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Polymer-fullerene blends based on poly(3-hexylthiophene-2,5-diyl) (P3HT) and phenyl-C61-butyric-acid

methyl ester (PCBM) have been extensively studied as promising bulk heterojunction materials for

organic semiconductor devices with improved performance. In these donor–acceptor systems where

the bulk morphology plays a crucial role, the generation and subsequent decay mechanisms of

photoexcitation species are still not completely understood. In this work, we use femtosecond transient

absorption spectroscopy to investigate P3HT:PCBM diodes under the influence of applied static electric

fields in comparison to P3HT:PCBM thin films. At the same time, we try to present a detailed overview

about work already done on these donor–acceptor systems. The excited state dynamics obtained at

638 nm from P3HT:PCBM thin films are found to be similar to those observed earlier in neat P3HT films,

while those obtained in the P3HT:PCBM devices are affected by field-induced exciton dissociation,

resulting not only in comparatively slower decay dynamics, but also in bimolecular deactivation

processes. External electric fields are expected to enhance charge generation in the investigated

P3HT:PCBM devices by dissociating excitons and loosely bound intermediate species like polaron pairs

(PPs) and charge transfer (CT) excitons, which can already dissociate only due to the intrinsic fields at the

donor–acceptor interfaces. Our results clearly establish the formation of PP-like transient species

different from CT excitons in the P3HT:PCBM devices as a result of a field-induced diffusion-controlled

exciton dissociation process. We find that the loosely bound transient species formed in this way also are

reduced in part via a bimolecular annihilation process resulting in charge loss in typical donor–acceptor

P3HT:PCBM bulk heterojunction semiconductor devices, which is a rather interesting finding important

for a better understanding of the performance of these devices.
1 Introduction

The light-to-current conversion process is the basis of solar cell
devices. In the last few decades, many active materials have
been used to produce efficient photovoltaic systems. While in
most applications, solar cells are built from inorganic semi-
conductor materials, the exciting properties of organic mole-
cules have initiated growing research interest in organic
photovoltaic devices. In order to optimize their efficiency,
a detailed understanding of the processes occurring during the
light-to-current conversion is important. The efficiency of the
light-induced generation of free charge carriers still has to be
y Bremen, Campus Ring 1, 28759 Bremen,
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increased and therefore also possible loss-channels have to be
identied. This is not trivial since there are different charge loss
channels, which can be inuenced by various parameters like
donor–acceptor interface properties or also electric elds. It is
well known that many conjugated polymers have
semiconductor-like properties. These properties are deter-
mined by the p–p* interaction of the pz orbitals, which are
delocalized along the polymer backbone. This p and p* orbitals
form the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) in the conjugated
polymeric systems, respectively. Compared to the inorganic
semiconductor systems, HOMO and LUMO take the role of the
valence and conduction band, respectively. In these materials,
the band gap is typically high and the dielectric constant is
relatively small. The primary photogenerated species in conju-
gated polymer systems is an electron–hole pair, which due to
the small dielectric constant of the organic material is a Fren-
kel-type exciton. This type of exciton is strongly bound (0.3–1
eV) and localized on one molecular unit. As will be explained in
the following, the generation of the exciton is followed by the
This journal is © The Royal Society of Chemistry 2020
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formation of other kinds of charge pairs as well as isolated
charges via a direct or an indirect process. The charge genera-
tion is the step, which nally is required in order to generate the
desired electric energy.

Organic solar cells made by blending a conjugated polymer
as a donor material with an electron acceptor material have
been in the spotlight of semiconductor research since a few
decades due to their potential for novel applications.1 Power
conversion efficiencies for such organic solar cells from 10 to
14% have been reported.2–7 Nevertheless, the mechanism of
charge-carrier generation in organic solar cells is still a matter
of debate. Continuous effort for device optimization has been
put mainly into designing the polymers or modifying the device-
layer structures while fundamental processes behind photo-
current generation are still not fully understood. There is
considerable experimental evidence of charge formation from
the initially generated excitons.8–10 It is also well known that the
exciton separation process into charges happens through
intermediate steps consisting of loosely Coulomb-bound
states.11–15 To describe such intermediate states, a varying
nomenclature has been introduced, including polaron pair
(PP), electron–hole pair, charge pair, and the more familiar so-
called charge transfer (CT) exciton. The precise mechanisms, by
which these bound states split, are still under debate, since
their understanding also depends on the nature of the interfa-
cial regions. In brief, the PP features a charge transfer exciton
but with the subtle difference that a dedicated lattice distortion
is associated with each charge in the pair.

Charge generation in organic semiconductor blends is
primarily initiated by light absorption in the polymer or the
fullerene domain, eventually forming excitons exhibiting
a nite diffusion length of about 3–10 nm.16,17 The exciton-
diffusion length imposes a severe limitation on the maximum
length scale of polymer-fullerene phase separation in the blend.
In general, polymer light absorption is responsible for most of
the photocurrent generation. The intermixed donor–acceptor
domains in the blend play a key role for both the exciton
dissociation and the photocurrent generation.18,19 Exciton
dissociation happens mostly at the interface between the donor
and acceptor materials and a large interfacial area is needed for
an efficient dissociation process. In practice, increased exciton
dissociation efficiency is usually achieved by using a so-called
bulk heterojunction mixture of the donor and acceptor mate-
rials. The heterojunction mixture tremendously increases the
donor/acceptor interfacial area because many interfaces are
distributed within the mixture of the two semiconductor types
and the nature of the intermixed interfacial phase is crucial. It is
well documented that, for optimal morphologies, the domain
size of the donor or acceptor material should be about twice the
diffusion length of the photogenerated excitons.20 To fulll this,
a bi-continuous organization of different phases is needed.
Ultimately, during lm deposition, the intermixed phase orga-
nization depends on several factors including among others the
solvent used, annealing steps, and the ratio between donor and
acceptor material.21 Recent ultrafast transient photoabsorption
(PA) studies have provided evidence that efficient charge
generation and dissociation are associated with the tendency of
This journal is © The Royal Society of Chemistry 2020
PCBM to form pure aggregated domains22,23 in polymer-
fullerene blends with a PCBM content above the miscibility
threshold (i.e., the solubility threshold of a solute in another
liquid).24 The resulting phase-separated PCBM domains help to
provide highly delocalized acceptor states, which allow efficient
electron–hole dissociation.25

Organic solar cells based on blending poly(3-hexylthiophene-
2,5-diyl) (P3HT) and phenyl-C61-butyric-acid methyl ester
(PCBM) have been studied extensively. Charge generation and
recombination dynamics in this P3HT:PCBM system were also
reported earlier.26–28 In this connection, several studies have
shown that the ultrafast electron transfer from P3HT to PCBM
occurs on a time scale of less than 100 fs 28,29 while the hole
transfer from PCBM to P3HT happens within less than 250 fs.28

These processes involve excitons and more specically CT
excitons diffusing near the donor–acceptor interface. Several
photogenerated species corresponding to different PA bands
can be observed following photoexcitation in neat P3HT as well
as in P3HT:PCBM.18,30,31 In brief, hot excitons generated via the
initial photoexcitation process can relax on an ultrafast time
scale (<100 fs) to produce different species causing three main
and broad PA bands around 1100, 650 and 900 nm,29–31 which
have been assigned to singlet exciton, polaron-pair, and
polaron, respectively. Previous studies have shown that the
amount of polarons is initially less and then increases with the
excitation uence. Singlet excitons can further dissociate into
polarons aer migrating to favorable energy sites such as the
donor/acceptor interfaces. The assignment of the PA band
around 650 nm is complex because of various overlapping
contributions which had previously been tentatively attributed
to different photogenerated species including hole polarons,29

delocalized polarons,30 and PPs,32 and to electro-absorption.29

Therefore, transient absorption spectroscopy around 650 nm is
normally not sufficient to describe the different contributing
species. For instance, while the 650 nm PA observed in P3HT-
only lms in earlier studies was very oen attributed to photo-
induced polaron-pair absorption, the same PA band observed in
P3HT:PCBM in a recent study31 was assigned to delocalized
polarons. On the other hand, in a study using sub-micrometer
resolution microscopy, Grancini et al.33 generally referred to
the species responsible for a PA observed around 650 nm in thin
lms of P3HT and P3HT:PCBM blend as a charge transfer state
(CTS), but these authors also drew the attention to the fact that
this state had already been described using different terms such
as bound polaron pair, bound electron–hole pair, geminate
pair, and CTS. Moreover, despite the lack of a more specic
assignment of the broad 650 nm PA band in the P3HT:PCBM
donor–acceptor system studied in other works, it is nevertheless
important to note that the different species contributing to this
PA band differ in their decay kinetics.34

Therefore, summarizing the above discussions on the PA
band assignment, a major contribution from PPs to the 650 nm
PA dynamics in P3HT and P3HT:PCBM lms seems to be
sensible. Regarding other PA bands assigned to singlet excitons
and separated polarons, an investigation of their dynamics as
function of an electric eld would be of interest and could be
compared to earlier studies performed without applying
RSC Adv., 2020, 10, 42754–42764 | 42755
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Fig. 1 Schematic solar cell layer stack configuration of P3HT:PCBM
diode.
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external elds. The present work focuses on the dynamics
probed around 650 nm (we have chosen a probe wavelength of
638 nm within this PA band), which proved to be relevant in
many earlier studies due to the important role PPs play in the
overall light-to-charge conversion process.31,35–37 Detailed infor-
mation about the formation and decay processes of PPs in neat
P3HT was derived earlier from the 650 nm PA dynamics
studies31,35,37–39 including our recent study,35 which enables us to
directly compare our results obtained from P3HT thin lms and
P3HT-only diodes with the new data resulting from the
measurements on P3HT:PCBM thin lms and devices.

On the basis of the earlier studies, it is clear that following
the optical absorption (exciton formation), exciton dissociation
into charges across the donor–acceptor interfaces can occur
spontaneously with the help of the intrinsic interfacial eld
without an additional external electric eld.40–43 Nevertheless,
although, an external electric eld is not required for the
spontaneous generation of charges in donor–acceptor systems,
the overall charge generation will be affected by the presence of
an electric eld in a working device. It has been previously re-
ported by others that the external electric eld suppresses
bimolecular recombination processes during charge extrac-
tion.44–46 With the present work, we aim to shed more light on
the consequences of the possible formation of intermediate
states during charge separation when a static electric eld is
also present. While wemainly monitor dissociation processes of
transient electron–hole pairs, we also look for indications of the
inuence of bimolecular annihilation processes, which together
with recombination processes would be charge-loss mecha-
nisms limiting organic solar cell efficiency. In our previous
study, we have investigated the formation of PPs during charge
separation in a P3HT-only diode (P3HT lm sandwiched
between two charge transport layers with different work func-
tions and with electrode contacts made from different mate-
rials) under the inuence of static electric elds,35 and we nd
some parallel behavior when probing the dynamics of the PA
band around 650 nm in P3HT:PCBM as will be shown in the
following.

While the external electric eld effects on exciton and charge
dynamics have been already reported,47,48 establishing
a comprehensive and detailed picture of the eld effect on
possible intermediate states lying between the tightly bound
exciton and the fully separated charges is a difficult task.
Varying the relative donor/acceptor composition, we have
investigated both the applied electric eld effects and the
inuence of phase morphology on the PA dynamics probed at
638 nm in P3HT:PCBM systems. For this, we have additionally
employed transient absorption anisotropy measurements to see
morphology-relevant effects on the measured dynamics.

2 Experimental details
2.1 Femtosecond transient absorption spectroscopy

The details of the experimental setup used for time-resolved PA
measurements can be found elsewhere.35 Briey, the output of
a regenerative amplier Ti:sapphire laser system (CPA 2010,
Clark-MXR) producing laser pulses with 775 nm central
42756 | RSC Adv., 2020, 10, 42754–42764
wavelength, 1mJ energy per pulse, 150 fs pulse width, and 1 kHz
repetition rate was used to pump two optical parametric
ampliers (TOPAS, Light Conversion) in order to generate the
pump and probe pulses with center wavelengths of 520 nm and
638 nm, respectively. Both pump and probe beams were
compressed to less than 120 fs pulse width using a set of prism
compressors and then made collinear and kept with parallel
polarizations for the measurements.
2.2 Thin lm deposition and device fabrication

P3HT:PCBM blend thin lms were fabricated under ambient
conditions. First, glass substrates were cleaned with acetone
and 2-propanol, then exposed to UV light in a UV-ozone cleaner
for 10 min in order to remove any residual solvent and used to
deposit P3HT:PCBM lms by doctor blading. The solution
concentration was varied to obtain 1 : 1 and 2 : 1 P3HT:PCBM
weight ratios. The measured thickness of the deposited lms was
200 nm. Two devices in the solar cell conguration with a diode-
like behavior due to asymmetric contacts were fabricated as
described earlier35 using the P3HT:PCBM thin lms with different
weight ratios as active layers (see Fig. 1). The thin lms and the
devices were optically and electrically characterized; their UV-VIS
absorption spectra and current–voltage (IV) characteristics are
shown in Fig. S1 and S2 of the ESI,† respectively.
3 Results and discussion

First insights into static electric eld effects on PP dynamics
were discussed in an earlier study using a P3HT-only device as
a simple model system.32 Now, we are investigating P3HT:PCBM
thin lms and devices in order to gain information about the
effect of internal and external electric elds on the excited state
dynamics of the PA band around 650 nm. We have focused on
this PA band only, but have performed various experiments
varying the sample composition, the applied electric elds as
well as the pump excitation intensity. The results of these
different experiments are presented in the following sub-
sections. The dynamics are presented by plotting the differen-
tial probe transmission DT/T given by (Tpump-ON � Tpump-OFF)/
Tpump-OFF against the delay time between pump and probe
pulses in order to exclude the contribution of ground state
This journal is © The Royal Society of Chemistry 2020
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Table 1 Exponential fitting parameters of the decay dynamics of
photoinduced excited states measured at 638 nm in P3HT:PCBM thin
films and solar cell devices after an initial 520 nm excitation pump
pulse with different fluences. The P3HT:PCBM devices were measured
with different biases applied

Dynamics in P3HT:PCBM thin lm (mono-exponential t)a

Excitation
uence Composition s1 (ps) A1 (%) Y0 (%)

12 mJ cm�2 1 : 1 1.0 � 0.2 57 � 1 43.0 � 0.3
2 : 1 0.8 � 0.1 52 � 2 48.0 � 0.2

Excitation
uence

Reverse bias
(V) t1 (ps) A1 (%) Y0 (%)

Dynamics in 1 : 1 P3HT:PCBM device (mono-exponential t)b

12 mJ cm�2 0 1.7 � 0.1 65.07 � 0.04 34.93 � 0.05
�1 1.3 � 0.1 66.22 � 0.02 33.78 � 0.04
�2 1.1 � 0.1 69.31 � 0.03 30.69 � 0.03

24 mJ cm�2 0 1.3 � 0.1 69.90 � 0.01 30.100 � 0.007
�1 0.9 � 0.1 63.56 � 0.02 36.440 � 0.003
�2 0.8 � 0.1 62.18 � 0.02 37.820 � 0.001

Dynamics in 2 : 1 P3HT:PCBM device (mono-exponential t)b

12 mJ cm�2 0 2.1 � 0.1 65.11 � 0.04 34.89 � 0.05
�0.5 1.5 � 0.2 64.81 � 0.03 35.19 � 0.02
�1 1.1 � 0.1 65.55 � 0.02 34.45 � 0.04
�2 0.9 � 0.1 69.01 � 0.03 30.99 � 0.03

24 mJ cm�2 0 1.8 � 0.07 67.01 � 0.01 32.99 � 0.02
�0.5 1.3 � 0.06 68.81 � 0.02 31.19 � 0.02
�1 1.0 � 0.07 63.56 � 0.01 36.44 � 0.01
�2 0.8 � 0.08 65.11 � 0.03 35.89 � 0.05

Dynamics in P3HT:PCBM devices in forward bias (mono-exponential
t)b

Excitation
uence

Composition/
forward bias (V) t1 (ps) A1 (%) Y0 (%)

24 mJ cm�2 1 : 1/0.71 0.93 � 0.06 64.23 � 0.4 35.67 � 0.4
2 : 1/0.73 1.01 � 0.15 65.78 � 0.2 34.22 � 0.2

a Fitting model:
DT

T
¼ Y0 þ A1 expð�t=s1Þ. b Fitting model:

DT

T
¼ Y0 þ A1 expð�t=t1Þ.
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absorption. Here, Tpump-ON and Tpump-OFF represent the trans-
mitted probe pulse intensities with and without an initial
pump–pulse interaction, respectively. For simplicity, we have
used a mono-exponential tting model for all decay curves,
which precisely reproduced the experimental data in practically
all cases. This is an approximation since e.g. bimolecular
processes would require a more elaborate model. Therefore, the
tting results should be considered as a measure of the approx.
time scale of the dominating process. The errors observed
point to the standard deviation over several repeated
measurement locations for each sample and lie within the
range of the cross-correlation time of our pump and probe
pulses (�100–150 fs). Also, the estimated time constants
should be understood as signicantly different only for
differences greater than our pump–probe cross-correlation
time since the recovery part with onset at time zero in the
decay patterns has been tted.

3.1 Photoinduced absorption dynamics in P3HT:PCBM thin
lms

Fig. 2 shows the normalized dynamics of the photoinduced
absorption of excited state species probed near the 650 nm
band in P3HT:PCBM thin lms deposited on a glass substrate
with weight ratios of 1 : 1 and 2 : 1. The decay dynamics for both
lm compositions showed a fast component and an extremely
slow component within the measurement time window and
could be tted using a mono-exponential decay function and
a constant offset (within our time window), DT/T¼ A1 exp(�t/s1) +
Y0. The tting parameters Y0 (offset), A1 (amplitude), and s1 (time
constant) are given in Table 1 together with standard errors. These
and all other tting parameters in Table 1 correspond to the
average of the values obtained from tting to three transient
curves, each recorded aer averaging over 40 loops.

3.2 Photoinduced absorption dynamics in P3HT:PCBM solar
cell devices

The main goal of this work is to investigate the PA dynamics at
the 650 nm band in P3HT:PCBM devices under the inuence of
a static external electric eld. This investigation helps to gain
more information about the elementary processes occurring in
organic semiconductor devices under operation. For the inves-
tigation, devices in a typical solar-cell conguration were
fabricated as described in the experimental section. The
Fig. 2 Normalized differential probe pulse transmission dynamics DT/T
thin films with weight ratios 1 : 1 and 2 : 1 using 12 mJ cm�2 initial pump

This journal is © The Royal Society of Chemistry 2020
P3HT:PCBM blend forming the active layer in the devices is
exactly the same as the above mentioned thin P3HT:PCBM lm
deposited on a glass substrate.
showing photoinduced transient absorption at 638 nm in P3HT:PCBM
pulse excitation at 520 nm.

RSC Adv., 2020, 10, 42754–42764 | 42757
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Panels (A) and (B) of Fig. 3 show the PA dynamics in
a P3HT:PCBM device with 1 : 1 weight ratio for excitation
intensities 12 and 24 mJ cm�2, respectively, observed for varying
applied biases. The corresponding dynamics in a 2 : 1
P3HT:PCBM device are shown in panels (C) and (D) of Fig. 3.
The applied voltages were 0, �1, and �2 V in reverse bias; an
additional reverse bias voltage value of �0.5 V was applied to
the 2 : 1 P3HT:PCBM device. The resulting net-electric elds,
which are a function of the total voltage across each device and
the lm thickness, were 0.0355 MV cm�1 due to the built-in
potential of �0.71 V in the 1 : 1 P3HT:PCBM device, 0.0365
MV cm�1 due to the built-in potential of �0.73 V in the 2 : 1
P3HT:PCBM device and 0.0615, 0.0855, and 0.1355 MV cm�1

due to the applied external reverse bias voltages of �0.5, �1,
and �2 V, respectively. Additionally, in order to compensate the
internal elds due to the diode arrangement, 0.71 and 0.73 V
were applied in forward bias to the 1 : 1 and 2 : 1 P3HT:PCBM
devices, respectively, resulting in an approximate eld-free
condition.

In comparison to the results obtained from the P3HT:PCBM
thin lms, different dynamics can be observed for the
P3HT:PCBM devices. The insets in Fig. 3 show the eld-induced
quenching of the PA at 0 ps. This quenching is due to the
immediate loss of photoexcitation species because of eld-
induced dissociation. For a better illustration of the eld-
induced quenching, we have included the PA decay for the
eld-free case, in which the appropriate forward bias was
applied to compensate the built-in eld in the devices. The PA
quenching appears to be less sensitive to the applied external
elds in the P3HT:PCBM with a higher PCBM content. This is
Fig. 3 Differential probe pulse transmission dynamics DT/T showing pho
(bottom panels) P3HT:PCBM solar cell devices after initial pump pule exc
different applied voltages.

42758 | RSC Adv., 2020, 10, 42754–42764
consistent with the fact that the presence of the PCBM acceptor
should result in primary photoexcitation species with a signi-
cant fraction of dissociative states such as CT excitons, which
can dissociate on an ultrashort time scale already in the absence
of the externally applied eld.

Similar to the case of P3HT:PCBM thin lms, the overall
decay dynamics patterns detected for the different excitation
uences in the 1 : 1 and 2 : 1 P3HT:PCBM devices could be
tted using mono-exponential decay functions with a time
constant t1. Only for the measurement at the higher uence in
the 2 : 1 device, we found that a bi-exponential tting was
slightly more precise in theory; however, while this added only
a minor additional component to the PA dynamics, it did not
result in an overall unambiguous picture and an explanation
would have required even further higher-excitation-uence data
not achievable due to sample damage. Hence, a mono-
exponential tting model has been presented, since it still
helps to capture the overall dominant trend of the PA dynamics
in this case as well like for all other cases. The tting curves are
shown in Fig. S4–S7 in the ESI,† and the tting parameters are
included in Table 1.

Compared to P3HT:PCBM thin lms, overall slower PA
dynamics are observed at the 650 nm PA band in the
P3HT:PCBM devices with zero external bias, i.e. when only the
built-in potential is present. Consistent with our previous study
on a P3HT-only diode,35 the measured dynamics become faster
with increasing external electric elds applied in reverse bias,
suggesting that the electric eld is supporting the gradual
dissociation of bound charge-pair species. On this basis and
given the well-established contribution of PPs to the 650 nm PA
toinduced transient absorption at 638 nm in 1 : 1 (top panels) and 2 : 1
itation fluences of 12 (left panels) and 24 mJ cm�2 (right panels) and for

This journal is © The Royal Society of Chemistry 2020
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in P3HT thin lms, the assumption that PPs are also formed in
P3HT:PCBM aer photoexcitation appears to be rather plau-
sible. In this connection, the ultraslow decay component
approximated by an offset in the tted dynamics for the
P3HT:PCBM thin lm and devices can be assigned to long-lived
species such as 2D delocalized polarons, in agreement with
previous studies.35,49

The general understanding is that the exciton dissociation
happens via intermediate steps by forming CT states at the
donor–acceptor interface.33,46 In our earlier study we introduced
the concept of a eld-induced diffusion-controlled slower
generation of PPs from excitons in P3HT-only diodes, resulting
in complex PP dynamics with an additional signicantly slower
component besides an ultrafast component assigned to the
nascent PPs formed on an ultrashort time scale. In the present
study, we show that this eld-induced exciton dissociation
process appears to be also responsible for the overall slow PA
decay in the P3HT:PCBM devices observed when probing within
the 650 nm PA band.

Firstly, the PA dynamics patterns at low excitation intensity
in P3HT:PCBM devices seemingly do not show a separate
ultrafast component typical of the so-called nascent PPs dis-
cussed in the case of P3HT and 1 : 1 and 2 : 1 P3HT:PCBM thin
lms. This may be due to the combined effect of (i) efficient CT
exciton formation competing with PP generation in these
donor–acceptor systems and (ii) ultrafast eld-induced disso-
ciation of intermediate charge-pair species at early time scales.
Secondly, because an efficient formation of the highly disso-
ciative CT excitons also leads to the reduction of thermalized
excitons, the eld-induced generation of PPs from these ther-
malized excitons occurs during a shorter time in comparison to
the situation in the P3HT-only device where a negligible fraction
of CT excitons is expected. This is also supported by the
observation that compared to the 1 : 1 P3HT:PCBM device, for
lower excitation intensity, we nd a slower PA decay in the 2 : 1
P3HT:PCBM device. This can be explained by a higher propor-
tion of CT excitons due to the presence of more donor/acceptor
interfacial regions in the 1 : 1 P3HT:PCBM device.

We can conclude that the detected PA dynamics are domi-
nated by a eld-induced regeneration of intermediate charge-
pair species, which however lasts a relatively short time (over-
all decay time only about 2 ps) in P3HT:PCBM devices as
compared to the P3HT-only device for low excitation uence. In
a realistic organic semiconductor device like the investigated
P3HT:PCBM system, where the combined effect of the acceptor
(for efficient formation of the highly dissociative CT excitons)
and an applied external electric eld is expected to result in
optimal charge separation, it is of signicant relevance that
a eld-mediated formation of loosely bound intermediate states
persists (PP states in this case). The signicance of this obser-
vation is further illustrated in the dynamics obtained at higher
excitation uence.

Comparing panels (A) and (B) of Fig. 3 shows that the
measured PA decay dynamics are getting faster with the
increase in excitation intensity for the 1 : 1 P3HT:PCBM device
(see Table 1 for tting parameters). This intensity-dependent
behavior can be attributed to a bimolecular annihilation
This journal is © The Royal Society of Chemistry 2020
process, which represents a charge-loss pathway reected in the
intermediate charge-pair species being formed in P3HT:PCBM
devices under the effect of static electric elds. The bimolecular
process could happen due to both exciton–exciton annihilation or
exciton-charge annihilation processes.50 Given the observations in
previous studies pointing to the possibility of exciton–exciton
annihilation at rather low excitationuences (e.g. 3 mJ cm�2),30,31 the
pump excitation intensity used for our measurements is suffi-
ciently high for initiating bimolecular processes for the primary
excitation species (excitons) even when the smaller uence is
chosen (12 mJ cm�2). The PP absorption following the initial
photoexcitation process is rather weak in P3HT:PCBM thin
lms, which justies the use of somewhat higher laser inten-
sities. However, one also has to consider that only part of the
laser intensity will interact with the active semiconductor layer
in the investigated P3HT:PCBM devices since the Ag layer used
as the contact electrode reects some light. For the higher
excitation uence, we also nd that the overall PA dynamics in
the 1 : 1 P3HT:PCBM device become less affected by applied
elds corresponding to external voltages beyond�1 V. This may
be because of (i) eld-induced PP conversion into low-dipole-
moment species with similar PA beyond a given external eld
threshold in both devices and (ii) comparable rates for eld-
induced PP generation (via exciton dissociation) and eld-
induced PP dissociation in the 1 : 1 device. While – as already
pointed out above – the overall decay times become longer for
the 2 : 1 P3HT:PCBM device compared to the 1 : 1 device, the
intensity-dependent behavior is comparable to that observed
for the 1 : 1 device (see panels (C) and (D) of Fig. 3 and Table 1).

Altogether, the static electric eld effects play a rather deci-
sive role for the PP dynamics observed in the P3HT:PCBM
devices, as further illustrated below by the measurements per-
formed on the forward-based devices.

In the experiments already discussed above, it was noted that
the P3HT:PCBM devices fabricated with different P3HT:PCBM
weight ratios have an internal built-in potential due to the
different work functions of the materials used as contacts to the
organic layer stack of each device. The built-in potentials of the
devices are �0.71 and �0.73 V for P3HT:PCBM weight ratios of
1 : 1 and 2 : 1, respectively. As discussed above, a eld-induced
effect on the measured PA dynamics is already observed at 0 V
external bias, i.e., when only the built-in potential is present. In
order to approximately eliminate the eld-induced effects
caused by this built-in-potential, we have operated each of the
devices with a compensating externally applied forward bias.
Fig. 4 shows the dynamics obtained at the same probe wave-
length under these conditions at 24 mJ cm�2. Like already
observed for the thin lms, a mono-exponential decay function
was sufficient to t the dynamics. This yields a fast decay for
both devices (time constant t1), which is comparable to that
observed for the eld-free thin-lm case (time constant s1), and
the dynamics in this case are less dependent on the pump laser
intensity (shown in Fig. S8†). This strongly supports our
assumption that the changes observed in the measured
dynamics in the reverse biased devices (with net non-zero static
electric eld) compared to the thin lm results are the conse-
quence of the electric eld-induced effects, which we have
RSC Adv., 2020, 10, 42754–42764 | 42759
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Fig. 4 Differential probe transmission dynamics DT/T showing photoinduced transient absorption at 638 nm in 1 : 1 (A) and 2 : 1 (B) P3HT:PCBM
solar cell devices under a forward bias compensating the built-in potential after initial pump pulse excitation with 24 mJ cm�2.
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already explained above. This eld-induced component gets
faster with increasing reverse bias, resulting in an overall time
constant, which for high reverse bias values again comes closer
to the values observed in the thin lm samples.
3.3 Transient absorption anisotropy in P3HT:PCBM thin
lms and solar cell devices

In order to gain more information about the effect of electric
elds on the PA dynamics measured at 638 nm in P3HT:PCBM
systems, we have carried out transient pump–probe anisotropy
measurements in resonance (i.e. absorption anisotropy). The
higher pump uence of 24 mJ cm�2 was used for better signal-to-
noise ratio. The PA anisotropy r(t) has been calculated using the
following equation:

rðtÞ ¼ ðDT=TÞk � ðDT=TÞt
ðDT=TÞk þ 2� ðDT=TÞt

;

where (DT/T)k and (DT/T)t are the differential probe pulse
transmissions for the probe pulse polarization parallel and
perpendicular to that of the pump pulse, respectively.51–53 In
these experiments, pump and probe lasers were entering the
sample perpendicularly to the electrode surface. For the change
of the relative polarization, the pump pulse polarization was
rotated, while the probe pulse polarization was kept constant.
Fig. 5 shows the measured anisotropy decay of the PA detected
at 638 nm in P3HT:PCBM thin lms and devices. In the case of
1 : 1 P3HT:PCBM thin lm, the anisotropy is about 0.40 � 0.01
at time zero and then quickly decays to zero over time. The
pump pulse creates an excitation polarization for the exited
state species, which can efficiently couple to the probe pulse
light eld when these two pulses have parallel polarizations.
The fast anisotropy decay suggests that the absorbing species
quickly loose the initial polarization information. Different
processes might contribute to this behavior. Among others, the
fast transition from higher to lower energy dissociation sites
due to the high mobility of the PPs would explain the rapid loss
of the polarization memory. The anisotropy decay has been
tted with a mono-exponential decay function, which gives
a decay time constant of t1 ¼ 2.1 � 0.1 ps. This result is inter-
esting since we have already discussed (see Fig. 2) that the
lifetime of the PPs observed in the 1 : 1 P3HT:PCBM thin lm is
approximately 1 ps. Let's recall that all other PA transients
42760 | RSC Adv., 2020, 10, 42754–42764
correspond to parallel pump and probe polarizations. Hence,
the longer lifetime of the polarization memory suggests the
presence of different other species observed at the probe
wavelength. The high anisotropy value at 0 ps (r(0) ¼ 0.40 �
0.01) in 1 : 1 P3HT:PCBM thin lm points to the fact that the
photoexcited species absorbing in the 650 nm band are rather
stable bound species. This indicates that the observed transient
absorption signal is most probably dominated by contributions
due to PPs. A similar observation is seen in the PA anisotropy for
the 2 : 1 P3HT:PCBM thin lm.

In the case of 2 : 1 P3HT:PCBM thin lm, the initial anisot-
ropy at 0 ps is 0.46� 0.02, which is slightly higher than the value
obtained for the 1.1 P3HT:PCBM thin lm (the fact that this
value slightly exceeds the fundamental anisotropy value of 0.4,54

can be attributed to the relatively poor signal to noise ratio). In
addition, the anisotropy decay pattern is different, showing
much slower decay dynamics. A slow decay channel starts to
contribute noticeably also to the polarization memory loss in
the 2 : 1 P3HT:PCBM thin lm. Because the change in anisot-
ropy is driven by local structural details, we can attribute the
existence of both rapid and slower anisotropy dynamics to struc-
turally different species due to morphological differences in the
two P3HT:PCBM lms, which differ in their relativemass contents.
However, overlapping contributions from different species37,55

complicate the interpretation of the anisotropy results.
Fig. 5 also shows the transient anisotropy decay patterns

obtained from the P3HT:PCBM solar cell devices for different
applied external electric elds. In general, we observe no
noticeable anisotropy for the 1 : 1 P3HT:PCBM device and only
a very weak anisotropy for the 2 : 1 P3HT:PCBM device in the
reverse-bias case. These results are a further evidence for the
strong effect of the static electric eld on the PPs and their
precursor species. These ndings might be a clear manifesta-
tion of the eld-induced dissociation processes, occurring and
saturating with the built-in potential present in the device.
While for the 1 : 1 P3HT:PCBM device we cannot recognize any
anisotropy effect, a very small anisotropy can be observed for
the 2 : 1 device. This agrees with the explanation that we have
provided about the difference in the PP dynamics for the two
devices, assuming that the fraction of interfacial CT excitons,
which can quickly dissociate even without additional electric
eld, is higher in the 1 : 1 device, resulting in a rapid reduction
in the amount of PP precursors. For 0 V (only built-in potential
This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Pump–probe anisotropy decay dynamics in P3HT:PCBM thin films and solar cell devices with different weight ratios of 1 : 1 (left panels)
and 2 : 1 (right panels) at 638 nm probe pulse after an initial pump excitation with 24 mJ cm�2

fluence. Data for devices taken for various external
reverse biases.
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present) and 1 V reverse bias in the case of the 2 : 1 device, we
nd a small positive anisotropy, which is constant on the
observed timescale. However, aer increasing the external
reverse bias to �2 V, a decay pattern can be recognized for the
anisotropy. Interestingly, now at time zero no anisotropy can be
detected, while from there a negative value for the anisotropy
develops. A negative anisotropy indicates that the transition
dipole moment for the absorption of the probe pulse polarized
perpendicularly to the initial pump pulse polarization is
dominant. Again, the donor–acceptor weight ratio used to
prepare the P3HT:PCBM devices has a noticeable inuence on
the anisotropy dynamics observed.

While in the lms, the anisotropy is expected to be mainly
induced by the electric eld of the pump laser pulse resulting in
an initial positive value, which then decays due to the decay of
the absorbing species and the loss of the orientation of this
species, the situation for the devices is different. Here, the
externally applied and the built-in electric elds provide re-
orientational forces and additionally contribute to the dissoci-
ation process. In this connection, for 1 : 1 P3HT:PCBM, the
donor–acceptor interfaces in the heterostructure and the
species formed at these interfaces are actually more in propor-
tion than for the 2 : 1 mixture and a more efficient generation of
charges is also expected there. These differences might explain
the different behavior for the 2 : 1 P3HT:PCBM. However,
a detailed explanation is not possible based on the available data
and we cannot present a model, which e.g. explains the strange
behavior seen for the 2 : 1 P3HT:PCBM device at �2 V applied
reverse bias. Further investigations e.g. looking simultaneously for
This journal is © The Royal Society of Chemistry 2020
the contribution of other species will be helpful, which are not
possible with our present experimental setup.
3.4 Physical processes affecting photoinduced absorption
dynamics in 1 : 1 and 2 : 1 P3HT:PCBM solar cell devices

Fig. 6 schematically summarizes the physical processes inu-
encing the dynamics of the 650 nm PA bandmeasured at 12 and
24 mJ cm�2 pump pulse excitation uences in presence of an
applied external electric eld in the 1 : 1 and 2 : 1 P3HT:PCBM
solar cell devices. The primary physical process involves the
formation of hot excitons from the ground state (curvy black
line), followed by an ultrafast formation of intermediate charge-
pair states from these hot excitons within less than 100 fs
(shown by the solid black line).56,57 Based on a comparison with
earlier results on P3HT lms and devices,32 we tentatively assign
the main contribution in our probed spectral window to PPs.
Also, charge-transfer excitons (CT) are rapidly and efficiently
formed in the P3HT:PCBM donor–acceptor system. The solid
grey lines depict the generation of thermalized singlet excitons
(S1), charge-transfer excitons (CT), and polaron states from the
hot excitons. The PP state can gain energy from (i) thermal
perturbations available in the system aer hot-exciton genera-
tion, and (ii) both internal and external electric elds in the case
of a eld-induced PP generation process; however the actual
relative position of this state in the energy scale depends on
other factors such the structural stabilization energy. For this
reason, the presented scheme is not to scale. In our experi-
ments, we focus on the PP generation and decay mechanisms.
RSC Adv., 2020, 10, 42754–42764 | 42761
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Fig. 6 Schematic energy diagram (not to scale) depicting physical
processes contributing to the dynamics of photoinduced absorption
measured at 638 nm in 1 : 1 and 2 : 1 P3HT:PCBM solar cell devices
under the influence of applied electric fields for 12 and 24 mJ cm�2

initial pump pulse (520 nm) excitation fluence. S0: electronic ground
state; S1: (thermalized) singlet exciton; Sn: high-energy exciton; CT:
charge transfer exciton; PP: polaron-pair; LLS: long lived states; PPn:
high-energy PP state; P+ + P�: polaron states. Black line: ultrafast
formation of nascent PPs; dotted blue lines: pump-initiated processes
without electric field; dashed grey lines: bimolecular annihilation
processes; red lines: electric-field-influenced processes; s1: PP decay
in the absence of any electric field; t1: PP decay occurring with the
influence of an electric field. The energy levels given are only sche-
matic and the energy scale is therefore not reflecting quantitative
values. See text for more details.
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s1 represents for the P3HT:PCBM devices the uni-molecular
decay of PPs, which generally occur in thin lms and shows
no excitation intensity dependence (so, for forward-biased
devices whose PA dynamics, as already explained, closely
resemble that of the thin lms, the s1 time constant is nothing
else but t1 shown for this case in Table 1). This decay contri-
bution was not separately estimated as it is overlaid by further
processes in the P3HT:PCBM devices due to (i) efficient CT
exciton formation competing with PP generation and (ii) ultra-
fast eld-induced PP dissociation at early time scales. The time
constant t1 for the P3HT:PCBM devices represents the dynamics
of PPs resulting in polarons including eld-induced effects. The
time constant extracted from the mono-exponential t repre-
sents all possible decay channels affecting the PPs not only in
the devices but also in the thin lms and is therefore an
approximation of t1 (or s1), which however might be a domi-
nating factor. Long-lived states (LLS, represented by the offset of
the exponentially tted dynamics Y0) are usually present along
with the PP states.

The presence of an overall non-zero net electric eld
(external + built-in eld) results in an ultrafast dissociation of
42762 | RSC Adv., 2020, 10, 42754–42764
several electron–hole-pair species including thermalized exci-
tons (i.e. singlet-exciton state S1), CT excitons, hot excitons, etc.;
in Fig. 6, these dissociation processes are indicated by red
dotted lines (not shown from S1 for the sake of clarity). In
addition, a diffusion-controlled eld-mediated singlet-exciton
dissociation process populates the PP state as depicted by the
solid red line. This process results in overall slower PP
dynamics. In the investigated P3HT:PCBM devices, the duration
of this generation process is shortened by the fact that the rapid
formation of CT excitons, which are highly dissociative in
nature, causes the proportion of the precursor excitons (S1) to
be already reduced at the early time scales. Bimolecular anni-
hilation processes shown by two-sided grey arrow lines have
also been observed on the PP dynamics. The PP dynamics in the
P3HT:PCBM devices are eld-dependent and show a decay time
t1, which is slower than that observed in the thin lms or in the
devices where an external forward bias compensates the
internal eld. Increasing the excitation light uence results in
faster decay dynamics due to the contribution of bimolecular
decay processes.

4 Conclusions

We have performed femtosecond time-resolved transient
absorption spectroscopy measurements using 520 nm pump
and 638 nm probe pulses in order to investigate the effect of
static electric elds on the photoinduced absorption dynamics
in P3HT:PCBM systems. To this end, P3HT:PCBM thin lms
with 1 : 1 and 2 : 1 weight ratios deposited on glass substrates
were used as reference for measurements without any electric
eld. Diode-like devices made from these lms in a typical layer
stack solar cell conguration were then employed for electric
eld-dependent measurements both in reverse bias resulting in
electric elds inuencing the charge-pair dynamics and in
forward bias compensating the built-in potential of the devices.
In addition, PA anisotropy measurements have been performed
in order to study the effect of the sample morphology.

By comparing the dynamics obtained from thin lms to that
obtained from the respective devices, we have shown that the
eld-induced dissociation of singlet excitons affects the pop-
ulation of the probed transient state, resulting in comparatively
slower decay dynamics. The external electric eld is expected to
generate polarons by dissociating not only excitons and PPs, but
also CT excitons immediately since the latter can dissociate on
an ultrashort time scale near the donor–acceptor interface
without the need for external electric elds. Interestingly
however, even though an efficient formation of CT excitons is
expected to result in an overall seamless dissociation process,
the present results demonstrate that during the exciton disso-
ciation induced by static electric elds in the P3HT:PCBM
devices (built-in and/or externally added elds), additional
intermediate charge-pair species are formed as transient states
of the semiconductor system. Based on a comparison to our
earlier studies on P3HT thin lms and diodes, we have tenta-
tively assigned this intermediate state detected by our probe
laser pulse to PPs. Furthermore, an increase of the photoexci-
tation intensity results in bimolecular annihilation processes
This journal is © The Royal Society of Chemistry 2020
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contributing as additional loss channel reected by faster PP
dynamics. As compared to the 1 : 1 P3HT:PCBM device, the
effect of externally applied electric elds has been found to be
more pronounced in the 2 : 1 P3HT:PCBM device, where the
proportion of CT excitons is relatively smaller.

The experiments using pump and probe laser pulses with
different relative polarization directions (parallel and orthog-
onal) yielded the PP anisotropy dynamics. While the 1 : 1
P3HT:PCBM thin lm shows a fast PP anisotropy decay with
a time constant of �2 ps, the 2 : 1 thin lm shows an overall
much slower decay component (�9 ps). The 1 : 1 P3HT:PCBM
device shows no PP anisotropy, while for the 2 : 1 P3HT:PCBM
device we observe a very small positive constant anisotropy for
small reverse bias and anisotropy values developing from zero
at time zero to a negative value over time for lager reverse bias
(�2 V).

Future experiments not currently feasible with our present
setup will be required to develop a more detailed model of the
involved dynamical processes for the P3HT:PCBM device under
the inuence of static electric elds and to explain the negative
PP anisotropy observed for large reverse bias in the 2 : 1 device.
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