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The generation and decay mechanism of polaron pairs (PPs) are relevant for a better understanding of
photophysical processes in organic semiconductors such as poly 3-hexylthiophene-2,5-diyl (P3HT). A
widely suggested model assumes that ultrafast PP generation occurs mainly from hot-exciton dissociation
within <100 fs. In our experiments presented here, we have performed a wavelength-dependent transient
pump-probe study to investigate the generation mechanism of the PP states. Interestingly, we have found
that a below-band-gap excitation can generate the PP states efficiently even with a very low absorption
strength at the pump-laser wavelength. This process has been found in neat P3HT thin film as well as in a
P3HT-only diode configuration. In addition, besides the fast PP dynamics, we have also observed longer-

Received 14th November 2024, lived species, which can tentatively be assigned to delocalized PP states. To gain more information, we

Accepted 3rd February 2025 have studied the PP dynamics under the influence of a static external field in reverse and forward bias for
different excitation fluences. From this, we conclude that the bimolecular annihilation process of

delocalized PPs states competes with a recombination process. The external electric field speeds up the
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Introduction

Grasping the mechanisms of charge photogeneration is crucial
for the optimized design of new materials aimed at enhancing
the power-conversion efficiency of organic thin-film solar
cells."”? In an organic solar cell, the generation of charge
happens in mainly three steps: the formation of bound electron—-
hole pairs in the form of excitons, the migration of excitons to the
interface between electron donor and acceptor materials, and the
dissociation of excitons into an interfacial charge-transfer state,**
with the hole and electron sitting on the neighboring donor
and acceptor molecules. It is well-known that a significant
amount of the electron-hole pairs can escape from their
coulombic interaction to produce the charges as photocurrent.
However, the mechanism of the efficient charge photogenera-
tion remains unclarified. Different charge-photogeneration
mechanisms have been proposed, such as “hot-excitons’>™®
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rate of the recombination process when the annihilation process is saturated at high fluences.
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or ‘“cold-excitons mechanisms, charge delocalization,
high local charge mobility,"® and so forth, some of which lead
to contradictory results.

Transient absorption (TA) spectroscopy on a femtosecond
time scale is a unique tool to investigate the charged species
such as excitons and polarons. Poly(3-hexylthiophene-2,5-diyl)
(P3HT) is widely explored as a promising donor material
especially for solar-cell technology. P3HT has commonly been
used as a donor material in the photovoltaic blends with
phenyl-Cg;-butyric-acid methyl ester (PCBM)."”>* The ultrafast
generation of photoexcited species in pure P3HT is well known.
Excitons, polaron pairs (PPs), and polarons are observed after
photoexcitation in P3HT based on their different photoinduced
absorption (PA) bands.>*® Here, the generation and decay
mechanisms of the PPs is of great interest. It is well-established
that upon the above-band-gap excitation, the hot-exciton dissocia-
tion process generates the PPs states within less-than 100 fs.**?
However, different scenarios are also commonly invoked, like the
rapid formation of PPs by exciton dissociation®” or the PP for-
mation from delocalized coherent excitations.*® Recent theoretical
worl®*° suggests that strong coherent coupling between electronic
and vibrational degrees of freedom, that is, vibronic coupling, may
generate the PPs very efficiently, similar to seminal models for
polaron motion in solids.*' Antonietta et al.** reported the origin of
PPs from vibronic coupling of P3HT using two-dimensional
spectroscopy with sub-20 fs pulses.

Phys. Chem. Chem. Phys., 2025, 27, 4475-4486 | 4475


https://orcid.org/0000-0001-8165-3289
https://orcid.org/0000-0003-4707-195X
http://crossmark.crossref.org/dialog/?doi=10.1039/d4cp04342a&domain=pdf&date_stamp=2025-02-10
https://doi.org/10.1039/d4cp04342a
https://rsc.li/pccp
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp04342a
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP027008

Open Access Article. Published on 04 February 2025. Downloaded on 9/7/2025 12:13:01 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

The different mechanisms of generating the PPs have been
discussed in our earlier work.**** In our present work, we focus
on the generation and the decay mechanisms of PPs after a below-
band-gap excitation. The process of generation of PPs is still
unclear when the system is excited with energies below the
bandgap. Earlier, it has been reported that the absorption tail
extending into the infrared may be due to the (1.35 €V/919 nm)
triplet state previously seen in the electroluminescence spectra of
polythiophenes.>>*® Although, the direct excitation of triplet states
is spin forbidden, the presence of the heavy sulfur atom could
provide the necessary spin-orbit coupling weakly allowing this
transition. These triplet states might also be responsible for the
generation of PPs. For P3HT:PCBM, Parkinson et al®” have
reported that the observation of a low-energy feature in absorption
and photoluminescence measurements can lead to the suggestion
that low-energy photons may create weakly bound PPs formed
between the highest occupied molecular orbital HOMO of the
polymer and the lowest unoccupied molecular orbital LUMO of
PCBM. Matheson et al.*® and Simon et al.*® have investigated the
charge-pair generation in P3HT:PCBM after below-band-gap exci-
tation. Based on these two studies they concluded that interfacial
dipoles at the donor/acceptor interface can cause the generation
of charge pair states. The generation of PPs after below-band-gap
excitation is of great scientific interest as the generation mecha-
nism is very complex. To further investigate this process, we have
performed experiments to study the dynamics of PPs arising from
a low-energy excitation under varying conditions like different
excitation fluences and external electric fields.

An organic solar cell device requires different layers of
electrical contacts; the organic semiconducting material is sand-
wiched between an electron-transport and a hole-transport layer.
Due to the potential difference of these asymmetric layers, the
device behaves like a diode and exhibits an internal electric field.
This internal field has an influence on the PP dynamics as we
have demonstrated previously.**** Recent studies of the effect of
an applied external electric field in P3HT have focused on the
exciton and/or charge carrier dynamics using time-resolved
photoluminescence spectroscopy.*®*" In order to obtain more
information about the generation and decay mechanisms of the
PPs generated after low-energy excitation, we further explore the
role of external electric fields. In the first part of this manuscript,
we discuss the generation and decay mechanism of PPs in a neat
P3HT thin film. Later, the focus is going to be on the role of
internal and external electric fields applied to a P3HT-only diode.
Additionally, we have varied the excitation (pump) fluence to
investigate the role of annihilation processes and to exclude the
contribution of multi-photon excitations.

Experimental methods

Device fabrication

P3HT (M, = 34-41k, average regioregularity = 89-94%, poly-
dispersity index PDI = 1.5) was purchased from Rieke Metal and
dissolved in chlorobenzene. The complete details of the device
fabrication have been discussed in our earlier work.>® The
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solution of P3HT in chlorobenzene is used to prepare the thin
film and the device. As substrate for the P3HT thin film a glass
plate was utilized. We have fabricated the P3HT device under
ambient conditions. The solar cell stack for this device, ie.,
electron and hole-transport layers, glass substrate coated with
ITO and the P3HT layer, was prepared step by step. The
measured thickness of the deposited P3HT layer is 200 nm.
As mentioned above, the device fabricated in the solar-cell
configuration behaves like a diode due to the asymmetric
contacts deposited on the two sides of the P3HT layer, which
also result in an internal electric field of 0.8 V. More informa-
tion on the sample and its properties can be found in the ESL
The UV-vis absorption spectrum is shown in Fig. S1 (ESIT), the
structure of the device in Fig. S2 (ESIt) and the curve resulting
from an IV characterization in Fig. S3 (ESIY). In the IV curve, a
small amount of current is present in our device also in the
dark, which means that P3HT generates charges even in the
absence of light. These charges may originate from the distor-
tion of the P3HT side chain itself or the interface between ZnO
and P3HT. After the sample preparation, in order to minimize
oxygen doping, the fabricated layer-stack sample is immedi-
ately stored overnight in a glove box under N, atmosphere
where it is air-bubble-free encapsulated with a top layer con-
sisting of epoxy resin and a glass sheet followed by 3 min curing
in an UVA cube. The same process has been followed before
and after each optical and electrical measurement. Still, a very
low amount of oxygen doping might remain, but we did not
find any significant change in our UV-vis absorption spectra or
in the I-V characteristics. To see the effect of oxygen doping,
one can intentionally dope the P3HT, as for example Herrmann
et al.** have demonstrated. They doped regioregular P3HT films
in a FeCl; solution to increase the level of oxidation-induced
P3HT cations and observed changes of the optical absorption
due to oxidation, which we do not observe.

Femtosecond transient absorption spectroscopy

For the time-resolved TA measurements, we have used visible
pump and probe wavelengths. The full-details of the experi-
mental setup can be found elsewhere.****** In brief, a regen-
erative amplifier Ti:sapphire-based laser system (CPA 2010,
Clark-MXR) producing laser pulses at 1 kHz repetition rate
with 775 nm central wavelength, 1 mJ energy per pulse, and
150 fs pulse length was used to pump two optical parametric
amplifiers (TOPAS, Light Conversion) in order to generate the
pump and probe pulses with tunable wavelengths; the beam
cross-sections used for the calculation of the fluences are 1256
and 1017 um?, respectively. Both pump and probe beams were
compressed to less than 120 fs using a set of prism compressors
and then made parallel and kept with parallel polarizations for
the measurements. A lens with a focal length of 20 cm was used
to focus the pump and probe beam into the sample. The probe
pulse is detected using a photodiode and the signal is inte-
grated with a box-car amplifier.

We have not used a reference beam to observe the stability of
the laser beam fluctuation for each time delay since the
fluctuation of our laser intensities is very small; it would have
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been bigger in a white-light experiment. The main beam of the
Ti:sapphire laser of wavelength at 775 nm is monitored con-
stantly and its power fluctuation is less than 1%. The optical
parametric amplifiers used to generate the pump and probe
wavelengths emit intensities with slightly more fluctuations
(approx. 5-10%) due to the involvement of non-linear pro-
cesses. However, these fluctuations could be minimized by
averaging accumulating 1000 pulses per second and recording
30 loops. Therefore, the errors due to beam fluctuations were
reduced considerably.

Results and discussion
Polaron-pair dynamics in neat P3HT thin film

At first, we considered the PP dynamics in a neat P3HT thin
film. In the following, we present the results obtained for
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different pump and probe wavelengths and for varying pump-
laser intensities.

Wavelength-dependent pump-probe measurement. We have
measured the transient pump-probe dynamics of a neat P3HT
thin film on a glass substrate by first varying pump and probe
wavelengths. Fig. 1 shows the normalized dynamics patterns
observed. To exclude any ground state contributions, the excited-
state absorption is modeled by calculating the relative differential
probe pulse transmission (AT/T) using the following equation:

Al _ Tpump-on — 4 pump-off (1)
T Tpump-oif

where Toumpon and Tpumpofe Tepresent the transmitted probe-
pulse intensities with and without an initial pump-pulse inter-
action, respectively. Initially, we selected a pump and probe
wavelength of 488 nm, where P3HT exhibits strong absorption
due to the 0-2 transition. Fig. 1(A) shows the ground-state bleach
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Fig. 1 Differential transient transmission dynamics (AT/T) obtained from the neat P3HT thin film at 12 pJ cm™2 fluence where both pump and probe
wavelengths were varied. In panels (A) and (B), we have used degenerate pump and probe wavelengths of 488 and 612 nm, panels (C), (D), (E) and (F)
represent the pump probe measurement at probe wavelength 638 nm when the pump excitation is varied to 488 nm, 612 nm, 638 nm and 680 nm,

respectively.
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(GSB) signal of P3HT, which is expected as we are using the same
probe wavelength to track the recovery of the ground state.
Similarly, Fig. 1(B) presents the GSB signal with both the pump
and probe at 612 nm, where P3HT absorbs due to H-aggregates
(also related to the 0-0 transition). The ground-state recovery is
faster in both cases but the contribution of the long-lived
component is different from what we have observed for 488 nm.

As mentioned earlier,>® P3HT shows a photoinduced (tran-
sient) absorption at 638 nm due to the PP species. Therefore,
we measured the pump-probe dynamics of PPs by probing at
638 nm, using varying pump wavelengths. We started with
excitations at 488 and 612 nm. As shown in panels (C) and
(D) of Fig. 1, a sharp decrease in the transmission of the 638 nm
probe pulse is observed. This is attributed to photoinduced
absorption from the instantaneously photo-generated PPs. The
signal intensity quickly recovers (indicated by reduced trans-
mission) at positive time delays as most of the absorbing PPs
decay. The observed photoinduced absorption decay dynamics
consist of a fast and a very slow component. The latter compo-
nent remains flat within our measurement window, since it is
limited to a few hundred picoseconds due to the delay stages
used in our experimental setup.

Next, we fixed the probe wavelength at 638 nm and adjusted
the pump wavelength to 638 nm as well. Like for the 488 nm/
488 nm and 612 nm/612 nm experiments discussed above, we
expected a decay of the absorption, suggesting ground state
bleach (GSB) dynamics. However, we observed a very strong TA
signal, which can be assigned to the PPs (see panel (E) of Fig. 1).
Finally, we moved the pump wavelength to 680 nm, where the
P3HT absorption is quite low (see Fig. S1 in the ESIt). After
excitation, a strong TA signal (see panel (F) of Fig. 1) was
observed like for the 638-nm excitation. The probe wavelength
is still in resonance with the PP absorption. Obviously, there is
an efficient generation of PPs even when the pump laser
wavelength is chosen such that the photon energies are less
than the bandgap energy of P3HT. This was already observed by
other groups,®” but has not yet been well understood. Therefore,
we have carried out further investigations in this case.

Intensity-dependent pump-probe measurement. We continued
our investigation to obtain more information about the origin
of the PP signal when both the pump and probe wavelengths
are set to 638 nm. By varying the excitation (pump) fluence
from 4 to 36 pJ cm ™2, we recorded the TA signal of the neat
P3HT thin film, as shown in Fig. 2.

The experiments have been carried out starting at very low
excitation intensity (4 pJ cm ) where possible to avoid
damages. In the case of the P3HT diode, the signal is very
weak at this low pump fluence, as shown in Fig. 5(A). The
parallel configuration provided more signal compared to the
magic angle configuration. We also had more pump scatter in
our transient signal. Considering the signal-to-noise ratio, we
decided to continue the measurements in the parallel configu-
ration. In general, the polarization between pump and probe
pulses is usually set at magic angle (MA, ~54.7°), to ensure
isotropic signals. The kinetics measured at 638 nm could be
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Fig. 2 Differential transient transmission dynamics (AT/T) obtained from
the neat P3HT thin film at different excitation fluence where pump and
probe both were at 638 nm.

different when measuring at the magic angle (different absolute
numbers of ¢; and ¢,). However, we were mainly interested in
the origin and general behavior of the PP signal after excitation
below band gap. Very recently, we also have performed
polarization-dependent measurements of the anisotropy of
the transient absorption signal, which still must be evaluated
carefully and are not included in this work now.

It is very important to mention that we do not observe any
thermal or heating effect causing a sample damage with below-
band-gap excitation. In all our experiments we have carefully
checked whether some permanent damage might occur, which
would certainly falsify our results. We therefore have started
with a rather small fluence of only 4 pj ecm™>. For all fluences
applied for our experiments, we have firstly observed no “loop-
to-loop” changes of the transients, and a repetition of the
experiments also did not result in a loss of reproducibility.
With our experiments, we are also on the “safe side” since the
below-band-gap excitation sees a very low absorbance.

The inset shows the intensity of the TA signal at 0 ps, as a
function of the pump intensity. We observed a linear increase
in signal intensity with increasing excitation fluence. We
applied a linear fit (y = a + b x x) to the AT/T signal, which is
in an excellent agreement with our data. This linear depen-
dence on the pump intensity excludes the possibility of a
contribution from non-linear processes like a two-photon
absorption, which could result in a PP generation from excited
electronic states.

The dynamics shown in Fig. 2 are similar to those observed
for PPs arising from above-band-gap excitation of hot excitons.
The steep decrease in 638 nm probe pulse transmission is due
to photo-induced absorption by instantaneously photo-
generated PPs, most of which rapidly decay at positive time
delay. The observed overall dynamics are rather well approxi-
mated by assuming two decay processes and is found to be well
described by a bi-exponential decay fitting function, AT/T = Y, +
A; exp(—t/ty) + A, exp(—t/t,). The fitting parameters Y, (offset),
Ay, (amplitude), and ¢, (time constant) are given in Table 1.
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Table 1 Exponential fitting parameters of the photo-induced TA at 638 nm describing the ultrafast PP decay dynamics in neat P3HT film, after 638 nm

initial excitation with different fluences

Excitation fluence (i cm™2) t; (fs) t, (ps) Ay (%) A, (%) Yo (%)
4 613 & 110 19.99 =+ 3.6 60.51 = 0.01 17.77 £ 0.05 21.72 £ 0.01
12 653 £+ 90 15.49 + 2.9 60.41 £+ 0.01 21.69 £+ 0.01 17.90 £ 0.01
20 740 £ 120 10.56 £ 1.1 59.85 £ 0.02 26.59 £+ 0.01 13.56 £ 0.01
28 793 + 140 14.95 £ 1.2 60.45 £ 0.01 28.85 £ 0.01 10.70 =+ 0.01
36 656 £+ 92 14.36 = 0.7 61.46 £+ 0.01 28.87 £ 0.01 09.67 + 0.01
The decay parameters in Table 1 represent an average value modelled as described in eqn (2a),
from three TA curves with each curve recorded as an average of d
30 loops (statistical errors are given in each case). The observed th == _m? (2a)

T

behavior is reproduced in different experiments on different
spots on the thin film. The fitting results of the decay kinetics
are shown in Fig. S5 (ESIt).

In our previous study,*® using TA experiments with a pump
wavelength of 520 nm and probe wavelength of 638 nm, we
observed that the PPs dynamics could be well described by a
single exponential decay function with an offset, and the
dynamics were independent of excitation intensity. However,
in the present study, our analysis indicates that a mono-
exponential function is insufficient to fit the decay kinetics —
a second time constant is required.

The first time constant ¢; represents the PPs dynamics,
which remain independent of excitation fluence and are com-
parable to those observed with 520 nm excitation. We have
presented the transient in Fig. S4 (ESIt). In contrast, the second
time constant ¢, is slower and shows a dependence on excita-
tion intensity. As the excitation fluence increases, the decay rate
associated with ¢, accelerates within 20 pJ cm 2. At very high
fluences (28 and 36 pJ cm ?), t, starts to increase again and
eventually saturates. The amplitude 4, of the PP signal corres-
ponding to the ¢; dynamics is bigger than A, measuring the
contribution of the ¢, dynamics. A; remains unchanged when
the excitation fluence is varied from 4 to 36 pJ cm ™2, however A,
increases; at the same time the constant background Y, is
decreasing.

The second time constant ¢, is rather slow compared to
t1, which we assign to the PP lifetime based on the observations
made for above-band-gap excitation. It is difficult to unambigu-
ously determine which species are contributing to these
dynamics. It has been reported earlier that excimers, deloca-
lized polarons (DP,), oxidized cations etc. all contribute to the
TA at 638 nm.*>*® However, since the other species except for
the DP, are long lived (>100 ps), ¢, can be likely assigned to the
dynamics of DP,. The offset, Y, can be attributed to trap states.
As mentioned above, ¢, is intensity dependent. Therefore,
we propose a bimolecular annihilation process to explain
the decay dynamics observed in the fluence range of
4-20 pJ cm ™2, The bimolecular annihilation process is intensity
dependent as two excitons interact with each other and transfer
their energy. The probability for this interaction is proportional
to the square of the exciton density. This quadratic dependence
arises because the probability of two excitons meeting is related
to the number of excitons present. We have used this concept
here in case of the delocalized PPs. The decay kinetics can be

This journal is © the Owner Societies 2025

where n, is the excitation density, t is the dissociation lifetime
and 7 is the annihilation rate constant.*”*° The solution of the
above equation can be written as

ny(0) exp(—1/7)

" = T 01— exp(—1/7)

(2b)

We used this equation to fit all the kinetics shown in Fig. 2. The
fitting parameters are listed in Table 2 and the fittings are
shown in Fig. S6 (ESIT).

The kinetic model of the bimolecular annihilation process
fits the dynamics observed at 638 nm very well. We can estimate
the excitation density, which is increasing with pump fluence.
After 20 pJ cm > the annihilation process appears to be
saturated. In the saturation regime, the dissociation process
is slower. We have plotted the annihilation rate constant with
the change of excitation fluence in Fig. S7 (ESIY).

As result from our P3HT thin film studies, we conclude that
the generation of PPs in neat P3HT thin films occurs immediately
after the pump excitation even with energies below the band-gap
energy. The efficient production of PPs may arise from one of the
following: (i) electronic states between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) of P3HT, (ii) a vibronic coupling state or (iii) trap
states within P3HT. In the neat P3HT thin film, we observe two
distinct dynamics corresponding to two different species: the PP
and the DP,. While the PP dynamics are independent of excitation
intensity, the DP, dynamics show intensity dependence pointing
to a bimolecular annihilation process. This was supported by
applying a bimolecular annihilation kinetic model, which helped
us in understanding the annihilation and dissociation behaviour.
Due to the increase in the annihilation rate constant with
increasing pump intensity, the DP, dynamics get faster until a

Table 2 Fitting parameters of the photo-induced TA at 638 nm describ-
ing the ultrafast PPs decay dynamics in neat P3HT film, after 638 nm initial
excitation with different fluences

Excitation

fluence (W em™?) 1 (0) (cm®) 7 (em®s™") 7 (ps)

4 5.06 x 10'®  (1.08 + 0.21) x 10°°  03.91 + 0.86
12 2.65 x 10" (7.20 £ 0.11) x 107 06.01 + 0.99
20 9.65 x 107 (2.70 £ 0.11) x 107 11.77 £ 1.20
28 2.02 x 10"®  (1.80 + 0.11) x 1077 16.08 + 1.80
36 2.95 x 10" (1.80 + 0.11) x 107 17.13 + 1.50
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saturation is reached. At the same time, some of the trap states
seem to be released to DP, states, which slows down the dynamics.

Polaron-pair dynamics in P3HT diode

After having investigated the dynamics in neat P3HT films, it is
also of great interest to study the PP dynamics in a typical device.
For this, we have prepared a P3HT device in a diode-like
configuration. The P3HT layer is sandwiched between an elec-
tron (ZnO + ITO) and a hole transport layer (PEDOT:PSS + Ag),
which also allow to apply an external electric field. Due to the
potential difference of the asymmetric contacts, we have a built-
in-potential in the diode resulting in a reverse bias of 0.8 V. In
our experiment, we have applied an external electric field in
reverse and forward bias. In forward bias, the external electric
field can compensate the built-in-potential in the diode. First, we
present the results from intensity-dependent pump-probe
experiments on the P3HT diode without any external electrical
field. Then, we show the outcome of our field-dependent studies.

Intensity-dependent pump-probe measurement

Fig. 3 shows the PP dynamics of the P3HT diode probed at
638 nm after excitation with 638 nm pump wavelength where
the pump fluence is varied from 4 to 36 uJ cm™ 2. In the inset, a
plot of the TA signal at 0 ps as a function of the pump intensity
is shown. Like for the neat thin film case, we again found a
linear behavior, which excludes the possibility of two photon

P3HT Diode

= . 2
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Delay Time (ps)

Fig. 3 Differential transient transmission dynamics (AT/T) obtained from
the neat P3HT diode at different excitation fluences where pump and
probe both were at 638 nm.
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processes. At a first glance, the decay traces are like those
observed for the neat P3HT thin film. However, as mentioned
above, the diode has a built-in potential due to the different
contacts, which should influence the dynamics. Like for the case
of the neat P3HT film, we fit the overall decay dynamics in the
P3HT device by applying exponential functions. A close analysis
reveals that the PP dynamics in this case are well described by a
bi-exponential decay model using a fitting function of the form
of AT/T = Y, + A; exp(—t/t;) + A; exp(—t/t,), where again Y, is the
offset, A; and A, are the amplitudes, and ¢, and ¢, are the decay
times characterizing the two exponential decay components. The
decay parameters extracted from the fitting are shown in Table 3.

Table 3 shows that the first time constant ¢;, which represents
the PP dynamics, seems to remain unchanged (within the error
range) for different excitation fluences. However, the second time
constant t, exhibits a clear fluence dependence; the decay
rate gets faster with increasing pump intensity. Between 4 and
20 uJ ecm %, the t, dynamics are slower compared to those
observed in the thin film. Interestingly, when the excitation
fluence exceeds 20 pJ cm ™2, the ¢, dynamics become faster than
those in the thin film. The differences are due to the internal
electric field. Furthermore, at higher fluences, ranging from 28 to
36 W] cm > t, approaches a constant value. This saturation
behavior has also been observed for the thin P3HT film.

While there are similarities between the film and diode
decay dynamics, the deviation seems to be field-induced. In
the following two sections, the decay dynamics under the
influence of external electric fields are studied.

External-field-dependent pump-probe measurement:
forward bias

In the above-mentioned diode experiment, for a 0 V external
voltage, a non-zero internal field due to the built-in potential of
—0.8 V remains active inside the P3HT device. To investigate
the possibility of elimination of this field-induced effect, we
have operated the P3HT device with an external voltage of 0.8 V
in forward bias compensating the built-in potential. Fig. 4
shows the transient-absorption dynamics of the PPs observed
under these conditions. Fitting the transients yields similar
time constants for ¢; and ¢, for the different excitation fluences
as in the neat-film case; the fitting results are summarized in
Table 4. Despite the internal field compensation, the addition
of various layers in the device of course influences the
dynamics. However, a comparable behavior to the neat P3HT
thin film is observed. Moreover, it is evident that the internal
field changes the dynamics, which we already have reported
earlier.>*?*

Table 3 Exponential fitting parameters of the TA dynamics probed at 638 nm describing the ultrafast PP decay dynamics in a neat P3HT diode (built-in-
potential is present), after 638 nm initial pump excitation with different fluences

Excitation fluence (i cm™2) t, (fs) t, (ps) Ay (%) Ay (%) Yo (%)

4 890 + 171 34.27 £ 1.1 50.14 £+ 0.01 29.85 £+ 0.05 20.01 £+ 0.01
20 751 + 38 27.14 +£ 3.1 77.14 £ 0.01 15.54 £+ 0.05 07.32 + 0.01
28 612 + 67 09.91 £ 1.1 69.14 £+ 0.03 20.85 £+ 0.02 10.01 £ 0.01
36 833 + 73 11.67 £ 0.9 68.21 £+ 0.01 18.76 £ 0.05 13.03 £ 0.01
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Fig. 4 Differential transient transmission dynamics (AT/T) obtained from
the neat P3HT diode with an external applied field in forward bias of 0.8 V
compensating the internal field for different excitation fluences. Pump and
probe wavelengths are both at 638 nm.

External-field-dependent pump-probe measurement:
reverse bias

In the experiments presented in the last section, an external field
was used to compensate the internal field. In this section, we
discuss experiments where an external field in reverse bias is
added to increase the internal field. Fig. 5 shows the TA dynamics
observed from the P3HT diode after pump pulse excitation with
different fluences and with different electric fields in reverse bias
externally applied. In the insets of Fig. 5(A)-(D) we plot the AT/T
signal at 0 ps as a function of the applied electric field.

A field-induced quenching depending on the applied reverse
bias is evident from the data presented. This is the first and clear
evidence of an immediate field-induced dissociation, which occurs
immediately after excitation with increasing efficiency for increas-
ing electric field strength. An ultrafast field-induced dissociation of
the primary pre-assembled states competes with the direct for-
mation of the PPs and explains the PP absorption reduction at 0 ps.
To support this assumption, we have carefully collected the data
and repeated the experiments to ensure reproducibility. The field-
dependent data are taken on different spots of the P3HT diode and
averaged over 30 loops for each measurement. The collected
information is an average from multiple scans. While the dynamics
are reproducible, due to the inhomogeneity of the material, the
absolute absorption values are varying, which might have to do also
with reflection losses at the additional layers.

View Article Online
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We first highlight the overall field-induced changes in the
P3HT PP decay patterns before we discuss a possible physical
interpretation later. As mentioned above, during the excitation-
fluence-dependent study we found that there are two different
regimes (below and above 20 pJ ecm™?). This was already
observed for the field-free case of the neat P3HT film. However,
the ¢, dynamics behave differently for the diode. Therefore,
below we present the data analysis in two different subsections.

At lower excitation intensity. The fitting parameters of the
PP and DP, dynamics at 638 nm for electric field strengths of
both 4 and 20 pJ cm ™2 are shown in Table 5.

Without external field (0 V) we only have the built-in-
potential and the net electric field is —0.8 V. Similarly, the
external electric fields —1 and —2 V represent net electric fields
of —1.8 and —2.8 V, respectively. In our earlier study,*® with
above-band-gap excitation of hot excitons, we have concluded
that the field-induced PP dissociation makes the PP decay
faster. Here, in our present study, when the PPs are generated
due to below-band-gap excitation, we did not observe any
influence of the external electric field on t¢,, ie. the PP
dynamics. Although there is a mild field induced quenching
happening at 0 ps due to the loss of initial population, the PP
dynamics remain constant. On the other hand, when we con-
sider the effect of the external electric field on the dynamics of
DP,, we have observed that the value of ¢, is rather big (slow
dynamics) at 0 V, which can be explained by the static polariza-
tion effect. Then, with the increment of the external electric
field strength in reverse bias the value of ¢, becomes smaller
(faster dynamics). While the change from 0 to —1 V is drastic, it
is almost negligible for the step from —1 to —2 V. This
observation is true for both the excitation fluences, 4 and
20 pJ em™2. The fitted curves for both the excitation fluences
are provided in Fig. S8 and S9 (ESIt).

At higher excitation intensity. For higher excitation intensi-
ties of 28 and 36 pJ cm 2, where the bimolecular process
has reached saturation, the fitting parameters for the PP and
DP, dynamics at 638 nm under varying external electric field
strengths (in reverse bias) are shown in Table 6.

We have observed that the PP dynamics, represented by ¢,
remains unchanged despite the increase of the external electric
field strength. This behavior is consistent with the observations
made at lower excitation fluences or under forward bias con-
ditions. However, the dynamics the DP, are of particular
interest. The fitted curves for both these intensities are pro-
vided in Fig. $10 and S11 (ESIt). In our observation, we noticed
that, as the external electric field strength increases in reverse
bias, slower dynamics (increased ¢, time constant) are observed

Table 4 Exponential fitting parameters of the photo-induced TA at 638 nm. The ultrafast PP decay dynamics in a P3HT-only diode were measured with
compensated internal field after 638 nm initial pump excitation with different fluences

Excitation fluence (i cm™2) t, (fs) t, (ps) Ay (%) Ay (%) Yo (%)

4 807 + 140 18.02 £ 3.5 39.91 £+ 0.01 32.85 £ 0.01 27.24 £+ 0.01
20 749 £ 45 10.37 £ 2.8 76.16 £+ 0.01 12.56 £ 0.02 11.28 £ 0.01
28 659 + 140 14.30 £ 1.2 71.20 £+ 0.01 18.56 £ 0.01 10.24 £ 0.01
36 903 £ 32 13.68 £+ 0.6 65.20 £+ 0.01 18.29 £ 0.01 16.51 £ 0.01

This journal is © the Owner Societies 2025
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Fig. 5 Differential transient transmission dynamics (AT/T) obtained from the neat P3HT diode for an applied external applied field in reverse bias with 0,
—1 and -2 V (built-in-potential must be added) at different excitation fluences. Pump and probe wavelengths are both at 638 nm and excitation

intensities of (A) 4, (B) 20, (C) 28 and (D) 36 pJ cm™2 are used here.

Table 5 Exponential fitting parameters of the photo-induced TA at 638 nm describing the ultrafast PP decay dynamics in a P3HT-only diode after
638 nm initial excitation with pump fluences (PF) of 4 and 20 pJ cm™ for different external applied electric fields (EEF)

PF (4 cm ?) EEF (V) Net field (V) t (fs) & (ps) A, (%) A, (%) Y, (%)

4 0 -0.8 890 + 171 34.27 £ 1.1 50.14 £ 0.01 29.85 =+ 0.05 20.01 £ 0.01
-1.0 -1.8 891 + 130 15.24 £+ 1.8 42.97 £ 0.01 29.72 £ 0.01 27.31 £ 0.01
2.0 -2.8 864 + 119 13.14 + 2.1 46.90 £ 0.02 26.65 £ 0.01 26.45 £ 0.01

20 0 -0.8 751 + 038 27.15 £ 3.1 77.14 £ 0.01 15.54 £ 0.05 07.32 £ 0.01
-1.0 -1.8 692 + 042 09.27 £ 2.9 75.40 £ 0.01 13.22 £ 0.01 11.38 £ 0.01
2.0 -2.8 769 % 057 07.34 £ 0.7 74.37 £ 0.03 13.31 £ 0.02 12.32 £ 0.01

at both 28 and 36 pj cm 2 While the bi-exponential fitting
provides a general view of the processes occurring on these
different time scales, the possible mechanisms induced by the
external electric field still must be discussed.

Discussion of results obtained for P3HT-only diode

As demonstrated above, the applied external electric field
results in two different behaviors for the two regimes of

excitation fluences. This raises the question: can the internal
and external electric fields influence the bimolecular process?
An electric-field effect on the annihilation rate constant has
been discussed for polyfluorene by Gadermaier et al.*° for a
fixed pump fluence. To investigate this further in P3HT with a
broad range of excitation fluence, we have applied eqn (2b) to
model the complete data set, which includes various excitation
fluences and electric field strengths, to gain deeper insights.
We have chosen three representative external electric voltages,

Table 6 Exponential fitting parameters of the photo-induced TA at 638 nm describing the ultrafast PP decay dynamics in a P3HT-only diode after
638 nm initial excitation with pump fluences (PF) of 28 and 36 pJ cm™2 for different external applied electric fields (EEF)

PF (1 cm?) EEF (V) Net field (V) t, (fs) t, (ps) Ay (%) A, (%) Yo (%)

28 0 —0.8 612 £+ 67 09.91 + 1.1 69.14 £ 0.03 20.85 £ 0.02 10.01 £ 0.01
—-1.0 —1.8 726 + 87 16.62 +£ 1.9 71.91 £+ 0.01 18.87 £ 0.01 09.22 + 0.01
—-2.0 —2.8 612 + 67 21.47 £ 1.1 68.79 £+ 0.03 21.10 £+ 0.02 10.11 £ 0.01

36 0 —0.8 833 + 73 11.67 £ 0.9 68.21 £+ 0.01 18.76 £ 0.05 13.03 £ 0.01
—1.0 —1.8 981 £ 28 15.37 £ 0.6 66.74 £+ 0.01 19.05 £ 0.01 14.21 £ 0.01
—-2.0 —2.8 912 + 26 18.29 £ 0.7 67.34 £+ 0.02 19.54 £ 0.01 13.12 £ 0.01
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(A) and (B) represent the annihilation rate constants and (C) and (D) the dissociation time constants obtained for the PZHT-only diode for different

external applied fields in reverse bias with 0, —1, and —2 V (built-in-potential has to be added) at different excitation fluences. Errors for each point are

listed in Tables S1 and S2, ESI.

—0.8, —1.8, and —2.8 V. Considering the thickness of the P3HT
(200 nm), the effective fields are in the MV cm ™. The external
electric fields cover a wide range from 4 to 14 MV cm ™. This
should sufficiently demonstrate the influence of the fields on
the dynamics. Using the annihilation model, we have extracted
the dissociation time constants and annihilation rate constants
for these different scenarios. Tables S1 and S2 (ESIY) list the
time constants with their errors. At higher excitation fluences,
the annihilation rate constant (Fig. 6(B)) decreases as the
external field increases, indicating a slower annihilation
process. However, the dissociation time constant (Fig. 6(D))
continues to increase, suggesting that dissociation is still
happening more rapidly, even under stronger external fields.
This contrasting behavior highlights the complex effect of the
external field on the annihilation and dissociation processes at
different fluences.

When comparing the annihilation process in panel (A), we
observed that the annihilation rate constant gets slower with
the increase in the excitation fluence (smaller value of annihi-
lation rate constant (y) means that the annihilation is faster).
However, at 4 iJ cm ™, the dissociation time constant in panel
(C) is significantly higher than at other fluences. Additionally,
the transmittance in the P3HT diode at 4 uJ cm™2 is quite low,
which results in comparatively noisy data and affects the
reliability of the measurements. The annihilation model works
properly only when the time constant can be fixed in a
particular range (shown in Fig. S12, ESIf). Therefore, the
unusually high dissociation time constant derived from
the 4 pJ cm™? dataset is challenging to explain. Excluding the
4 uJ cm™? data, the dissociation process becomes slower as
the excitation fluence increases, which can be attributed to the

This journal is © the Owner Societies 2025

more rapid annihilation process occurring at higher fluences.
When comparing the annihilation process in panel (B), we have
found that the annihilation gets faster with the increase in the
excitation fluence. This results in making the dissociation
process slower, which is shown in panel (D) with the increase
in the excitation fluence from 28 to 36 pJ cm 2. The DP,
dissociation induced by the external electric field is still visible
at higher excitation intensities.

Conclusion

We have performed transient absorption (TA) spectroscopy on a
neat P3HT thin film and a P3HT-only diode to investigate the
origin of the polaron pair (PP) state following a below-band-gap
excitation. While previous studies have focused on PP genera-
tion from hot excitonic states after above-band-gap excitation,
our observations demonstrate that PPs can be very efficiently
generated also upon a below-band-gap excitation. We have
confirmed that there are no nonlinear multi-photon processes
involved as the TA signal exhibits a linear dependence on pump
fluence.

When P3HT is excited with a 638 nm pump pulse (below-
band-gap excitation), both PPs and delocalized polaron states
(DP,) are generated. The PP dynamics are independent of the
pump excitation intensity, while the DP, dynamics changes
with excitation intensity. We found that DP, are involved in
bimolecular processes, with the annihilation rate constant
increasing as the pump fluence rises, reaching saturation at
very high fluences.
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Scheme 1 Schematic presentation of generation and decay mechanisms of PPs in P3HT upon below-band-gap excitation for (left) the P3HT thin film
and (right) the P3HT-only diode. Eg is the band gap energy, PP represents polaron pairs, DP, and DP, represent the delocalized polarons, P* and P~
represent the polarons, y(t) is the annihilation rate constant, and t; and t, represent the dissociation rates of PPs and DP,, respectively. Blue lines indicate

the electric field dependency.

To explore the effect of electric fields, we have applied
varying external fields to the P3HT-only diode. Increasing the
internal reverse bias by a variable external field in reverse bias
and also compensating it by applying an external field in
forward bias resulted in interesting changes of the dynamics.
Our aim was to better understand how the electric fields impact
the PP and DP, dynamics, given their inevitable presence in
real semiconductor devices. We observed that at lower excita-
tion fluences, the external electric field accelerates the DP,
decay, while at higher intensities, it slows down the process.
These findings are crucial for optimizing device performance,
as we show that on-band and below-band-gap excitation can
help prevent device damage. Since the annihilation process
observed serves as a loss channel for charge generation, con-
trolling the balance between excitation fluence and external
electric fields offers a way to regulate the charge generation
process and enhance device efficiency. These results are of
relevance for device applications because they open up a new
direction to optimize the charge transport phenomena in
organic semiconductor by controlling the excitation of charge
pair species.

The different processes are summarized in Scheme 1.

Scheme 1 presents the generation and decay mechanism of
polaron-pairs after photoexcitation in the P3HT thin film and
diode. Based on our study, the polaron pair is generated
directly for below band gap (E,) excitation, which applies to
both thin film and diode. We have not only seen the polaron-
pair, but also the delocalized polarons after direct photoexcita-
tion. In our earlier work,**** we found that the polaron pairs

4484 | Phys. Chem. Chem. Phys., 2025, 27, 4475-4486

and delocalized polarons decay to localized polarons
(presented by the full and dotted red lines and time constants
t; and ¢, in the scheme, respectively). The energy levels of the
polaron pair, delocalized polaron and localized polaron are
included according to the results from our previous studies.**?*
In the diode, we must consider the additional electric field, which
is influencing the dissociation and bimolecular annihilation
processes. We have indicated the field dependent processes
adding blue lines in our scheme.

In summary, we would like to list the important points in
the following:

e Our study has shed light onto an interesting charge
generation-process. We have focused on PPs, which have been
little investigated in the past. Up to now, nearly exclusively
dynamics induced by above-band-gap excitation have been
studied. In our work, we demonstrated that below-band-gap
excitation cannot only also result in PPs, but that this process is
even more efficient than that considered up to now. This is
interesting since it allows to create devices, which make use of a
considerably wider light spectrum for charge generation.

e Below-band-gap excitation seeing only little absorbance at
the same time results in less heat generation compared to the
excitation at maximum absorption. Thermal stability is very
important for organic semiconductors, which makes it even
more attractive to also utilize the generation pathways below
band gap.

e The addition of external electric fields and the variation of
excitation fluence result in some additional information about
the involved processes. Further experiments will however be

This journal is © the Owner Societies 2025
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required to better understand what states and what processes
contribute.

e Upon below-band-gap excitation, we have seen two decay
dynamics in both the P3HT thin film and the P3HT-only diode.

o If we compensate the built-in-potential (—0.8 V) by apply-
ing a forward bias to the diode, the observed dynamics in both
samples are behaving equally.

e In reverse bias, the diode shows a clearly different behavior
compared to the film for the delay times covered by our experi-
ments. Varying the excitation intensity results in different con-
tributing processes; one can distinguish between the low-
excitation-fluence and the high-excitation-fluence case. For lower
excitation fluences, we see a decrease of ¢, assigned to the DP,
dynamics with increasing fluence, which is due to the bimolecular
annihilation process becoming more efficient. At the same time,
the PP dissociation is getting slower. For high excitation fluences,
the annihilation reaches saturation. Depending on the excitation-
fluence range, an applied electric field can speed up the dissocia-
tion and annihilation processes. This is an interesting result since
electric fields might be useful for enhancing the efficiency of light-
induced charge generation processes in practical applications.
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