field-assisted
charge pair generation in POMeOPT. A low-barrier process
might suggest a high yield of charge generation. The fact that

FIG. 5. (a) Differential absorption and(b) EDA dynamics
probed at 1.55 eV after 2.5 eV(circles) and 3.1 eV(triangles) ex-
citation with the same number of initially formed excitons.

FIG. 6. Voltage dependence of charge pair EDA(circles). Solid
line is a parabolic fit: EDA=apE2, with a=1.17
310−4 sMV/cmd−2.
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we observe a yield of only 13% for POMeOPT in the ab-
sence of external electric field suggests that not every exciton
participates in charge formation. This will be further dis-
cussed in the model below.

D. Charge pair formation at high excitation intensity

We investigated the charge pair formation as a function of
excitation light intensity, to examine whether the formation
dynamics is intensity dependent. From these studies we
could also conclude that direct optical excitation of charge
pairs is not a major mechanism for the charge pair formation.
We start by considering the field-free dynamics. Differential
absorption kinetics were probed at 1.55 eV(2.5 eV excita-
tion) for 10, 75, and 420mJ/cm2 excitation intensities. Fig-
ure 7(a) shows theDA kinetics at the three intensities, nor-
malized on a long time scales200–400 psd to the kinetics at
75 mJ/cm2 intensity. All three kinetic curves have the same
long-lived decay component of 0.45 ns attributable to the
charge pair decay. The dynamics at 75 and 420mJ/cm2 have
in addition fast nonexponential components caused by
singlet-singlet exciton annihilation. The fact that the annihi-
lation related decay is much faster than the singlet exciton
lifetime shows that there are multiple excitations within a
domain of interacting excitons, and that excitons at these
intensities may undergo multiple annihilation events until the
exciton density is reduced below the annihilation threshold.
The annihilation can be described by an effective rateb,13

which is time independent. The singlet exciton concentration
nstd in that case can be found from the following kinetic
equation:

5dnstd
dt

= − knstd − bn2std,

unstdut=0 = n0,
6 s6d

as

nstd =
n0e

−kt

1 + n0bk−1s1 − e−ktd
, s7d

wheren0 is the initial singlet exciton concentration, andk,
the singlet exciton decay rate. A fit by Eq.(7) at short times
s,40 psd gives b=1.5310−9 cm3/s for both the 75 and
420 mJ/cm2 kinetics. The effective singlet exciton annihila-
tion rate b is polymer specific and varies from 10−9 to 5
310−8 for different conjugated polymers.12,13,22,23The initial
exciton concentration created by the laser pulse has a linear
dependence on intensity up to 0.5 mJ/cm2, showing that the
75 and 420mJ/cm2 light intensities are far from saturation
[dashed line in Fig. 7(b)]. The normalized total photolumi-
nescence(dotted line and circles) and the charge pair signal
(solid line and triangles) are shown in Fig. 7(b) as well. The
nonlinear intensity dependence of charge pair concentration
shows that direct photogeneration of charge pairs(i.e., direct
optical excitation of charge pairs) cannot be the main mecha-
nism of charge pair generation in POMeOPT, because in that
case the number of formed charge pairs should be propor-
tional to the excitation intensity before saturation sets in. The
leveling off of the intensity dependence of charge pair con-
centration in Fig. 7(b) cannot be explained by saturation of
the optical transition since even the high intensity
s420 mJ/cm2d is far from absorption saturation. That we are
far from saturation at these excitation intensities is also
shown by the factor of 2 increase of charge concentration
caused by the external electric field(see below). The same
intensity dependence of charge pair concentration and total
photoluminescence shown in Fig. 7(b), can be explained by
exciton dissociation to charge pairs. Optical excitation at
2.5 eV creates singlet excitons that can migrate to another
spectroscopic unit by hopping energy transfer, with charac-
teristic hop times from sub-ps to picoseconds.18 Increased
excitation intensity leads to higher exciton concentration and
probability for two excitons to meet on the same spectro-
scopic unit. When this happens, a spectroscopic unit may
become doubly excited, and then very quickly it will return
back to the lowest excited state by dissipating the excess
energy as heat. The net result is that one exciton is quenched,
annihilated. The annihilation process proceeds until there is
only one exciton within the domain defined by the migration
distance of the excitons and efficiently decreases the exciton
concentration at high light intensities. We therefore attribute
the nonlinear dependence of charge pair concentration on
intensity, described by the data in Fig. 7, to exciton annihi-
lation that opens up another channel for exciton quenching at
high intensity.

Singlet exciton annihilation could in principle alter the
rate and mechanism of charge pair formation, because high-
energy excitons formed in the annihilation process have
more excess energy to overcome a potential barrier.10 We
showed above that the light-induced charge pair formation is

FIG. 7. (a) DA kinetics measured at 1.55 eV and normalized on
a 200–400 ps time scale. Excitation intensities, 10mJ/cm2 (dotted
line), 75 mJ/cm2 (dashed–dotted line), and 420mJ/cm2 (dashed
line). Solid lines are fits by formula(7). (b) Initial exciton concen-
tration (dashed line), normalized total photoluminescence(dotted
line, circles), and charge pair signal(solid line, triangles).
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low barrier or even barrierless in POMeOPT. Therefore it
could be reasonable to assume that the excess energy sup-
plied by the annihilation could lead to ultrafast hot exciton
dissociation to charge pairs. To examine the exciton annihi-
lation effect on charge pair formation, the EDA dynamics
were normalized to the same number of initial excitons with
75 and 420mJ/cm2 (multiplied by a factor of 75/420) exci-
tation intensity, monitored at 1.55 eV[Fig 8(a)]. The EDA
dynamics at the two intensities overlap at early times
s,2 psd, when annihilation does not decrease the number of
excitons too much. At later times the normalized EDA kinet-
ics at the higher intensity rises more slowly than the lower-
intensity curve, as a result of exciton quenching caused by
the annihilation[Fig. 8(a)]. Thus annihilation decreases the
number of charge pairs, but from this representation of the
data it is not clear whether this is a result of the decreased
exciton concentration or decreased rate(probability) of
charge pair formation. To receive information about that we
normalize the two EDA curves to the number of excitons at
each instant, by dividing the EDA kinetics with its corre-
spondingDA kinetics[Fig. 8(b)]. From this we see that both
curves coincide, showing that high-energy excitons formed
in the annihilation process have the same probability to dis-
sociate into charge pairs as vibrationally relaxed excitons. In
other words, annihilation does not change the mechanism of
charge pair formation in POMeOPT. The constant ratio of
EDA/DA dynamics at long times[,1, in Fig. 8(b)] corre-
sponds to approximately twice higher charge pair yield with
,2 MV/cm external electric field, than without.

E. A model for charge pair generation

By comparison of the present results for POMeOPT with
those previously obtained at similar experimental conditions
for MeLPPP9,10 we conclude that although the time scale and

quantum yield of the charge pair generation from singlet ex-
citons are similar for these two polymers there are neverthe-
less several differences in the charge pair formation mecha-
nism:

(1) the exciton breaking in POMeOPT is a low-barrier
process, while it is characterized by a substantial barrier in
MeLPPP;

(2) in POMeOPT, as a result of the low-barrier exciton
breaking, there is charge pair formation in the absence of an
external electric field after excitation with light at low inten-
sity and low photon energy. In MeLPPP charge pairs are only
formed under different conditions—external electric field,
high light intensity or high excitation photon energy;8–11

(3) singlet-singlet exciton annihilation speeds up charge
pair generation in MeLPPP, while it leaves the rate essen-
tially unchanged in POMeOPT;

(4) photoexcitation with,2 eV excess energy causes ul-
trafast dissociation of nonrelaxed excitons in MeLPPP.10 in
POMeOPT supplying comparable excess energy by annihi-
lation does not exhibit detectable evidence of hot exciton
dissociation.

These differences imply that the charge generation
mechanism in POMeOPT is not the same as in MeLPPP. To
account for this dissimilarity and also to explain the low
yield of a nearly barrierless charge pair formation in
POMeOPT we suggest two models of charge
photogeneration—for MeLPPP type of behavior and for
POMeOPT type. We start by giving a qualitative description
of both cases and then we present a quantitative model for
the low-barrier case, relevant to POMeOPT studied here. The
corresponding account for the high-barrier case will be pre-
sented in a forthcoming publication.

The molecular approach of conjugated polymer photo-
physics assumes that the initially excited neutral singlet ex-
citon breaks into a charge pair, which could be located at
interchain or intrachain segments. The topology of the poly-
mer film plays an important role in charge formation—we
suggest that the exciton can dissociate at “special” dissocia-
tion sites, like chain crossings or aggregates(interchain dis-
sociation), chain kinks, twists or other specific spectroscopic
units (intrachain dissociation). These dissociation sites may
have a much lower dissociation barrier as compared to all
others sites. If on the other hand, the system is essentially
homogeneous, i.e., there are no low-barrier dissociation sites,
or the dissociation site density is low and excitation energy
migration is slow, then charge generation occurs at random
sites, if the energy barrier towards exciton breaking can be
overcome. A simplified scheme of singlet exciton dissocia-
tion to charge pairs in a conjugated polymer is shown in Fig.
9(a) for a homogenous conjugated polymer and for a hetero-
geneous conjugated polymer containing dissociation sites
[Fig. 9(b)]. In the homogenous(or the random site) model,
light excitation creates singlet excitons, which undergo vi-
brational relaxation, internal conversion to ground state with
rate k and dissociation to charges with rateg. The overall
apparent dissociation rateGstd is time dependent, as has been
studied for MeLPPP.9,10 This dependency is caused by
higher probability to pass the energy barrier at higher excess
energies and by the fact that different sites are characterized
by different dissociation energy barriers, i.e., there is a dis-

FIG. 8. (a) EDA dynamics at 1.55 eV after 75mJ/cm2 (solid
line) and 420mJ/cm2 multiplied by a factor of 75/420(dotted line)
excitation. (b) EDA measured at 1.55 eV after 75mJ/cm2 (solid
line) and 420mJ/cm2 (dashed line) excitation, divided by the cor-
respondingDA dynamics.

ULTRAFAST LIGHT-INDUCED CHARGE PAIR… PHYSICAL REVIEW B 70, 075202(2004)

075202-7



tribution of dissociation ratesg. Energy migration is not
critical for exciton dissociation at random sites, because all
sites are equal(within the distribution of the dissociation
rate), while high energy excitation and singlet-singlet exciton
annihilation can play an important role if the dissociaion
energy barrier is high enough. In this case, a high excess
energy exciton may form a charge pair with another rategh,
which can be several orders of magnitude higher thang.12,13

In the alternative model, for a polymer with low-barrier
dissociation sites, energy migration is crucial for charge gen-
eration at the dissociation sites, as a mechanism for excitons
to reach those sites. Light excites both dissociation and non-
dissociation sites, but only excitons at dissociation sites can
form charge pairs with the rateg. In a low barrier case this
rate is an effective dissociation rate that emerges from a
competition of charge separation, geminate recombination
and stabilization of separated charges by the external electric
field and/or by interaction with phonons. The excitons at
dissociation sites can also decay to the ground state with a
ratek. A singlet exciton located at a nondissociation site can
decay to the ground state with a ratek or migrate to neigh-
boring sites, until it reaches a dissociation site. The rate of
energy transfer to dissociation sitesd is not the site-to-site
energy transfer rate, but represent several energy transfer
steps. The time scale of this energy transfer is indicated by
the anisotropy dynamics of POMeOPT film[Fig. 10(a)] and
fluorescence anisotropy decay of POMeOPT in chloroform
solution[Fig. 10(b)]. The initial anisotropy is approximately
0.4, showing that there is no sub-20-fs time component. A
biexponential fit of the anisotropy dynamics in the polymer
film gives the time constants 0.5±0.2 ps and 5.6±0.9 ps for
fast energy migration.18 It is important to realize that the
anisotropy decay in the POMeOPT film(and in general an
anisotropy decay) to zero is not the most representative mea-
sure of the total energy transfer time scale. The reason is that
in film, with close-packed polymer chains, the energy trans-
fer is faster than for the polymer in solution because of more

available pathways. The anisotropy will therefore quickly de-
cay to zero and becomes insensitive to further energy migra-
tion. The slow energy migration is represented by the aniso-
tropy decay of POMeOPT in chloroform solution[Fig.
10(b)]. The decay is characterized by a 500 ps component
representing energy transfer among isoenergetic polymer
sites. This shows that the energy migration occurs during the
entire lifetime of the exciton. In the dissociation site model
for charge pair generation it is therefore reasonable to expect
that this time scale will appear in the formation of charges.
From the anisotropy measurements we thus see that energy
migration in the polymer can be characterized by three time
constants. In reality, there is a distribution of lifetimes due to
the disordered nature of the polymer film. To simplify the
modeling we will use fixed lifetimes for the energy transfer.
It appears in addition that it is convenient to include the fast
time scales,10 psd of energy transfer into the parameters
describing charge generation at the special sites and direct
optical excitation of the special sites(see below). The vari-
able rate parameter for energy transfer then becomes charac-
terized by a single rated,0.1 ps−1. Additional simplifica-
tions in the modeling are that we neglect energy transfer out
from dissociation sites and charge recombination to excitons.
After the presentation of the model we will comment on
these simplifications. The data used in the modeling were
collected at experimental conditions where singlet-singlet
exciton annihilation only has a small contribution and is
therefore neglected to simplify the analysis. With the energy
level diagram of Fig. 9(b) we will now quantify the disso-
ciation site model.

The total exciton concentration at each instant in time is a
sum of the exciton concentration at dissociation sites,Dstd,
the exciton concentration at nondissociation sites, which can
reach dissociation sites,Nstd, and which never reach those
sites,nstd. The density of excitons at nondissociation sites,
which can reach dissociation sites, is determined by the
equation,

FIG. 9. Scheme of singlet exciton dissociation to charge pair in
a homogenous(a) conjugated polymer(random site model) and for
a heterogeneous conjugated polymer containing dissociation sites
(b).

FIG. 10. Anisotropy dynamics of POMeOPT film(a) and
POMeOPT in chloroform solution(b). Solid lines are exponential
fits.
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5dNstd
dt

= − kNstd − dNstd,

uNstdut=0 = N0.

s8d

Solution of this equation gives a single-exponential decay,

Nstd = N0e
−sk+ddt. s9d

The exciton concentration at dissociation sites can be found
from the following kinetic equation,

5dDstd
dt

= dNstd − kDstd − gDstd,

Dstd!t=0 = D0,
6 s10d

as

Dstd = SD0 −
dN0

g − d
De−sk+gdt +

dN0

g − d
e−sk+ddt, s11d

whereD0 is the concentration of initially excited dissociation
sites plus the concentration of excitons that reach dissocia-
tion sites during fast energy migrations,10 psd. The equa-
tion for the time evolution of the charge pair concentration is

5dqstd
dt

= gDstd − xqstd,

qstd!t=0 = 0,
6 s12d

wherex is the charge pair decay rate. This equation can be
solved as

qstd =

gD0 −
gdN0

g − d

k + g − x
se−xt − e−sk+gdtd +

gdN0

g − d

k + d − x
se−xt − e−sk+ddtd.

s13d

Equation(13) has the same form as Eq.(3) with

B =

gD0 −
gdN0

g − d

k + g − x
, C =

gdN0

g − d

k + d − x
, t1 =

1

g + k
,

t2 =
1

d + k
, t3 =

1

x
.

An external electric field decreases the energy barrier for
charge pair formation and slows down the immediate gemi-
nate recombination of charges by stabilization of separated
charges, resulting in an increase ofg and in the appearance
of additional dissociation sites. For simplicity we combine
these effects in the effective increase of dissociation site con-
centration. The density of those new sites under 2 MV/cm
external electric field is comparable with the dissociation site
density in the absence of a field, because the charge pair
yield is twice that without field(Fig. 8). A fit of the charge
pair dynamics(Fig. 4), using Eq.(13), gives

g =
1

10 ps
, d =

1

100 ps
,

N0

D0
= 2.8.

This means that on the average, for one directly excited sin-
glet exciton at a dissociation site, or singlet exciton migrat-
ing to the dissociation site during fast energy transfer
s,10 psd, there are three excitons created at nondissociation
sites that can migrate to the dissociation sites during isoen-
ergetic (slow) energy migration. There are stillnstdut=0=n0

singlet excitons, that cannot reach dissociation sites, and
their density can be found from the equation for the charge
pair formation yieldw,

w =

g

k + g
SD0 +

d

k + d
N0D

D0 + N0 + n0
. s14d

Inserting the experimental charge pair formation yieldw
=0.13 into Eq.(14) gives the ration0/D0=18, implying that
most excitons do not reach the dissociation sites during their
lifetime. Using the fits of the EDA kinetics in Fig. 4 by
formula (13) and using Eq.(14) we estimate the concentra-
tion of dissociation sites to 5% without external field, under
the assumption that dissociation sites have the same absorp-
tion cross section as other sites. As mentioned above, this
model contains several simplifications. A more detailed
analysis including a distributed energy transfer rate to disso-
ciation sites and consideration of energy migration from dis-
sociation sites did not change the qualitative picture, but re-
sults in much more complicated fits with many free
parameters, leading to ambiguity in the fitted parameters.

By comparing the experimental results of POMeOPT with
MeLPPP we observe several qualitative differences in charge
generation behavior(see above), which suggest that there are
substantial differences in charge generation mechanism. We
can now rationalize and understand the differences in charge
pair generation of the two polymers, in terms of the model.
The lack of influence on the charge generation rate and yield
by high excess energy excitation in POMeOPT, as opposed
to the ultrafast hot exciton dissociation in MeLPPP,10 can be
understood as a consequence of low dependence of the bar-
rierless dissociation rate on excess energy and relatively slow
energy transfer from random sites to dissociation sites. Dur-
ing the energy migration the excess energy supplied by a
high energy photon or by exciton annihilation will be dissi-
pated to the polymer heat bath and will not significantly
influence the charge pair generation rate at a dissociation
site.

In our dissociation site model, the conjugated polymer
topology creates low barrier or even barrierless dissociation
sites. These sites can be directly excited by light or can be
reached during downhill and isoenergetic energy migration.
It is only at dissociation sites where singlet excitons can
form charge pairs. A similar approach has been used by
Graupner et al. to explain charge photogeneration in
MeLPPP.8 These authors conclude that the major contribu-
tion to charge pair formation dynamics appears from the
downhill energy migration. We conclude that our own mea-
surements of charge pair photogeneration in MeLPPP9 under
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annihilation-free conditions of excitation with;100 times
weaker light intensity than in Ref. 8 fit well to the random
site generation mechanism and cannot be explained by the
“dissociation site” model. At high pump intensity excitation,
energy migration in MeLPPP will lead to singlet-singlet an-
nihilation resulting in formation of additional effective “spe-
cial” sites with much higher dissociation rate.10 Under these
conditions, charge pair generation in MeLPPP will become
sensitive to excitation energy migration as predicted by the
“dissociation site” model, but we believe that a more appro-
priate description of the dynamics involves a “random site”
model rather than a modified “dissociation site” model, since
the application of a model is determined by the polymer film
features(energetics, morphology, dynamics, etc.) and is re-
ceptive to the excitation conditions. We can conclude that the
charge generation in POMeOPT can be well treated by the
dissociation site model, while the random site model is more
applicable for MeLPPP. These two models or a combination
of them may be useful to address photoinduced charge gen-
eration in other conjugated polymers.

IV. CONCLUSIONS

The results of the above discussion can be summarized as
follows:

(1) Charge pair formation in POMeOPT occurs from
breaking of singlet excitons at low-barrier dissociation sites.

The estimated density of those sites is,5%, and there are
two mechanisms to reach the dissociation site—direct optical
excitation and energy migration.

(2) Due to the low-barrier exciton dissociation in
POMeOPT, there is charge pair formation in the absence of
an external electric field and the number of formed charge
pairs has a parabolic electric field dependence.

(3) The charge pair formation yield in POMeOPT is
,13% without external field and,26% with 2 MV/cm
external electric field.

(4) Supplying 1.1 eV excess energy by high energy pho-
ton excitation or,2.0 eV excess energy by exciton annihi-
lation does not exhibit detectable evidence of hot exciton
dissociation in POMeOPT, because of possible weak depen-
dence of the barrierless dissociation rate on excess energy
and fast dissipation of the excess energy during exciton mi-
gration towards dissociation sites.
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