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We investigate the nature of ultrafast exciton dissociation and carrier generation in acceptor-doped conju-
gated polymers. Using a combination of two-pulse femtosecond spectroscopy with photocurrent detection, we
compare the exciton dissociation and geminate charge recombination dynamics in blends of two conjugated
polymers, MeLPPP [methyl-substituted ladder-type poly(p-phenylene)] and MDMO-PPV [poly(2-methoxy,5-
(3,7-dimethyloctyloxy)-1,4-phenylenevinylene], with the electron accepting fullerene derivative PCBM [1-(3-
methoxycarbonyl)-propyl-1-phenyl-(6,6)Cq;]. This technique allows us to distinguish between free charge
carriers and Coulombically bound polaron pairs. Our results highlight the importance of geminate pair recom-
bination in photovoltaic devices, which limits the device performance. The comparison of different materials
allows us to address the dependence of geminate recombination on the film morphology directly at the
polymer:fullerene interface. We find that in the MeLPPP:PCBM blend exciton dissociation generates Coulom-
bically bound geminate polaron pairs with a high probability for recombination, which explains the low
photocurrent yield found in these samples. In contrast, in the highly efficient MDMO-PPV:PCBM blend the
electron transfer leads to the formation of free carriers. The anisotropy dynamics of electronic transitions from
neutral and charged states indicate that polarons in MDMO-PPV relax to delocalized states in ordered domains
within 500 fs. The results suggest that this relaxation enlarges the distance of carrier separation within the
geminate pair, lowering its binding energy and favoring full dissociation. The difference in geminate pair
recombination concurs with distinct dissociation dynamics. The electron transfer is preceded by exciton mi-
gration towards the PCBM sites. In MeLPPP:PCBM the exciton migration time decays smoothly with increas-
ing PCBM concentration, indicating a trap-free exciton hopping. In MDMO-PPV:PCBM, however, the exciton
migration time is found to show a threshold-like dependence on the PCBM concentration. This observation is
explained by efficient interchain energy transfer in ordered MDMO-PPV domains in conjunction with exciton
trapping.
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I. INTRODUCTION

Optoelectronic devices based on polymeric semiconduc-
tors are currently being commercialized as light emitting di-
odes (LEDs) for display applications. The understanding of
charge carrier injection, transport, and recombination en-
abled the design of improved material systems, leading to
organic LEDs with efficiencies comparable to those of the
best inorganic LEDs.!

Organic photodetectors and solar cells rely on the inverse
process, i.e., charge carrier generation from exciton dissocia-
tion. One of the most promising approaches for conjugated
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polymer photodetectors is based on a blend system consist-
ing of a conjugated polymer acting as electron donor and
fullerene molecules as acceptors.”* Since the photoexcited
neutral states (excitons) created in the polymer are dissoci-
ated at the interfaces between the two constituents of the
blend, large interfacial areas of these bulk heterojunctions
are crucial for an efficient charge transfer.* This can be
achieved by functionalization of the fullerene providing a
high solubility in organic solvents’ and by a careful choice of
solvents to optimize the film morphology.® In such samples
the initial electron transfer can be as fast as 45 fs,’ resulting
in a quantum efficiency for charge photogeneration close
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to unity and solar energy conversion efficiencies of
2.5-3.5%.58

The device performance, however, depends critically on
the conditions of film preparation and on the specific mate-
rials used. Blend systems with comparable charge mobilities
and similar efficiencies for electron transfer can show dis-
tinctly different efficiencies for photo-carrier generation.” As
evident from photoluminescence quenching, in most blend
systems of conjugated polymers with fullerenes the electron
transfer to the fullerene is highly efficient. The predominant
loss mechanism leading to insufficient photon-to-carrier con-
version in some blends is thus the recombination of charge
carriers subsequent to exciton dissociation. Carrier recombi-
nation has been studied intensively in polymer:fullerene
blends, mostly by measuring the decay of the charge carrier
population by transient absorption studies®'%'* or electron
spin resonance,’>'7 and by the detection of magnetic-
resonance-induced changes of the recombination rate.'3-20

Recombination in polymer:fullerene blends is considered
to be predominantly nongeminate, occurring after charge dif-
fusion in the device. This is manifested by the dependence of
the recombination rate on charge mobility,>' charge trap-
ping,'* charge density,'>!7 and temperature.’>?*> Nongemi-
nate recombination is strongly enhanced if charge transport
toward the electrodes is hindered by domain boundaries be-
tween regions of electron donating and accepting material,>*
leading to a strongly morphology-dependent quantum effi-
ciency.®?

In neat conjugated polymer films geminate carrier recom-
bination has been shown to reduce the photocurrent yield
significantly. Intermediate states in between neutral excitons
and fully separated charges (free polarons) are formed on an
ultrafast time scale with a significant quantum yield.?® Un-
less reexcited with a second laser pulse, these geminate po-
laron pairs were found to recombine with high proba-
bility.?”-?® In this work we address the question whether such
bound intermediate states are also relevant in polymer:
fullerene blends. We present evidence that in certain poly-
mer:fullerene blends strong geminate recombination occurs.
We show that in these blends geminate polaron pairs are
formed directly after exciton dissociation and recombine sub-
sequently, leading to a low quantum efficiency for photocur-
rent generation. While nongeminate recombination takes
place after charge diffusion in the sample and therefore de-
pends on macroscopic film properties as the size and shape
of phase-separated regions and percolation, the geminate re-
combination investigated here occurs directly at the donor-
acceptor boundary and depends on the energy landscape in
direct vicinity thereof.

In our work we compare two high-quality conjugated
polymers blended with functionalized fullerene 1-(3-
methoxycarbonyl)-propyl-1-phenyl-(6,6)Cs; (PCBM),> the
methyl-substituted ladder-type poly(p-phenylene)
(MeLPPP), and a poly(2-methoxy,5-(3,7-dimethyloctyloxy)-
1,4-phenylenevinylene (MDMO-PPV). MeLPPP has been
the subject of many photophysical studies and is a well-
characterized conjugated polymer with a molecular weight of
M ,,~50000 and a rigid ladder-type backbone. Cells using
MDMO-PPV yield one of the highest photocurrent efficiency
reported for polymer:fullerene based solar cells;® its molecu-
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lar weight is about M, =~ 10°. Both polymers show an effi-
cient electron transfer to the fullerene, leading to a strong
photocurrent increase.?>3 We estimated the yield for this
process from photoluminescence quenching experiments,
which show an exciton quenching of 7>95% upon adding
20% (by weight) PCBM to the conjugated polymer film. De-
spite a larger hole mobility for MeLPPP3' as compared to
MDMO-PPV,*? we found in steady-state photocurrent mea-
surements under illumination at A=400 nm that the photo-
current quantum efficiency is more than one order of magni-
tude larger for MDMO-PPV:PCBM than for MeLPPP:
PCBM (0.1% for MeLPPP; 3% for MDMOPPV-based cells
of 150 nm thickness with 20% PCBM by weight??).

In order to resolve the reason for the vastly different pho-
tocurrent yields, we employ a combination of ultrafast tech-
niques with photocurrent measurements to investigate the
dynamics of exciton dissociation, polaron generation, and
geminate pair recombination with a sub-ps time resolution.
The two-pulse photocurrent correlation technique?’-2%343
gives a more detailed picture of the charge photogeneration
than purely optical experiments as it allows us to distinguish
between bound polaron pairs and free polarons.?’-?® With a
first femtosecond laser pulse we excite singlet intrachain ex-
citons in a diode structure comprising the organic blend. A
second tunable laser pulse with a photon energy below the
HOMO-LUMO gap is applied after variable time delay and
its effect on the photocurrent (PC) is measured. Changes of
PC are either due to exciton depletion by the second pulse
leading to a reduction of PC or due to the excitation of po-
laron pairs to higher lying states leading to a larger dissocia-
tion probability.

II. EXPERIMENT

In our experiments we use a regeneratively amplified fem-
tosecond Ti:sapphire-laser with a repetition rate of 1 kHz
and a pulse duration of 120 fs. Frequency-doubled pulses
with a photon energy of hv;=3.1 eV are used to excite the
sample (Fig. 1). The tunable time-delayed second laser pulse
is derived from an optical parametric amplifier pumped by
the same system. In our main experiment we determine the
relative photocurrent change APC/PC induced by the sec-
ond laser pulse. In contrast to conventional pump/probe ex-
periments the fluence of the second laser pulse is about four
times higher as compared to the excitation pulse. Due to its
spectral position below the bandgap, however, direct excita-
tion by the second pulse is an unlikely process. The photo-
current change is measured by a Lock-In amplifier with the
second pulse train being modulated by a mechanical chopper
at a frequency of 500 Hz, phase locked to the 1 kHz repeti-
tion rate of the laser system. For comparison the differential
transmission (AT/T) induced by the first pulse is also re-
corded. Here, the first laser pulse train is modulated by the
chopper. The excitation density generated in the active layer
by the 3.1 eV laser pulse is approximately 4 X 10'7 cm™3. For
this density neither bimolecular annihilation nor amplified
spontaneous emission affect the exciton lifetime.3¢

The organic blend system forms the active layer in a
sandwich-type diode structure. A set of four samples of each
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polymer with different amounts of PCBM between 0% and
60% by weight was prepared by spin coating the blend dis-
solved in toluene onto an indium-tin-oxide (ITO)-coated
glass substrate. A thin layer of PEDOT [poly(3, 4-ethylene-
dioxythiophene)-poly(styrenesulfonate)] between ITO and
polymer was introduced to improve the device performance.
The thickness of the blend layer is between 150 and 200 nm.
The diode structure was completed by evaporating an alumi-
num contact on top of the blend film. The reproducability of
all measurements was checked with a second set of samples
with identical parameters. The samples were stored in inert
gas atmosphere. During all experiments the sample was
mounted in a vacuum chamber with p <10~ mbar to avoid
sample degradation.

The optical properties of the polymers under investigation
are shown in Fig. 2. The purely electronic 0-0 transition in
MeLPPP is located at 2.7 eV. Due to the small inhomoge-
neous broadening in this polymer the absorption spectrum
exhibits well-resolved vibronic replica at higher energies. In
the case of MDMO-PPV both the absorption and the emis-
sion spectrum are subject to stronger inhomogeneous broad-
ening. The fundamental optical transition sets in at approxi-
mately 2.1 eV.

In a first series of experiments the second laser pulse is
tuned to the stimulated emission (SE) band. In MeLPPP
strong SE is found at a photon energy of hv,=2.51 eV.’7 In
the case of MDMO-PPV we choose a photon energy hv,
=1.97 eV for this part of the experiments. For the second
series of experiments addressing the role of polaron pairs the
second laser pulse is spectrally located at the absorption
bands of polarons. In MeLPPP we use hv,=1.9 eV,?38
while hv,=1.78 eV is chosen for MDMO-PPV (Refs. 39 and
40) (see Fig. 2).
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FIG. 1. Scheme of the experimental setup. A
laser pulse with a photon energy of hv;=3.1 eV
excites the sample, followed by a second laser
pulse with a tunable photon energy hv,. Time-
integrated changes of the photocurrent induced
by the second pulse are measured as a function of
time delay Ar. Additionally, the transmission
change AT/T of the second pulse due to the ex-
citation pulse is measured. The chemical structure
of the organic materials used is also shown.

III. RESULTS
A. MeLPPP blended with PCBM

We start the discussion with the results on MeLPPP
blended with different amounts of PCBM. The differential
AT/T transients measured at a probe energy of hv,
=2.51 eV are shown in Fig. 3(a). For all samples the popu-
lation of photoexcited S; excitons leads to an initially strong
stimulated emission resulting in a positive AT/T-signal. The
signal decay is dominated by the S;-exciton lifetime of about
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FIG. 2. Film spectra of absorption (dashed) and photolumines-
cence (solid line) of the polymers MeLPPP and MDMO-PPV. The
spectral positions of the two applied laser pulses are indicated by
arrows.
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FIG. 3. (Color online) Time-resolved data of MeLPPP:PCBM
samples with various PCBM concentrations. The second laser pulse
has a photon energy of hr,=2.51 eV, corresponding to the SE-band
in MeLPPP. (a) The differential transmission of the second laser
pulse. The inset shows data and fit curves according to Eq. (1) on a
shorter timescale. (b) The relative photocurrent change induced by
the second laser pulse. The inset shows APC/PC of the neat
MeLPPP sample and a sample doped with 1% PCBM on a longer
time scale. The neat sample reveals a signal at negative time delay
while this is absent for the doped sample.

80 ps in the case of the neat MeLPPP. As PCBM is added the
lifetime is gradually reduced down to =3 ps at a PCBM
concentration of 20%. This behavior is explained by the ran-
dom walk of photogenerated excitons in MeLPPP. When a
site close to a PCBM molecule is reached, rapid electron
transfer leads to a dissociation of the S, exciton.?>*! Thus
quenching becomes gradually faster as the density of PCBM-
related dissociation sites is increased.

The samples containing PCBM exhibit a small negative
AT/T at large time delays. This is attributed to a weak photo-
induced absorption (PTA) from charged species, generated by
electron transfer to the PCBM.

We determine the exciton dissociation time by an expo-
nential fit accounting for both SE and PIA,

AT
7(0 = Agg expl— (t/7)P = t/741] + Apia(1 — exp(= t/745,)) -

(1)

The first term with the amplitude Agg accounts for the decay
of the SE signal. The behavior of the neat polymer is de-
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scribed using a stretched exponential with time constant 7
and exponent [3; the dissociation time constant 7y iS set to
infinity in this case. For the samples containing PCBM, the
dissociation is switched on by fitting 74;,, while leaving 7, 8
fixed. The second term in Eq. (1) accounts for the weak PIA
caused by charge carriers. As shown in the inset of Fig. 3(a),
an excellent fit to the neat polymer data is achieved for 7
=61 ps, $=0.75. The subsequent fit to the samples contain-
ing 4% and 20% PCBM yields 74s49=8.3 ps and 7y 209
=3.4 ps, respectively.

The amplitude of AT/T slightly decreases with increasing
PCBM concentration. The PCBM absorbs part of the pump
light and reduces the concentration of the polymer. Both ef-
fects diminish the polymer absorption, leading to a reduced
SE signal. Since these effects account for the total amplitude
reduction observed, we conclude that electron transfer on
time scales shorter than the temporal resolution of the experi-
ment does not occur, for this would further reduce the exci-
ton population. This notion is confirmed by results discussed
in the next section.

The relative photocurrent changes (APC/PC) induced by
the second laser pulse with a photon energy of hw,
=2.51 eV are shown in Fig. 3(b). The negative APC/PC
signal has a decay time similar to the SE signal in Fig. 3(a),
therefore it is attributed to the depletion of S; excitons in-
duced by the second laser pulse. Since excitons are precursor
states for charge carrier generation, stimulated deactivation
leads directly to a reduction of the photocurrent.”®3* In
agreement with this scenario the decay of the APC/PC sig-
nal is accelerated when PCBM is added to the polymer.

In the case of the neat polymer sample an additional
APC/PC signal at negative time delays is present [see also
inset of Fig. 3(b)]. Residual ground-state absorption of the
second laser pulse at zv=2.51 eV (180 meV below the fluo-
rescence maximum), possibly due to anti-Stokes excitation
with the aid of a molecular vibration,*? leads to the formation
of excitons by the second laser pulse. These can undergo
bimolecular annihilation (BMA) with the excitons created by
the first laser pulse, subsequently creating highly excited ex-
citons with high dissociation probability.**#* In the presence
of PCBM the relative contribution of BMA to the photocur-
rent becomes negligible as electron transfer to the acceptor
by far dominates the photocarrier generation. The signature
of BMA in the APC/PC disappears completely.

The amplitude of APC/PC is unaffected by the presence
of PCBM molecules. This is in agreement with the conclu-
sion drawn from the discussion of the amplitude in AT/T
measurements, where an electron transfer on time scales
shorter than the time resolution of the setup was ruled out.
Here, changes of the optical density due to a reduced
MeLPPP concentration upon adding PCBM do affect both
PC and APC equally, thus the amplitude of the relative
change APC/PC remains unmodified.

In order to monitor the population of charge carriers in the
sample, i.e., polarons and polaron pairs, we tune the second
laser pulse to the absorption band of charge carriers at a
photon energy of hv,=1.9 eV.?838 The AT/T data taken at
this photon energy are shown in Fig. 4(a). The neat polymer
sample shows PIA with a decay time corresponding to the
singlet exciton lifetime discussed above. We conclude that
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FIG. 4. (Color online) Time-resolved data of MeLPPP:PCBM
samples with various PCBM concentrations. The second laser pulse
has a photon energy of hr,=1.9 eV, corresponding to the polaron
absorption band in MeLPPP. (a) The differential transmission of the
second laser pulse. (b) The relative photocurrent change induced by
the second laser pulse. The inset shows data and fit curves accord-
ing to Eq. (2) on a shorter timescale.

the PIA signal is rather dominated by S,«S; excited state
absorption than by PIA due to charged species. At increased
PCBM concentration, however, the signal shows a strong
and long-living PIA. Particularly at high PCBM concentra-
tions, the formation of this signal can be directly observed.
The buildup time corresponds approximately to the decay
time of excitons as extracted from Fig. 3. We conclude that
this long-living PIA signal, appearing faster and stronger as
the PCBM-concentration is increased, is caused by the
buildup of charged species as a result of electron transfer to
the PCBM. An increase of the PCBM concentration from 4%
to 20% leaves the amplitude of the PIA unchanged. This
reflects the fact that already at 4% PCBM nearly all photo-
excitations undergo electron transfer to the PCBM.

Free polarons and Coulombically bound polaron pairs
give rise to similar photoinduced absorption bands and can-
not be distinguished in transient absorption studies. The
APC/PC signal measured at this photon energy allows us to
disentangle these two species, as the PC arises primarily
from free carriers. The photocurrent changes APC/PC in-
duced by the second laser pulse are shown in Fig. 4(b). In all
samples the second laser pulse leads to an enhanced photo-
current. As recently shown for neat MeLPPP samples, po-
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laron pairs can be reexcited into states with higher dissocia-
tion probability, leading to an increased photocurrent yield.?$
From our data we conclude that reexcitation of polaron pairs
also leads to an increased photocurrent in samples containing
PCBM. Although in this case exciton dissociation by elec-
tron transfer to the PCBM is efficient, the hole on a MeLPPP
segment and the electron on the PCBM molecule remain
Coulombically bound to each other and form a polaron pair
with a high probability for recombination. Similar to the case
of the neat polymer, the 1.9 eV photon from the second laser
pulse supplies the necessary energy to reexcite polaron pairs
to a state with higher dissociation probability. Since there is
no significant Cg, anion absorption at 1.9 eV,* the second
laser pulse is absorbed by the hole on the MeLPPP, enhanc-
ing its probability to escape the attractive Coulomb potential
of the PCBM anion and thereby reducing charge recombina-
tion.

The decay times of APC/PC range from about 300 ps in
the neat MeLPPP sample to much larger values in samples
containing PCBM. The large energy difference of the LUMO
levels of polymer and PCBM of about 1 eV (Refs. 4 and 46)
supresses the electron back transfer from PCBM to the poly-
mer. For various conjugated polymer:fullerene blends recom-
bination times of microseconds and longer have been
reported.'!> In agreement with those observations the life-
time of the MeLPPP:PCBM polaron pairs exceeds the time
scale of our measurements in Fig. 4. In neat MeLPPP, how-
ever, the polaron pair is almost isoenergetic with the exci-
tonic state.*” Thus recombination of the polaron pair in the
neat polymer is more probable, resulting in a shorter polaron
pair lifetime.

The rise time of the APC/PC signal corresponds to the
formation time of polaron pairs. All samples exhibit an ul-
trafast rise of the APC/PC signal within the pump-pulse
duration, which has been attributed to the ultrafast formation
of intrachain polaron pairs in MeLPPP.?® In samples contain-
ing PCBM an additional rise of the APC/PC signal occurs
due to the time-delayed electron transfer. This rise time
shortens with increasing PCBM concentration and corre-
sponds to the migration time required for the exciton to reach
a site next to a PCBM molecule, which is probed by SE
depletion in Fig. 3. Within the first few tens of picoseconds
any decay of the photocurrent signal can be neglected and we
describe the rise of APC/PC by a single exponential term,

APC
E(I) =Appc(l = exp(=t/745)) + APC ey, (2)

where 74 is the time constant for the time-delayed exciton
dissociation, Appc is the amplitude, and the offset APC,_
accounts for the ultrafast rise of APC/PC within the experi-
mental time resolution. An excellent fit is obtained for the
samples with 4% and 20% PCBM by using the exciton dis-
sociation times as determined above in the discussion of Fig.
3(a), Tyissa%=8.3 ps and Ty 209 =3.4 ps, respectively. The
inset in Fig. 4(b) shows data and fit curves.

We conclude that the polaron pairs probed in Fig. 4 are
formed directly after electron transfer to the PCBM, and
therefore have to be geminate pairs.
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FIG. 5. (Color online) Time-resolved data of MDMO-

PPV:PCBM samples with various PCBM concentrations. The sec-
ond laser pulse has a photon energy of hr,=1.97 eV. (a) The dif-
ferential transmission of the second laser pulse. The inset shows the
data with fit curves according to Eq. (1) on a shorter time scale. (b)
The relative photocurrent change induced by the second laser pulse.

The amplitude of the relative photocurrent increase
APC/PC, however, is almost identical for all PCBM con-
centrations. Apparently, the probability for geminate recom-
bination is virtually independent of the PCBM concentration
and any related changes in film morphology. This behavior is
not surprising, since the geminate pair cannot leave the poly-
mer:PCBM domain boundary, implying that geminate re-
combination does not depend on the domain size of the in-
dividual constituents of the blend as long as it exceeds the
spatial extension of the geminate pair.

B. MDMO-PPYV blended with PCBM

In the following section the results obtained on samples of
the conjugated polymer MDMO-PPV blended with PCBM
are described and compared with the results obtained for
MeLPPP:PCBM.

In Fig. 5(a) the differential transmission signal after
pumping with femtosecond pulses at 3.1 eV is shown for
MDMO-PPV blended with different amounts of the electron
acceptor PCBM. The probe photon energy is tuned to the
first vibronic side band observed in the photoluminescence
spectrum at hv,=1.97 eV (see Fig. 2), thereby enabling SE
and hence depletion of the excited state.
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The transients of MDMO-PPV samples with a PCBM
concentration of up to 4% show a positive AT/T signal due
to SE. As observed for the MeLPPP:PCBM samples, the
decay times become shorter with increasing PCBM concen-
tration. In contrast to the MeLPPP:PCBM samples, however,
the amplitude undergoes a significant decrease by =30% at
4% PCBM, indicating instantaneous electron transfer to the
PCBM within the experimental time resolution of 300 fs. At
a PCBM concentration of 16% the contribution from SE in
the AT/T signal has almost vanished [inset of Fig. 5(a)]. We
estimate that in this sample roughly 90% of the excitons
dissociate within 300 fs.

At increased PCBM concentrations a long-living PIA sig-
nal appears in the AT/T transients. Like in MeLPPP:PCBM,
this signal is characteristic for the generation of charged spe-
cies due to the electron transfer from the photoexcited poly-
mer to the PCBM molecules. The amplitude is the same for
fullerene concentrations of 16% and 60%, indicating that the
efficiency for electron transfer approaches unity for these
blends.

Using Eq. (1) we calculate the exciton dissociation rate
for the samples with 4% and 16% PCBM. The fit curves are
shown in the inset of Fig. 5(a). For the neat MDMO-PPV
sample we use 7=7.1 ps and 8=0.71. Leaving these param-
eters fixed, we obtain a dissociation time of 7y 44,=9.9 ps
for the sample with 4% PCBM. The sample with 16%
PCBM shows a much faster dissociation of only 7y 169
=1.1 ps. Compared to the respective numbers obtained in the
previous section on MeLPPP:PCBM samples, the dissocia-
tion in MDMO-PPV:PCBM is slower at a low PCBM con-
centration of 4%, but much faster at high PCBM concentra-
tions above 16%.

The observation of a strong PIA in MDMO-PPV at the
center of the first vibronic sideband of the photolumines-
cence competing with SE is in contrast with the behavior in
MeLPPP. Due to the larger inhomogeneous broadening in
MDMO-PPYV, the SE band of the exciton overlaps with the
PIA band of the charged species. The resulting superposition
of positive and negative contributions to the AT/T signal
also determines the behavior with the second pulse tuned to
hv,=1.78 eV, as discussed in more detail below. At this
probe energy the SE turns out to be weaker than the PIA, so
that the differential transmission signal is dominated by PIA.

The superposition of SE by excitons and PIA by charges
is also evident in the APC/PC data. As shown in Fig. 5(b),
in the neat MDMO-PPV sample the second laser pulse at
hv,=1.97 eV induces a pronounced, initially negative signal
due to depletion of the exciton population. In the same tran-
sient, a strong photocurrent increase appears at At>6 ps.
The lifetime of the positive APC/PC signal is about 300 ps,
exceeding by far the stimulated emission lifetime in MDMO-
PPV at this photon energy. As described above for the
MeLPPP sample, the long-living photocurrent enhancement
is assigned to the reexcitation of polaron pairs by the second
laser pulse, increasing the dissociation yield of the Coulom-
bically bound pairs. In analogy to the corresponding dataset
obtained for MeLPPP in Fig. 3(b), the APC/PC signal of the
neat MDMO-PPV shows a small decay at negative time-
delay, which is a result of residual ground-state absorption at
the photon energy of the second laser pulse at hw,
=197 eV.
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FIG. 6. (Color online) Time-resolved data of MDMO-

PPV:PCBM samples with various PCBM concentrations. The sec-
ond laser pulse has a photon energy of hr,=1.78 eV. (a) The dif-
ferential transmission of the second laser pulse. (b) The relative
photocurrent change induced by the second laser pulse.

Since the electron transfer itself is as fast as 45 fs,’ the
decay of the stimulated depletion signal observed in Fig. 5(b)
is given by the exciton diffusion time that is required to
reach a site close to a PCBM molecule. In analogy to the
AT/T data in Fig. 5(a), the photocurrent depletion signal
becomes only slightly faster when up to 4% PCBM is added,
implying an exciton diffusion time comparable to the exciton
lifetime in neat MDMO-PPV. At a PCBM concentration of
16%, however, the amplitude of the photocurrent depletion
signal is drastically reduced, showing that about 90% of the
excitons dissociate within the experimental time resolution
of 300 fs. This observation is in full agreement with the
quantitative analysis of the corresponding AT/T data [Fig.
5(a) and discussion]. Since an increase of the PCBM concen-
tration from 4% to 16% corresponds to a mere 40% decrease
of the average PCBM distance, the sudden acceleration of
exciton dissociation is surprising and in striking contrast to
the behavior observed at the MeLPPP:PCBM samples,
where the exciton dissociation time decreases smoothly with
increasing PCBM concentration.

Due to the less pronounced SE at a probe energy of hv,
=1.78 eV, the photocurrent enhancement induced by the sec-
ond laser pulse can be observed more clearly in Fig. 6(b). At
this spectral position the photocurrent depletion by SE is
weak and only results in a small dip in the transient for the
neat polymer film at around Ar=5 ps. The dominant contri-
bution to the photocurrent modulation is positive due to fa-
cilitated carrier separation. Surprisingly, the second pulse en-
hances the photocurrent of the neat MDMO-PPV film by 5%
although no PIA is detected in the corresponding A7/T data
in Fig. 6(a). We conclude that the probability of dissociation
of polaron pairs upon absorption of a 1.78 eV photon by far
exceeds the dissociation probability of a neutral exciton in
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the neat MDMO-PPV sample. Similar to the case of
MeLPPP the fast initial rise of APC/PC at Ar=0 indicates
that a portion of the excitons form polaron pairs in MDMO-
PPV within 300 fs.

The APC/PC transients are drastically changed upon
adding PCBM. Even a small PCBM content of only 1%
completely suppresses the photocurrent enhancement. Only
the negative APC/PC signal due to stimulated exciton
depletion remains. This is just the opposite to the observa-
tions in MeLPPP:PCBM-blends, where the positive
APC/PC signal even increases in strength upon blending
with PCBM. We conclude that in the MDMO-PPV:PCBM
samples no stable polaron pairs are formed after electron
transfer to the PCBM, i.e., geminate pairs consisting of a
hole located on the MDMO-PPV and an electron on the
PCBM fully dissociate spontaneously. Consequently, the sec-
ond laser pulse cannot increase the photocurrent any further.
This scenario is in agreement with the vanishing magnetic-
resonance effect on the photocurrent at increased PCBM
concentrations reported recently on MDMO-PPV:PCBM so-
lar cells.?”

IV. DISCUSSION

The photocurrent quantum yield in the MDMO-PPV:
PCBM samples is well below one (7pc=0.03 for 20%
PCBM), implying that strong charge recombination occurs.
The reexcitation of polarons with the second laser pulse,
however, leads to a large photocurrent increase in neat
MDMO-PPV only, while it has no effect on the photocurrent
in the MDMO-PPV:PCBM blend even at low PCBM con-
centrations. This can be explained by the different nature of
geminate and nongeminate recombination. Nongeminate re-
combination occurs after charge diffusion in the device and
competes with charge extraction at the electrodes. Although
the second laser pulse may increase the charge mobility by
releasing charge carriers from deep traps, it does not affect
the nongeminate recombination yield since nongeminate re-
combination and charge extraction depend on the mobility in
the same Way.23 Geminate recombination, however, can be
reduced by the second laser pulse by facilitating to surmount
the attractive Coulomb potential of the counterion.

Consequently, our results show that in the MDMO-
PPV:PCBM samples geminate recombination occurs only in
the absence of PCBM. We can exclude geminate recombina-
tion of charges created by electron transfer from MDMO-
PPV to PCBM. In contrast, charge pairs created by exciton
dissociation in the material system MeLPPP:PCBM appar-
ently recombine geminately with a high probability. This re-
sults in a low photocurrent quantum yield on the one hand;
on the other hand, however, it leads to a strong enhancement
in photocurrent upon excitation of polaron pairs with a sec-
ond laser pulse.

Different explanations for the distinct behavior of the two
material systems are conceivable: (i) In a recent theoretical
study the dependence of the geminate recombination rate on
the effective mass of the hole in the polymer was
discussed.*® However, we are not aware of any indication for
a much larger effective mass in MeLPPP as compared to
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FIG. 7. (a) Anisotropy of AT/T in the neat polymer films, mea-
sured in the SE band (MeLPPP: hv,=2.51 ¢V, MDMO-PPV: hv,
=1.97 eV). (b) Anisotropy of APC/PC in neat polymer films, mea-
sured in the polaron absorption band of (MeLPPP: hv,=1.9 eV,
MDMO-PPV: hv,=1.78 eV).

MDMO-PPV. (ii) A recent investigation of Monte Carlo
simulations of photocurrent generation in conjugated-
polymer:fullerene blends proposed that disorder within the
polymer system facilitates the surmounting of the mutual
Coulomb attraction of a geminate pair.** This model agrees
well with our observations, since the site disorder in
MeLPPP is much smaller than in MDMO-PPV (see absorp-
tion spectra in Fig. 2). (iii) The probability for geminate re-
combination of a charge pair is directly related to the shape
of the energy landscape for the charge carriers, determined
by the external field, the Coulombic interaction with the
counter charge, and the spatial and energetic site distribution.
The latter is largely influenced by the film morphology, since
interchain interactions in ordered regions generally lead to a
reduced site energy.”® We note that an important difference
between PPVs and LPPPs is the tendency of PPVs to form
aggregates even from single molecules®' whereas MeLPPP
does not show any significant aggregation, neither on a
single-molecule level®! nor in films.>?

In order to examine the film morphology on the molecular
scale, we performed measurements of the ultrafast anisotropy
dynamics of the AT/T- and APC/PC-signals. The aniso-
tropy r is calculated according to r=(S,—S,)/(S+2S,),
where S and S| are the signals obtained for parallel and
perpendicular polarized laser pulses, respectively. The results
confirm that the two polymers form films with very distinct
morphologies, which directly affect the microscopic inter-
face between molecular donor and acceptor species. Figure
7(a) shows the anisotropy of the stimulated emission mea-
sured for the neat polymer films. The initial anisotropy of the
SE of MeLPPP observed in Fig. 7(a) reaches only r=0.15,
far less than the theoretical value for a disordered ensemble
of linear transition dipole moments of ry.,=0.4.° A very
recent single molecule study has shown that the transition
dipole moments of MeLPPP are highly anisotropic, both in
excitation and in emission.”* The low anisotropy observed
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here therefore results from ultrafast exciton hopping between
segments of different orientation, which can also occur effi-
ciently within one single molecule.>*

The SE of MDMO-PPV has an initial anisotropy of r
=0.3, twice as large as the corresponding value for MeLPPP.
Recent calculations of the exciton hopping in polyindenof-
luorene films predicted that interchain hopping between par-
allel chain segments is about one order of magnitude faster
than intrachain hopping.® We conclude that the initial exci-
ton migration steps in MDMO-PPV are preferentially of an
interchain type and occur between stacked conjugated seg-
ments with parallel orientation, thereby maintaining the po-
larization of the transition dipole moment.

The different chain packing in films of the two conjugated
polymers is also evident from the anisotropy of the photo-
current enhancement observed when polaron pairs in the
polymer are reexcited with the second laser pulse, shown in
Fig. 7(b). Here the signal represents the anisotropy of the
transition dipole moment for excitation of polarons. In the
case of MeLPPP the initial anisotropy of polarons is r=0.2,
exceeding the corresponding value for excitons [Fig. 7(a)].
This observation was recently assigned to polarons created in
an ultrafast on-chain exciton dissociation process.”® In con-
trast, the initial anisotropy of »=0.08 found for polarons in
MDMO-PPV is very low. Since the high anisotropy of exci-
tons indicated the presence of ordered domains in this poly-
mer, the low anisotropy of polarons is surprising. Despite the
low initial value of r the anisotropy decays fast within about
500 fs and levels off at a slightly negative value. This indi-
cates that the transition dipole moment involved in the exci-
tation of polarons in MDMO-PPV is initially oriented along
the polymer backbone, but becomes slightly perpendicular to
the backbone within less than 1 ps. We suggest that close
chain packing in ordered domains of the MDMO-PPV film
leads to the delocalization of polarons over stacked polymer
chains. Accordingly, the rapid decrease of anisotropy repre-
sents the relaxation of the polaron to an energetically favor-
able state, delocalized over several chains in an ordered do-
main. Interchain interactions leading to more delocalized
polarons may result in a larger distance between the gemi-
nate charges, lowering their binding energy and reducing
geminate recombination.

The presence of ordered domains in MDMO-PPV also
explains our observation that the exciton lifetime in MDMO-
PPV remains almost unchanged if small amounts (up to 4%)
of PCBM are added to MDMO-PPV, but suddenly drops by
an order of magnitude when the concentration is increased to
16% (Fig. 5): Those aggregates of MDMO-PPV that contain
PCBM are quenched almost instantaneously due to fast in-
terchain energy transfer, whereas aggregates free of PCBM
remain rather unaffected since the exciton is trapped within
the aggregate.

Films of MeLPPP, however, exhibit no significant
aggregation®> and show a much smaller inhomogeneous
broadening which reduces exciton trapping, enabling exciton
migration throughout the entire exciton lifetime.’® The ab-
sence of trapping leads to the observed smooth decrease of
exciton lifetime as the PCBM concentration is increased. The
notion of a larger exciton migration range in MeLPPP due to
less trapping is supported by the observation that in MeLP-
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PP:PCBM a PCBM concentration of 4% leads to almost
complete exciton quenching, as can be seen from the satura-
tion of charge carrier density with increasing PCBM content
in Fig. 4(a). In MDMO-PPV:PCBM, however, 4% PCBM
leads to quenching of only about half of all excitons [Fig.

6(a)].

V. SUMMARY

We compared the dynamics of exciton dissociation and
geminate charge recombination in two distinct polymer-
:fullerene blend photodiodes, using MeLPPP:PCBM and
MDMO-PPV:PCBM as active layers. Probing the SE of pho-
togenerated excitons and its effect on the photocurrent yield,
we measured the exciton migration time, i.e., the time until a
site next to a PCBM is reached and dissociation occurs. A
much stronger dependence of the migration time on the
PCBM density is found for MDMO-PPV:PCBM, indicating
that here exciton migration is much faster on short distances,
but slower than in MeLPPP:PCBM on distances exceeding a
few nanometers. This is explained by close stacking of chain
segments in films of MDMO-PPV enabling fast interchain
energy transfer, concomitant with excitation trapping due to
strong disorder.

Measuring the photocurrent change induced by a second
laser pulse tuned to the absorption of charge carriers in the
polymers, we find a strong photocurrent enhancement within
300 fs after initial photoexcitation for both polymers, if no
PCBM is added. The signal is attributed to the formation of
geminate polaron pairs with a high probability of recombi-
nation; the second laser pulse excites the polaron pairs, fa-
cilitating the escape from the mutual Coulomb attraction and
leading to complete dissociation.

The presence of PCBM enhances the photocurrent in-
crease in MeLPPP:PCBM due to the enhanced formation of
polaron pairs, which in this case are formed by a hole on the
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polymer chain and the PCBM anion. We conclude that this
type of polaron pair also suffers from geminate recombina-
tion with a high probability. In MDMO-PPV:PCBM, how-
ever, the photocurrent increase due to photoinduced gemi-
nate pair dissociation disappears as soon as low
concentrations of PCBM are present. Apparently, after exci-
ton dissociation at the MDMO-PPV:PCBM domain bound-
ary the mutual attraction of the hole on the polymer and the
PCBM anion is easily overcome without the help of a second
laser pulse, i.e., no polaron pairs are formed.

Our results show that geminate charge recombination sig-
nificantly reduces the photocurrent yield in certain conju-
gated polymer:fullerene blends. As opposed to nongeminate
recombination occurring after charge migration in the device,
geminate recombination takes place at or in the direct vicin-
ity of the location of exciton dissociation and therefore de-
pends on the very local structure at the polymer:fullerene
domain boundary.

The anisotropy measurements provide a link between the
distinctly different dissociation and recombination dynamics
in the two polymer blends and the film morphology. The
anisotropy dynamics reveal ordered domains in MDMO-
PPV and indicate a fast relaxation of polarons towards delo-
calized states in those domains. We conclude that in MDMO-
PPV:PCBM blends the relaxation of the hole-polaron from
the polymer:fullerene interface towards ordered domains en-
larges the distance between geminate charge carriers, thereby
reducing the binding energy and the probability for geminate
recombination.
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